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Analysis and Experiments of Parallel Line
Feeders as a Practical Inductive Power Transfer

System.1

William-Fabrice BROU

Abstract

Parallel line feeder (PLF) consisting of a two-wire transmission line operating
in the MHz band has been proposed as a proof-of-concept with the promise of
drastically reducing the cost and maintenance of inductive power transfer system
while further increasing its range thanks to its simple and long structure. How-
ever, when it is long enough compared to the input signal wavelength, the PLF
has the characteristic of transmission lines and suffers from the standing wave
effect. This is an issue for the inductive power transfer as the PLF could not sta-
bly charge a receiver because the electromagnetic strength varies dynamically all
over its length. In order to mitigate that standing wave effect, we first adopted
a multiple-input multiple-output configuration of the PLF which consists of a
series of parallel line feeders side-by-side and shifted in the longitudinal direction
to expose and combine their different magnetic fields in a uniform way for better
stability and higher output power. However, the use of multiple parallel lines
feeders adds up to the cost and complexity of the system. More importantly,
the efficiency of that first configuration is quite low due to the dielectric loss
caused by the exposure of electric field to the surrounding materials. Therefore
as improvement, a modified version of the system, where the PLF is divided into
shorter segments which are concatenated and compensated by capacitors in or-
der to mitigate the impact of the standing wave effect have been investigated
through simulations and experiments. Their results show that the segmentation
could display a near-uniform magnetic field strength capable of charging receivers

1Doctoral Dissertation, Graduate School of Science and Technology, Nara Institute of Science
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uniformly regardless of their positions on top of the line. In order for these inves-
tigations to be complete enough to show its performance as a practical system,
the PLF has also been modeled as a lossy transmission line. In that configura-
tion, the maximum achievable efficiency derived from the extended k-Q product
formulation has been used as the upper-bound for the RF-to-RF efficiency of the
PLF. The theoretical analysis shows that when the segments’ lengths are prop-
erly determined, the segmentation scheme is able to improve and stabilize the
efficiency all over the PLF length. Experimental results at 27.12 MHz with two
different segmentation schemes confirm the theoretical analysis and show that a
fairly high efficiency of 70% can be achieved when the segments are sufficiently
short compared to the wavelength of the input signal frequency.

Keywords:

Parallel line feeder, standing wave problem, segmentation, capacitors compensa-
tion, efficiency stabilization, efficiency improvement.
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1 Introduction

The first part of this chapter discusses the research motivation of the innovative
parallel line feeder system. And then, the statement of the problem of the disser-
tation is presented. Next, the research contribution and scope will be discussed.
The dissertation layout is shown at the end of this chapter.

1.1 Research motivation

Wireless Power Transfer starts became a universally adopted feature in the world
of consumer electronics. Nowadays, it is not uncommon to have a consumer
device embedded with wireless power transfer capabilities. Such devices range
from electric vehicles to IOT devices and include smartphones, smartwatches,
laptops and many more. In fact, being able to power or charge a device without
the need of cable is a feature that is very convenient in many aspects especially for
applications like IOT wireless power sensors where the use of cables is impractical
such as medical implanted devices[3, 4, 5, 6]. It is also the revolution that will
drive the electrical vehicles adoption through dynamic charging [7, 8, 9]. The
WPT market was valued at 5 billion dollars in 2020 and will reach 35 billion
dollars in 2030 with an annual growth of more than 20% [10]. [10] suggests that
the near-field WPT which requires a short distance between the transmitter and
the receiver (few cm) will still dominate the market. However, most available
WPT solutions are limited in terms of range. In order to compensate for that,
WPT transmitters have been designed to cover a larger area but they require a
complex mechanism and are costly. Therefore, the parallel line feeder transmitter
have been introduced as an alternative [11]. Nevertheless, preliminary studies
show that the PLF suffers from power fluctuations according to the receiver’s
position with hinders its practicality. Having a practical WPT transmitter which
is intrinsically long enough as the PLF is beneficial in terms of design and cost-
effectiveness and could definitely speed up the WPT adoption.
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1.2 Statement of the problem

Wireless power transfer (WPT) market is growing fast and many consumers de-
vices are taking advantage of. For most devices such as smartphones, tablets and
smartwatches, the wireless charging capability is more like a feature added in
complement to the wired charging. However, WPT is a must for sensor network
applications when battery replacement is impractical [12, 13, 14, 15, 16, 17, 18].

There are two main WPT technologies, the far-field and the near-field. The
far-field is capable of transmitting power over a large distance (in the order of
kilometers) and one of it technique is the microwave power transfer (MPT) [19,
20]. It is a radiative type of energy transmission and is suitable for charging low
power requirements sensors (∼mW) [21, 22, 23, 24]. The near-field WPT is a non-
radiative type of energy transmission which operates with the transmitter and the
receiver in a short range (few centimeters). In the near-field scope, the inductive
power transfer (IPT) [25, 26] which works similarly to a transformer is the most
used techniques. In fact, due to the shorter distance between the transmitter and
the receiver, the coupling is strong and can deliver up to watts (W) of power.
For some applications, this short range is not sufficient and needs to be extended
in order to cover a much wider area. This is the case for sensors networks that
require power far beyond the charging capability of the MPT technique but can
not afford to have a single transmitter or each sensor in the network. Fortunately,
a well-designed IPT transmitting coil could be extended to a wider area. This
extension could be achieved by elongating the transmitting coil as in [25, 27] or
by deploying many small coils in an array as in [28, 29, 30, 31, 32]. The coil-
array technique is capable of selectively focusing the magnetic field toward the
receiver in order to create a more efficient coupling. However, this requires a
complex mechanism in order to find the receiver position and switch on and/or
off the coil directly powering it. However, the elongated-coil design has a much
simpler hardware but suffers from an insufficient coupling due to the imbalance in
dimensions of the coils. In order for the elongated-coil to become practical, that
weak coupling need to be addressed. For a given coupling coefficient, the efficiency
of IPT can be improved by increasing the Q-factors of the coils [33, 34, 35, 36]. As
the Q-factors can be improved by properly increasing the operation frequency,the
parallel line feeder (PLF) system in [11] operates in the 13.56 MHz band, which
is higher than the kHz band adopted by many typical IPT systems employing the
Qi standard [37]. The PLF in [11] achieves a good theoretical efficiency of about
85% but its coverage is just about 1 m long. Further elongating the feeder makes
its length non-negligible compared to the signal wavelength (about 20 m). This
results in fluctuation in output voltage according to receiver position due to the
standing wave effect.
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To address this problem, our preliminary works [38, 39] focused on dividing
the PLF into individually resonated segments. But that investigations did not
take into account the losses in the feeder which is significantly long relative to the
wavelength of its input signal. Therefore, this research considers a PLF modeled
as a lossy transmission line [40] to comprehensively define its performance in
terms of maximum achievable efficiency.

1.3 Research contribution

The contributions is the dissertation are related to the mitigation of the standing
wave occuring in the inductive power transfer system using parallel line feeders.
The first contribution make use of wireless communication technique of multiple-
input multiple-output (MIMO) scheme for the parallel line feeders in order to
benefit from the diversity and multiplexing effects of multiple parallel lines. This
help to successfully mitigate the standing wave effect by for higher and stable
output power. That first contribution is related to publication (I1).

But, it has been realized that the employment of multiple parallel lines feeders
increases the cost of the system which defeats the purpose of our first interest for
the PLF.

Also, the efficiency of that first scheme is quite low due to severe dielectric loss
caused by the exposure of electric field to the surrounding materials. Therefore,
as an improvement, another scheme consisting of a parallel line feeders divided
into several resonant segments concatenated together has been evaluated. This
segmentation meets the requirements about the length of a line which should be
kept under about one-tenth of the signal wavelength to avoid the impact of the
standing wave [41, 42]. The result of this scheme is a near-uniform magnetic field
strength. Furthermore, this scheme significantly helps reducing the dielectric loss
by only exposing the magnetic field. Consequently, this new scheme is shown to
be capable of mitigating the standing wave issue while improving the efficiency
which makes it more practical for dynamic charging applications. The results of
this scheme has also been disclosed in publications (D2) and (I2).
The next contribution could be divided into two sub-contributions:

• The definition of the segmented parallel line feeder theoretical upper-bound
efficiency. In that topic, the researcher models the PLF as a lossy transmis-
sion line in order to define its maximum achievable efficiency derived from
the extended k-Q product formula and shows that a well-designed and uni-
form segmentation of PLF improves and stabilizes the power efficiency.

• The experimental setup with different configurations of the PLF to confirm
the theoretical analysis. In fact, a setup with 5m long PLF at 27.12 MHz

3



shows that when we can stabilize the efficiency as fairly high practical value
for all receiver positions along the feeder.

These contributions have been published in (J1)

1.4 Scope and limitation

The scope of this research includes the design of a parallel line feeder and the
definition of its theoretical maximum achievable efficiency. The research is lim-
ited and does not include an implementation with a circuit design, impedance
matching and/or filtering. But is a good approximation of the upper-bound of
RF-to-RF efficiency. It is also taking into account a single transmitter and single
receiver setup. However, a single transmitter is long enough to prove the practi-
cality of the system and with its self-contained segments with uniform distributed
magnetic field, it is assumed that the multi-receiver setup could be achieved with-
out much degradation of the performance.

1.5 Dissertation layout

The dissertation is divided into 4 chapters. Chapter 1 presents the introduction
that includes the motivations, the statement of the problem, the contributions and
the limitations of the research. Chapter 2 introduces the fundamentals of wireless
power transfer and introduces the inductive power transfer system with parallel
line feeder as well as its main issue of the standing wave. Chapter 3 presents the
first method for mitigating the intrinsic issue with the PLF by the use of multiple-
input multiple-output (MIMO) techniques. Chapter 4 shows the improvement
over the MIMO technique for mitigating the standing wave with less resources
with an uniformly distributed magnetic field by segmenting the PLF. Chapter 5
quantitatively shows the impact of the segmentation through the definition of the
maximum achievable efficiency for the non-segmented and segmented parallel line
feeder. It presents the efficiency improvement and stabilization effects over the
non-segmented PLF through experimental results. Finally, Chap. 6 will conclude
the dissertation and present its related future research opportunities.

Table 1.1 presents the different chapters and their relationship with the publi-
cations list referenced on 79.
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Table 1.1: Dissertation chapters with its corresponding publications

J1 I1 I2 D1 D2

chapter 3 ⃝ ⃝
chapter 4 ⃝ ⃝
chapter 5 ⃝

5



2 Wireless Charging Using

Parallel Line Feeder

2.1 Overview

Wireless Power Transfer (WPT) is the transmission of the electrical power with-
out the use of wires. It is a very essential and convenient technology for many
applications such as in medicine where medical implants located in living or-
ganism no more need to be removed just to replace their batteries. Also for
delivering power to sensors in remote, submerged and contaminated areas. It
is also the technology which is supposed to grow the potential of the electrical
vehicle adoption. Nowadays, it is quite common for consumers electronics devices
to have embedded wireless power transfer capabilities with quite good efficiency.
However, there are challenges in expanding power coverage for the wireless power
transfer with current technologies. The parallel line feeder is a new configuration
of the WPT transmitter that allows the expansion of the power transfer range
with less constraints compared to the conventional methods and will be discussed
in the following parts of this chapter.

2.2 Fundamentals of wireless power transfer

2.2.1 History

The beginning of WPT started with Nikola Tesla in 1897 who envisioned to
electrically connect the whole earth through energy transmitted in the air without
wires [43, 44]. Figue 2.1 shows the tower that was built in order to materialize
the idea of providing wireless power to the world. It was supposed to power
houses, ships and flying objects. In the 1964, William C. Brown has been able
to power a small electric helicopter at a distance of 18 meters for ten continuous
hours using microwaves therefore demonstrating the possibility of far-field wireless
power transfer [45, 46]. In 1994, a team from the University of La Réunion in
France have worked on a prototype to provide a remote bassin of the Reunion
Island (Grand Bassin) with power wirelessly [47]. They have been able to transmit

6



Figure 2.1: Nikola Tesla’s Wardenclyffe wireless station [1]

around 800 W of electric power over a distance of 40 m.

2.2.2 Classification of WPT

Figure 2.2 shows the different categories of wireless power transfer based on the
techniques. There are mainly two types of wireless power transfer which are
far-field and near-field. The far-field characterizes the applications where the
transmitter and receiver are separated from a long distance (meters to kilome-
ters). It uses radio-frequency radiation at the microwaves ( 300MHz to 300GHz )
and is mostly used to deliver low power to sensors at long distances [48]. It can be
convenient to harvest the power from commonly available communication systems
such as the Wi-Fi and mobile networks and satellite signals [49, 50, 51, 52, 53, 54].
Other methods such as infrared light or Laser could be used. However, the safety
risks they pose make them not common solution for long distances applications.
The near-field characterizes the applications where the transmitter and receiver
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are within few millimeters to centimeters range. For the capacitive coupling,
an electric field is created between two electrically conductive electrodes at the
transmitter side and could transmit power to a nearby receiver [55, 56, 57]. In
this technique, in order to generate sufficient power, the electrodes need to have
a great surface which is not always possible with the size of the devices. Another
issue is that a large electric field could cause hazard on living organisms and sur-
rounding electronic devices. On the other side, inductive coupling is based on the
magnetic induction principle. In fact, a electromotive charge is observed at the
end of a coil when it is immersed in a nearby changing magnetic field. That mag-
netic field could be generated by inserting an alternating current at the port a coil
as in Fig. 2.4. The electromotive charge could be rectified and served a generating
power at the device load [58]. The magnetic resonant coupling has the same prin-
ciple with the inductive coupling but additionally create a resonance by adding
capacitors to the coil. In fact, working at the resonance, the coupling between
the coils is increase for a better energy transfer at greater distance compared to
the inductive coupling. In 2007, a group of researchers from the Massachusetts
Institute of Technology (MIT) successfully powered a 60-watt light bulb from a
distance of 2 meters [59] using the magnetic resonant coupling technique. The
electrodynamic induction is the most commonly used in technique of WPT. The
applications ranging from radio frequency identification (RFID) systems, medical
implants, electrical toothbrushes and shavers, smartphones and tablets to high
power demanding electrical vehicles [60, 61, 62, 63, 64, 65, 66].
In this dissertation, we would like to focus on the resonant inductive coupling
power transfer.

2.3 Inductive coupling

The inductive coupling is based on Faraday’s law of induction which states that
whenever a closed circuit is placed in a varying magnetic field, an electromotive
force is induced [67, 68]. The electromotive force noted E21 is equal to the negative
of the rate of change of the flux linkage Φ21 . This emf is :

E21 = −dΦ21

dt
= − d

dt

∫∫

coil2

B⃗1 · dA⃗ (2.1)

That rate of change is proportional to the current I1.

dΦ21

dt
= M

dI1

dt
(2.2)

That proportionality coefficient M is called mutual inductance and is equal to

9



Figure 2.3: Nikola Tesla early prototype of inductive power transfer [2]

B⃗1

Coil1

Coil2

Φ21

I1

emf (E21)

Figure 2.4: Electromagnetic induction
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Vs
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C1
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R1

Transmitter

R2

L2

C2

ZL

Receiver

M

Figure 2.5: Resonant inductive coupling equivalent circuit

the magnetic flux in the Coil2 divided by the exciting current in Coil1.

M =
dΦ21

I1

=

∫∫

coil2
B⃗1 · dA⃗

I1

(2.3)

Figure 2.3 shows a Nikola Tesla early resonant inductive coupling prototype
[2]. An equivalent circuit is presented in Fig.2.5. The driving power could be
modeled as an AC source Vs with internal impedance Zs. The load is modeled as
an impedance ZL. Capacitors C1 and C2 are the compensation capacitors in series
with L1 and L2 respectively. The mutual inductance between the transmitter and
receiver is denoted by M .

The coupling coefficient between the two coils noted k is

k =
M√
L1L2

(2.4)

(2.5)

This system could be represented as a 2-port network as in Fig.2.6.
When considering the voltages V1 and V2 and the current I1 and I2 and their

ratio as of

Z11 =
V1

I1

∣

∣

∣

∣

∣

I2=0

Z12 =
V1

I2

∣

∣

∣

∣

∣

I1=0

(2.6)

Z21 =
V2

I1

∣

∣

∣

∣

∣

I2=0

Z22 =
V2

I2

∣

∣

∣

∣

∣

I1=0

(2.7)

(2.8)
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M
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(a) Two port network

Vs

Zs

Zin

Vth

Zout

ZL

Port 1 Port 2

I1

+

−

V1

I2

+

−

V2

(b) Equivalent circuit of the two
port network

Figure 2.6: Two port network representation of the inductive coupling system.

we can derive these relations

V1 = Z11I1 + Z12I2 (2.9)

V2 = Z21I1 + Z22I2 (2.10)

The impedance parameters Z are







V1

V2





 =







Z11 Z12

Z21 Z22













I1

I2





 (2.11)

The overall efficiency of a WPT system mainly comprises 3 components:

1. DC-to-RF conversion efficiency

2. RF-to-RF transmission efficiency

3. RF-to-DC conversion efficiency

The DC-to-RF efficiency defines how good is the source to propagate the max-
imum power over the air by reducing losses in its circuitry. The RF-to-RF effi-
ciency determines how the wireless medium is affecting the transmission of the
energy and is strongly related to the mutual inductance. The RF-to-DC effi-
ciency at the end defines how the receiver circuit is able to reduce the losses in
its circuitry and draw the maximum power at the load.
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Figure 2.7: Single segment parallel line feeder IPT system configuration.

D
d

Figure 2.8: Cross section of a PLF.

The DC-to-RF and RF-to-DC efficiencies are quite complex to evaluate since
they depend on the source and receiver circuit configuration. We can focus on
the RF-to-RF efficiency which can be defined as [69]

ηmax =
k2Q1Q2

(1+
√

1+k2Q1Q2)2
(2.12)

where Q1, Q2 are the quality factors of the Coil1 and Coil2 respectively with

Q =
2πfL

RESR

(2.13)

where RESR is the series resistance of the coil.
Equation 2.12 shows that the maximum efficiency increases with the increase of
the factor k2Q1Q2.

2.4 Parallel line feeder

Fig. 2.7. shows a general configuration of an inductive power transfer (IPT)
system using parallel line feeders (PLF). It consists of two wires placed parallel
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i(x) R∆x L∆x

G∆x

i(x + ∆x)

C∆xv(x) v(x + ∆x)

∆x

Figure 2.9: Transmission line distributed components.

to each other connected to a sinusoidal RF generator with voltage amplitude VS,
internal impedance RS, and HF operating frequency f and terminated by a short
circuit. The effective feeding area is denoted L. The origin is defined as the
end of the line far from the RF generator, therefore for a receiver the position
increases while moving away from the end of the line which has position x = 0.
In order to make the system resonant, the PLF contained a circuit for reactance
compensation and resonance.
Since the PLF is operating at a high frequency, it follows the transmission line
principle

2.4.1 Transmission line theory

A transmission line can be represented as an infinite series of cascaded two ports
networks. A representation of that components could be seen on Fig.2.9. For
a small portion of the line ∆x, we can assume that the line is composed of a
series resistance R, a series inductance L, a capacitance between the two lines C
and a conductance of the dielectric separating the two conductors G. The line
voltage V(x) and the current I(x) where x is displacement can be expressed in
the frequency domain as:

∂V (x)

∂x
= −(R + j ω L) I(x) (2.14)

∂I(x)

∂x
= −(G + j ω C) V (x) (2.15)
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which by differentiating gives

∂2V (x)

∂x2
= γ2V (x) (2.16)

∂2I(x)

∂x2
= γ2I(x) (2.17)

where γ is the complex propagation constant and is expressed as

γ =
√

(R + j ω L)(G + j ω C) = α + jβ (2.18)

where α is the attenuation constant and β the phase constant.
The characteristic impedance Z0 is

Z0 =

√

R + j ω L

G + j ω C
(2.19)

The solutions for V (x) and I(x) are in the form:

V (x) = V(+)e
−γ x + V(−)e

+γ x

I(x) = I(+)e
−γ x − I(−)e

+γ x

=
1

Z0



V(+)e
−γ x − V(−)e

+γ x
)

(2.20)

V(+) denotes the incident voltage and V(−) the reflected voltage at the load
end of the line. Similarly I(+) denotes the incident current and I(−) the reflected
current at the load end of the line.

Γ is the reflection coefficient of at the load.

Γ =
V −

V +
= −I−

I+
(2.21)

Therefore Eq(2.20) becomes

V (x) = V(+)



e−γ x + Γe+γ x
)

I(x) =
1

Z0



V(+)e
−γ x − Γe+γ x

)

(2.22)
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Given the load impedance ZL,

Γ =
ZL − Z0

ZL + Z0

(2.23)

The input impedance Zin of line at a given position x from the load impedance
ZL can be defined as:

Zin (x) =
V (x)

I(x)
= Z0

1 + ΓLe−2γx

1 − ΓLe−2γx
(2.24)

Zin(x) = Z0
ZL + Z0 tanh (γx)

Z0 + ZL tanh (γx)
(2.25)

For special case where the transmission line is lossless (α = 0), the propagation
constant becomes purely imaginary (γ = jβ). There Eq.()2.25) becomes

Zin(x) = Z0
ZL + j Z0 tan(βx)

Z0 + j ZL tan(βx)
(2.26)

There are special cases for the transmission line where it is an open circuit
(ZL = ∞) and where it is a short circuit (ZL = 0).

Open circuit ZL = ∞ Open circuit ZL = 0

Lossy Lossless Lossy Losseless

Zin(x) Z0 coth (γx) −j Z0 cot (βx) Z0 tanh (γx) jZ0 tan (βx)

Γ +1 −1

Due to the fact that the reflection coefficient is maximum in this special cases,
the reflected waves will bounce back to the source as reflected waves. The super-
position of the incident and reflected wave creates a standing wave all along the
transmission line [40]. In the short-circuit case, as shown in Fig. 2.10a., node
where the current is zero happens at the point quarter-wavelength from the end
of the line and repeat in a half-wavelength pattern. The voltage node happens
immediately at the end of the line since VL = 0 and repeat in a half-wavelength
pattern too. In the open-circuit case, the node where the voltage is zero happens
at λ/4 and the current node at the end of the line as shown in Fig. 2.10b. Meaning
that the current nodes happen at the voltage antinodes and the current antin-
odes at the voltage nodes in both cases. Since a open-circuit or a short-circuit
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Figure 2.10: Simple representation of the voltage and current standing wave
patterns for open-circuit and short-circuit transmission lines.

transmission line could serve for the PLF, the following investigations exclusively
use the parallel line feeder as a short-circuit transmission line.

2.4.2 Standing wave effect on PLF

As aforementioned, the PLF as a transmission line terminated by a short circuit
will exhibit a standing wave pattern all over its feeding line. Figure 2.11., shows
the pattern of the current measure all over the line. The incident and reflected
current waves interfere each other and form a current standing wave pattern
along the line. The standing wave is an alternating pattern of nodes, where
the current is zero, and anti-nodes,where the current becomes the maximum.
Two adjacent nodes and anti-nodes are separated by λ/2; λ representing the
wavelength. Figure 2.12 illustrates an example of the effect of the standing wave
from the magnetic field strength representation. One can clearly see the nodes
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Figure 2.11: Standing wave pattern on a transmission line.

Figure 2.12: Example of standing wave effect in the magnetic field of a parallel
line feeder IPT.

and antinodes from that representation. This standing wave effect is not always
considered as a drawback and was beneficial for application with the parallel
line feeder as a position detection mechanism. In fact, in [70], the standing
wave characteristics has been leverage for accurate position detection of tags in
an industrial environment. However, regardless of the receiver’s configuration
and optimization, the PLF power will be fluctuating from a high peak at the
antinodes to no power at the nodes. This instability at the transmitter itself is
an undesired effect for wireless power transfer applications. Moreover, used as a
inductive power transfer system, the fluctuation in the input power of the receiver
makes it not practical for commercial applications.

2.5 Summary

In this section, we described the concept of wireless power transfer technology
through its history and its different techniques and applications. In this section,
we also introduced the parallel line feeder as a new configuration for inductive
power transfer applications with the benefits of cost and reduction of maintenance
burden. We showed that the fundamentals governing the PLF are derived from
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the transmission line theory. However, we discovered that due to the nature of the
PLF, it display a standing wave pattern.. Therefore, for the PLF to be deemed
practical for commercial applications, the standing wave needs to be mitigated.
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3 Parallel Line Feeder with

MIMO transmission

3.1 Overview

In the field of inductive coupling, the common usage is "static" where the receivers
sits on top of the transmitter for the charging. This is the case for applications
such as toothbrushes, smartphones and even stationed electric vehicles. These
applications work great and are constantly improving in terms of power transfer
efficiency and charging time. An example is the Qualcomm Halo™ using magnetic
induction to transfer power wirelessly from a transmitter’s pad on the ground to
a receiver’s pad embedded in the vehicle with 90% of efficiency [71]. For the
electric vehicles to be immensely adopted, there is the need to be able to charge
the vehicles while on the move. In fact, the biggest fear of potential customers
of electric cars has even been given a name and is commonly referred as the
"range anxiety" [72] [73]. So, as opposed to that static charging, the dynamic
charging is the technology that could charge/power a receiver on the move such
as a car on the highway. Therefore, the dynamic charging is announced as the key
technology for the proliferation of future electric vehicles (EVs) [74]. In fact, as it
transfers power inductively from a primary coil buried under the road to pickup
coils mounted on the vehicles on the move [75] [76], we can easily imagine electric
cars not running out of battery on their way. There are also many benefits for the
environment if we could move from the fossil fuels based transportation means
to their electric equivalents [77, 78, 79].

For the aforementioned reasons, recently we observe many studies related to
dynamic charging. But, despite the high quality and efficiency of actual inductive
power transfer systems in terms of static charging, dynamic charging system
remains very complex as it involves the motion of the receiver. This motion
rapidly changes the inductive power transfer system properties as well as the
governing equations.

One of important problems is how to design the transmitting apparatus that is
simple and is able to extend its magnetic field coverage in order to charge receivers
on the move. In conventional systems as in [80], the primary coil consists of many
small coils placed next to each other to cover the feeding area as shown in Fig.3.1a
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(a) Using coil array.

(b) Using parallel line feeders.

Figure 3.1: Different configurations for dynamic charging.
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. But, each coil requires an inverter to transform the DC current input into the
appropriate output high frequency AC current supply [81] [82] which makes the
feeder’s circuit more complicated and costly.

Therefore, in [11], authors proposed an elongated parallel line feeder (PLF)
which has a large primary structure (Fig.3.1b) which can be easily extendable and
cost efficient. This PLF is driven by an HF band (3-30MHz) power supply in order
to exploit high resonance coupling for system simplification and misalignment
tolerance. However, when the operating frequency is up to several MHz for
efficiency enhancement and system simplification, the size of the transmitting
apparatus becomes not negligible compared to the wavelength. In such a case,
in the unmatched circuit, some of the waves reflect to the source interfering with
the incoming ones and eventually yields the standing wave phenomenon on the
parallel line feeder. This makes the magnetic field strength fluctuates dynamically
along the transmitting apparatus implying that the receiving power is unstable,
sometimes falls down to zero and sometimes rises to very high values depending
on the position of the receiver’s.

Considering that this configuration of the inductive power transfer system is
simple enough and cost-effective, it could be promising for practical implementa-
tion if that standing wave could be suppressed. A straightforward way of doing
so is to insert at the termination of the line an impedance matched to its intrinsic
impedance. However, the inserted impedance consumes a lot of power resulting
in the power available on the line to become only a very small portion of the
input power. This waste reduces the power efficiency. Therefore, this idea is not
applicable to the inductive power transfer system using parallel line feeder. The
work here will be to find other ways to tackle the standing wave issue.

3.2 Multiple-input multiple-output inductive

power transfer using multiple parallel line

feeders

The multiple-input multiple-output technique is commonly used in wireless com-
munications where one of its features called diversity technique [83] is especially
effective at stabilizing the received signal power against the deviations of atten-
uation affecting the radio signals. In this proposal, a similar approach has been
used as a pattern diversity and is applied by using a configuration where the PLF
transmitter (respectively receiver) is the combination of multiple generic PLF (re-
spectively receiver) to transfer stable power to the receiver. Another reason for
using multiple feeders is to enhance the output power by utilizing a multiplexing
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Figure 3.2: Transmitter configuration of an inductive power transfer system using
N parallel line feeders.

effect which refers to the significant increase of power resulting from the combina-
tion of multiple feeders. But, the multiplication of lines is not enough in order to
overcome the standing wave issue. In fact, Fig. 3.3a. presents the wave pattern
of 3 non-shifted lines which are difficult to differentiate as their standing wave
pattern are overlapping. After the full wave rectification, we could benefit from
the increase of amplitude of the combined voltage producing an improvement of
the output power at some points but the pattern remains almost the same and we
will still face the standing wave problem. For that reason, the parallel line feeders
need to be shifted as well in order to get a constant and uniform output power
all along the feeding distance. Fig. 3.3b. illustrates that behavior. Also, that
way of spreading the overall input power among multiple feeders is important
because the input power to each feeder is, definitely, subject to strict limitations
to prevent harmful influences to human body as well as to prevent foreign metal
objects from being overheated or burned [84].
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3.2.1 System model and theoretical analysis

A general transmitter’s configuration of the proposed inductive power transfer
system using multiple parallel lines is illustrated in Fig. 3.2. N sinusoidal wave
generators with identical voltage VS and frequency f are applied to their corre-
sponding parallel line feeder. Each feeder consisting of two identical wires placed
parallel to each other is connected to the source via a tuning reactor to compen-
sate for its reactance and terminated at the other end in a short circuit.

In the case where only one feeder is employed, because of the standing wave,
the current expression along the feeder line is

I(x) = I0 cos
2πx

λ
. (3.1)

and the receiver at a certain position x from the termination is able to couple the
current at that position which is

IS(x) = I0 cos [β (x − L)] , (3.2)

where β = 2π/λ is the wave number. This shows that the receiver will only pick
up the highest power at the anti-nodes but obtains no power at the nodes. There-
fore, to mitigate the impact of the standing wave and generating a more evenly
distributed magnetic field, multiple feeders are used and shifted in the longitu-
dinal direction by an incremental distance of λ/2N where λ is the wavelength.
Electromagnetic shielding material is inserted among the feeders to isolate the
field of one feeder from those of the others. In such a case, it is a compromise to
assume that currents at the terminating ends of the N feeders are identical to I0.

We assume a receiver is moving on top and along the longitudinal direction.
The position of the receiver is denoted by its distance x to the terminating end
of the first feeder. Current at location x in the n-th feeder is given by

In(x) = I0 cos [βx + (n − 1) π/N − βℓT ] , (3.3)

n ∈ ¶1, ..., N♢.
The receiver employs N pickup coils to inductively couple and combine power

as illustrated in Fig. 3.4. We assume that each pickup only couples with its
corresponding feeder, i.e., the n-th couples with the n-th feeder. Thus, each
pickup can be viewed as a secondary source with open-circuit voltage

V oc
n (x) = 2πfLmIn(x), (3.4)

where Lm is the mutual inductance between the n-th feeder and n-th pickup.
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Figure 3.4: Receiver’s configuration using N pickups.

Without loss of generality, we assume that the mutual inductances between the
feeder and pickups are identical to Lm. Similarly, short-circuit current of such a
secondary source is given by

Isc
n (x) = LmIn(x)/L2, (3.5)

where L2 is the self inductance of one pickup given that the self inductance of
all N pick ups are identical. Therefore, the achievable power that can be drawn

from the n-th pickup is
1

2
V oc

n (x) · Isc
n (x) [25]. To improve the available power, the

n-th pickup is parallel tuned by resonant capacitor Cn. If each pickup is perfectly
tuned at the operating frequency f , the quality factor of each tuned pickup is
determined by its internal resistance and inductance L2 as well as the operating
frequency f . For the sake of simplicity, let Q be the quality factor of each tuned
pickup, the available power in each pickup is improved by 2Q resulting in

Pn(x) = P0 cos2 [βx + (n − 1) π/N − βℓT ] . (3.6)

Here, P0 = πQfI2
0 L2

m/L2. As shown in (3.6), the available power from the n-th
feeder varies with the receiver’s position x in a sinusoidal manner with a spatial
period of λ/2. Assuming the receiver is moving with a constant velocity, the
average power that the receiver couples after moving a distance of λ/2 is P0/2.

26



3.2.2 DC output power

The alternating currents in pickups are rectified to produce direct currents (DC)
before being fed in parallel to an single load Rload. The load voltage Vout(x)
monotonically increases with load resistance Rload. In the case when Rload is
small enough such that V oc

n (x) > Vout(x) for all n ∈ ¶1, . . . , N♢, the output
power is the sum of the available power from all N pickups which is given by

Pout(x) =
N

∑

n=1

Pn(x)

= P0

N
∑

n=1

cos2 [βx + (n − 1) π/N − βℓT ]

=
NP0

2
. (3.7)

As indicated by (3.7), the output power is, theoretically constant against the
receiver’s position x showing its stability. Furthermore, the output power is
improved by N times compared to the average power of a single feeder.

When Rload increases, the load voltage Vout increases. As a result, the open-
circuit voltage of one or more pickups may be lower than the load voltage Vout. In
such a case, those pickups do not transfer power to the load, resulting in a lower
and more varying output power than that given in (3.7). In the extreme case
when the load Rload = ∞, only the feeder with the highest open-circuit voltage
supplies power to the load, resulting in

Pout(x) = max
n∈¶1,...,N♢

{

P0 cos2 [βx + (n − 1) π/N − βℓT ]
}

. (3.8)

The output power profile given in (3.8) is lower and more varying than that
the one determined by (3.7). However, this power profile is still higher and
more stable than that given in (3.6), which is the output power in the case of
single feeder. The stability and improvement of the output power mentioned
above demonstrate the diversity and multiplexing effects of the multiple-input
multiple-output inductive power transfer system.

3.3 Experiments

3.3.1 Configuration

We conducted experiments to verify the diversity and multiplexing effects of the
proposed system with 3 feeders and 3 pickups. In fact, Fig.3.5 shows a typical
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receiver for which couples with a single PLF. In this experimental setup, we
combined 3 receivers on top of 3 PLF as illustrated in Fig. 3.6 with parameters
given in Tab. 3.1. The voltage measurements for each pickup and the load were
performed every meter within the feeding area of 10 m corresponding to the
common area shared by the shifted parallel line feeders.

The feeders were powered by 3 HF sinusoidal generators at the frequency f of
13.56 MHz (an ISM band), meaning that the wavelength in vacuum is 22.1 m.
However, in the experimental system, a wavelength λ = 16 m was observed. The
feeders were shifted in the longitudinal direction according to the nearest one by a
distance of λ/6 which is practically equal to 2.67 m. Instead of inserting shielding
materials among the feeders, we set the distance between two neighboring feeders
to a relatively large value D = 5 cm to suppress interference among the feeders. At
the receiver, each “U” shaped pickup was attached to a full wave rectifying circuit
composed with 4 diodes and a smoothing capacitor. Right after, resistances
R1 = R2 = ... = Rn = 1Ω were added and their voltages were measured to
estimate the currents drawn by the pickups. Then power coupled from each
pickup is calculated by using:

Pn = Vout × In = Vout × Vn

Rn

. (3.9)
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Table 3.1: Experiment parameters

Parameters Values

Operating frequency f 13.56 MHz

Source VS 7 V

Load impedance Rload 50, 100, 200 Ω

Feeding area length 10 m

Air gap between feeders and pickups 2 mm

Pickup configuration A, B, C, D∗ 100, 50, 30, 50 mm

Resonance capacitors Cn 1000 pF

Smoothing capacitors of rectifiers 0.1 µF

Diodes for rectifiers BAT43 (Schottky)
∗ Dimensions A, B, C, D are illustrated in Fig. 3.6.

At the end, the pickups were connected to the load in order to combine the output
power calculated by

Pout =
V 2

out

Rload

, (3.10)

where Vout is the load voltage.

3.3.2 Results

Fig. 3.7a shows the power drawn by each pickup individually as well as the
combined output power when Rload = 100 Ω. The power from the first pickup
fluctuated drastically from a high peak value at the anti-nodes corresponding to
position x = 2 m and x = 10 m where the power drawn from the line is maximum,
to a very low (almost 0) value at nodes x = 6 m and x = 7 m where no power
could be drawn from the line. This phenomenon is due to the standing wave
effect appearing in the current. The amount of power drawn from other pickups
follows the same tendency at different positions according to their shifted current
standing wave patterns in the longitudinal direction. However, the output power
at the load presents a quite stable profile all along the feeding area thanks to the
diversity effect as explained in Section 3.2.1. Similar to Fig. 3.7a., a diversity
effect is also observed in Fig. 3.7b. and Fig. 3.8a. respectively for Rload = 50 Ω
and Rload = 200 Ω where the average output power remains quite stable against
the fluctuations of the pickups’ average power.
Furthermore, Fig. 3.8b. shows the average power of pickups together with the
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average output power when Rload = 100 Ω. We can notice that the average output
power is at least 4.44 dBm greater than the average power of a single pickup which
corresponds to a multiplication factor of 2.78. Again, the multiplication factor is
about 3.07 compared to the average power of P1. The same holds for the other
values of load and this improvement can be interpreted as the multiplexing effect
and is consistent with the analysis in Section 3.2.1.

Therefore, these experimental results verify the effectiveness of the proposed
multiple-input multiple-output inductive power transfer system using multiple
parallel line feeders.

3.4 Summary

In this chapter, we evaluated a multiple-input multiple-output inductive power
transfer system using multiple parallel line feeders for mitigating the output power
variation due to standing wave.
Theoretical analysis and experiments confirmed that the proposed system, ex-
ploiting the diversity and multiplexing effects, is capable of overcoming the stand-
ing wave issue exposing a stable combined power and also significantly improves
the output power compared to the single parallel line case. However, despite
these improvements, the computed power transfer efficiency of the overall system
was discovered to be quite low which makes this proposal not practical enough.
Moreover, it has been realized that the use of multiple PLF complicates and adds
costs to our implementation contradicting our proposal for a cheaper and easy to
maintain IPT solution.
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4 Inductive power transfer using

multiple concatenated parallel

line feeder segments

4.1 System model

Fig. 4.1a. and Fig. 4.1b. present the configuration and the equivalent circuit of
an inductive power transfer system using multiple concatenated PLF segments.
In order to combat the impact of the standing wave within one PLF segment,
the length of the segment l has been chosen as shorter than one-tenth of a wave-
length of the input signal frequency. Each segment is compensated by resonant
capacitors C1 and concatenated to next one.

As the feeder is terminated in a short-circuit, the last segment becomes a
short-circuit itself and acts as an inductor with inductance denoted L1 and is
series tuned with two capacitors C1 following the condition below

C1 =
2

2πfL1

. (4.1)

Consequently, the two-wire line of the previous segment functions also as an
inductor with inductance denoted L1, which is then compensated by two ca-
pacitances C1 according to (4.1). Therefore, all PLF segments resonate at the
operating frequency f . There is a phase shift in the magnetic field at the two ends
of each segment. The resonant capacitors is determined to recover these phase
shifts, thus the magnetic field generated by the whole primary coil is almost
uniform.

C2 =
1

2πfL1

. (4.2)

According to [25] , because the secondary coil which is series tuned places a
purely resistive impedance Requ onto the segment right beneath.
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Figure 4.1: Configuration of an IPT using concatenated PLF segments.
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Table 4.1: Simulation parameters

Parameters Values

Operating frequency f = 13.56MHz (ISM band)

Source voltage VS = 1V

Source’s internal impedance RS = 50

Number of PLF segments 4

PLF segment length l = 2m

Wire distance of PLF segment d = 60cm

Secondary coil 60cm × 2m single-turn rectangular loop

Material of all wires Copper conductivity = 5.8 × 107S/m

Cross section of all wires 4cm×4cm square

Tuning capacitors for primary coil 4 C1 = (86pF, 93pF, 93pF, 86pF)1

Tuning capacitor for secondary coil C2 = 38pF

Air gap 60cm
1 Tuning capacitances for 4 segments are slightly different from each other due to
fine adjustment for better resonance.

Requ =
4π2L2

m

Rload

. (4.3)

Requ does not depend on the position x of the receivers according to (4.3). There-
fore, we could assume the output power to be stable

4.2 Numerical analysis

In order to evaluate the proposed IPT system, we firstly run simulattions with a
Keysight EEsof EDA’s electromagnetic simulation software [85] with parameters
given in Tab. 4.1. In this analysis, operating frequency f = 13.56MHz, an indus-
trial scientific and medical (ISM) band whose wavelength λ is about 22.1m. We
analyze a system with 8m long primary coil, consisting of 4 PLF segments, each
2m long. This overall length of the segmented PLF coil is greater than a quarter-
wavelength, meaning that the system is sufficient to evaluate the performance
under the impact of standing wave.
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(a) Magnetic field standing wave generated by single PLF segment.

(b) Evenly distributed magnetic field generated by 4 concatenated PLF segments.

Figure 4.2: Comparison of magnetic field distribution between single and multiple
segments PLF of 8m long feeding lines.

4.2.1 Magnetic field distribution

The input impedances of 4 segments are as 8.057 + 0.1347j, 4.02 - 2.98j, 2.20 -
0.87j and 0.10 + 0.69j. The very low reactance observed implies that all segments
are approximately tuned. As a result, the concatenated 4 PLF segments generate
an evenly distributed magnetic field shown in Fig. 4.2b. In the contrary, for the
case of a single segment PLF of 8 meters, the magnetic field follows a standing
wave pattern demonstrated in Fig. 4.2a.

4.2.2 Output power profile

We investigated the variation of the output power Pout consumed at the load
Rload with receiver’s position x. In this investigation, Rload = 50Ω and Pout is
normalized by Pmax = VS/(4RS) = 2.5mW, which is the maximum output power
of the source. As demonstrated in Fig. 4.3a., the conventional single segment
PLF system shows the dynamically fluctuating power profile characteristic of the
standing wave with nulls at x in the 3m, 4m region and standard deviation as large
as 0.24. Meanwhile, the proposed multiple concatenated PLF segments method
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shows a stable power profile with small standard deviation of 0.07. Furthermore,
the smooth variation in output power is also observed even when the receiver
moves from one segment to the next.

4.2.3 Input impedance

Figure 4.3b shows the normalized input impedance looking at the source for
both the single segment PLF and multiple concatenated segments PLF. The
figure indicates a major difference between both PLF configuration. The multiple
concatenated segments has an input impedance approximately purely resistive
with the resistive component varying slightly in small regions. This result suggests
that the proposed scheme is capable of supplying stable output profile without
the aid of adaptive tuning circuit.

4.3 Experiments

4.3.1 Configuration

The next step on the segmentation performance assessment was done through
experimental evaluation. These evaluations were conducted as a comparison of
the performances of the single and multiple segments PLF systems on a quarter
wavelength feeding line. The feeders were powered by HF sinusoidal generators
at the frequency f of 13.56 MHz (ISM band), which has a wavelength in vacuum
of 22.1 m. However, in the experimental system, a wavelength λ = 16m was
observed. Thus, the feeding area length is set to a quarter-wavelength, which is
sufficiently long to evaluate the system performance under the impact of standing
wave as done in the numerical analysis. Fig. 4.4. presents the experimental setup.
The output power consumed by Rload is measured for every 50 cm of the feeding
line and use to compute the power transfer efficiency (PTE) of the systems. The
experiments’ parameters were compiled in Tab. 4.2.

4.3.2 Results

Fig. 4.5b. and Fig. 4.5a. show respectively the power transfer efficiency and the
received power profile for different values of Rload in single and multiple segments
PLF systems. As we can notice in these figures, in the case of single segment PLF
system, the output power as well as the PTE drops drastically from a peak value
(x=0m) to an extremely low (almost 0) value at the end of the line (x=4m). This
is due to the standing wave appearing in the magnetic field. However, in the case
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Figure 4.4: Transmitter configuration for a 4 meters IPT system using multiple
concatenated PLF.

Table 4.2: Experiments parameters

Parameters Values

Operating frequency f=13.56 MHz

Load impedance Rload 100, 200 Ω

Feeding area length λ/4 = 4 m

Air gap 2 mm

Tuning capacitor for C2 1000 pF
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of multiple segments, the output power and the PTE have much greater and a
quite stable profile. That demonstrates the better performance of the multiple
segments PLF for mitigating the impact of standing wave.

4.4 Summary

The concept of inductive power transfer with multiple self-tuned segments con-
catenated together with capacitors to form an elongated primary coil have been
introduced. The performance comparison between the multiple segment PLF and
the single segment PLF was investigated through numerical analysis and simu-
lations. Their results showed that the segmentation effectively helps to mitigate
the impact of the standing wave with a uniform magnetic field and increased
output power. However, these investigations were limited to the configurations
studied only and were considering the PLF as a lossless transmission line. In
order for demonstrate the performance of the multiple segments concatenated
PLF, a formulation of its characteristics needs to be derived. For practicality
reasons, such formulation needs to be complete enough, assuming the PLF as a
lossy transmission line.
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5 Maximum achievable efficiency

of the PLF

5.1 Overview

In order to improve the PLF, a segmentation scheme has been adopted which con-
sists in a partitioning of the PLF into smaller segments concatenated together by
capacitors. That segmentation scheme is also employed in electrical engineering
and called series compensation where capacitors are inserted in series in order
to increase the transmission system efficiency and stability of long power lines
by reducing their impedance, more precisely the inductance of the line [86, 87].
In this research, that segmentation is performed in order to create a more dis-
tributed magnetic field in the transmission line. This investigation was performed
with two schemes relative to a tenth of the wavelength of the operating frequency
(λ/10 = 0.789 m). A nearly short scheme where each segment is 1 m long and a
sufficiently short scheme where the segments are 0.5 m long.

5.2 System model and theoretical analysis of

non-segmented PLF

The parallel line feeder consists of a two-wire transmission line of length L is
connected to a radio frequency (RF) sinusoidal source via a resonant capacitor
C1 to function as the transmitter coil. Figure 2.8 shows the cross-section of the
parallel line feeder with the two parallel wires of identical diameter d separated
at a distance D (center-to-center). A simplified schematic of the non-segmented
PLF is described in Fig. 5.1(a).

The operating frequency denoted by f is in the MHz range to achieve high Q-
factors. The angular frequency is therefore ω = 2πf , and the signal wavelength
in free space is λ0 = c/f , where c is the speed of light. In real applications,
the feeder may be surrounded by dielectric materials. In that case, we need
to model the PLF as a transmission line with the complex propagation constant
γ = α+jβ, where α is the attenuation constant and β is the phase constant. The
attenuation constant α includes all losses in the feeder, e.g.,copper loss, dielectric
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Figure 5.1: System model of a PLF.
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loss. From a practical perspective, it is reasonable to assume that the feeder is
low loss, meaning that αL ≪ 1. The phase constant β usually differs from its
free space value β0 = 2π/λ0. Due to the dielectric effect, wavelength of the signal
propagated in the feeder is λ = 2π/β, which may differ from its free space value
λ0. The ratio of these two values is equal to the refractive index of the dielectric
n = λ0/λ.

The characteristic impedance of the feeder Z0 [88]

Z0 =
120 Ω

n
cosh−1 D

d
(5.1)

Without loss of generality, throughout this research we assume that the feeder
is terminated in a short circuit. In the unloaded condition in Fig. 5.1(a), the
input impedance of the feeder is

Z1 = Z0 tanh γL = R1 + jX1, (5.2)

where

R1 =
Z0 sinh(2αL)

cosh(2αL) + cos(2βL)
(5.3)

X1 =
Z0 sin(2βL)

cosh(2αL) + cos(2βL)
(5.4)

In order to achieve the resonance, the imaginary part jX1 in Eq. (5.5) will be
cancelled with its equivalent capacitor C1 = 1/(ωX1) while the real part R1

remains. Therefore,

Z1 = Z0 tanh γL = R1 (5.5)

Now, let us consider the loaded condition illustrated in Fig. 5.1(b) when a
receiver is located at the position x from the terminating end of the feeder. In
this case, the system has two different parts that need to be analyzed separately.
The part of length x on the right-hand side which is coupling with the receiver’s
coil, and the remaining part of length L − x on the left-hand side which does not
couple with the receiver. The coupling part can be seen as a shorted transmission
line of length x and therefore its input impedance can be expressed as

Zx = Z0 tanh(γx) (5.6)

Via the coupling, the load reflects an impedance on the feeder. Let the mutual
coupling between the feeder and the receiver coil be M , the internal resistance of
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the receiver coil be R2, then the impedance that the load reflects on the feeder
is ω2M2/(R2 + RL) [25, 36]. Equivalently, the non-coupling part of the feeder is
terminated in an impedance Z ′

x as illustrated in Fig. 5.1(c).

Z ′
x = Z0 tanh(γx) +

ω2M2

R2 + RL

. (5.7)

The input impedance of the loaded feeder is

Zin = Z0
Z ′

x + Z0 tanh[γ(L − x)]

Z0 + Z ′
x tanh[γ(L − x)]

= Z0

tanh(γx) + tanh[γ(L−x)] +
ω2M2

Z0(R2 + RL)

1+tanh(γx)tanh[γ(L−x)]+
ω2M2

Z0(R2 + RL)
tanh[γ(L−x)]

= Z0

sinh(γL) +
ω2M2

Z0(R2 + RL)
cosh(γx) cosh[γ(L − x)]

cosh(γL) +
ω2M2

Z0(R2 + RL)
cosh(γx) sinh[γ(L − x)]

= Z0 tanh(γL)

1 +
ω2M2

Z0(R2 + RL)

cosh(γx) cosh[γ(L − x)]

sinh(γL)

1 +
ω2M2

Z0(R2 + RL)

cosh(γx) sinh[γ(L − x)]

cosh(γL)

(5.8)

Because, the characteristic impedance Z0 is usually large compared to the re-
flected load ω2M2/(R2 + RL), the term ω2M2/(Z0(R2 + RL)) is very small com-
pared to one. Therefore, Zin can be approximated as

Zin ≈ Z0 tanh(γL)







1 + . . .

+
ω2M2cosh(γx)

Z0(R2 + RL)



cosh[γ(L−x)]

sinh(γL)
− sinh[γ(L−x)]

cosh(γL)

]







≈ R1 +

ω2M2 cosh2(γx)

cosh2(γL)

RL + R2

+ jX1 (5.9)

Obviously, the imaginary part of Zin is equal to that of Z1 in Eq. (5.5). Therefore,
similar to the unloaded feeder, the loaded feeder is also compensated by the same
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capacitor C1. As a result, after compensation the input impedance of loaded
feeder is purely resistive

Zin = Rin ≈ R1 +

ω2M2 cosh2(γx)

cosh2(γL)

RL + R2

. (5.10)

Based on Eq. (5.10), a simplified equivalent circuit for the loaded PLF system is
described in Fig. 5.1(d). From this model, the square of kQ-product denoted χ
is derived as a function of location x as follows.

χ(x) ≈ ω2M2

R1R2

∣

∣

∣

∣

∣

cosh γx

cosh γL

∣

∣

∣

∣

∣

2

≈ ω2M2

Z0R2

cosh(2αL) + cos(2βL)

sinh(2αL)

cos2 βx

cos2 βL

≈ ω2M2

Z0αLR2

cos2 βx

≈ χ0 cos2 βx (5.11)

where χ0 is a constant against the receiver position x

χ0 =
ω2M2

Z0αLR2

(5.12)

The complete efficiency of a WPT system is mostly the combination of three
efficiencies:

• DC-to-RF conversion efficiency

• RF-to-RF transmission efficiency

• RF-to-DC conversion efficiency

These efficiencies variate due to some many considerations especially the complex
impedance of the load. So, it becomes rather complicated to evaluate them. How-
ever, we can focus on the RF-to-RF efficiency assuming that the load impedance
is optimized to draw the maximum power according to the Z-parameters of the
transceiving apparatuses. We can therefore take advantage of the concept of
the maximum achievable efficiency [33]. That maximum achievable efficiency be-
comes the theoretical upper-bound on the overall efficiency of the whole system,
which is related to the kQ-product as follows.
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Figure 5.2: Experimental setup.

ηmax(x) = 1− 2

1+
√

1+χ(x)
= 1− 2

1+
√

1+χ0 cos2βx
(5.13)

Equation (5.13) shows that the maximum efficiency ηmax vary drastically with the
receiver position x, following a standing wave pattern represented by the term
cos2 βx. This equation also implies that not the value of R1 but the term Z0αL
represents losses in the feeder.

5.2.1 Experimental results

In order to confirm the theoretical conclusions in Sect. 5.2, experiments were
carried out with the configuration of the PLF to the longest that could fit into our
experimental environment and also long enough to be non-negligible compared to
the wavelength of the input signal. The experimental setup of the overall system
is shown in Fig. 5.2(a).

In this figure, the feeder is a two-wire transmission line of length L = 5 m
and width D = 40 mm, built from copper wires of diameter d = 4 mm and
conductivity of 5.8 × 107 S/m. The feeder is terminated in a short-circuit at one
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end. The other end is connected to the resonant capacitors and attached to the
port 1 of a vector network analyzer (VNA) R&S©ZNBT8 as in Fig. 5.2(c).

As shown in Fig. 5.2(b), the receiver is a spiral coil embedded in a 4 cm ×
8 cm printed circuit board (PCB) with added capacitors for resonance. The
receiver coil is connected to the port 2 of the VNA for measurement. All the port
impedances are 50 Ω. The operation frequency f = 27.12 MHz has been chosen
for the experiments.

In the unloaded condition, the intrinsic values of the internal resistance of the
feeder and that of the receiver coil are measured as R1 = 58.4 Ω and R2 = 1.4 Ω,
respectively. In the loaded condition, the receiver is aligned on top of the feeder
and is moved from the right-hand side to the left-hand side toward the source
at a step of 25 cm in the x direction. The the air gap between the feeder and
the receiver coil is 2 mm. For each position x of the receiver, we measured the
Z-parameters (Z11, Z12, Z21, Z22) and calculated the maximum efficiency by using
formula given in [32] as follows.

ηexp(x) = 1 − 2

1 +

√

1 +
♣Z21(x)♣2

Re¶Z1♢Re¶Z2♢

(5.14)

The measurement results of ηexp(x) are shown by the square dots in Fig. 5.3.
and a fitted curve following Eq. (5.13) for the measurement results. That fitted
curve matches very well with the measurements, indicating that the theoreti-
cal formula Eq. (5.13) accurately reflects the system properties. Based on the
estimated values from the curve which are β = 0.796 rad/m and the constant
χ0 = 14.74, we can substitute the values of β, χ0, R1 and R2 into Eq. (5.12)
to obtain the mutual inductance M = 134.1 nH. The wavelength of the signal
propagated in the feeder is λ = 2π/β = 7.89 m, thus the dielectric of the feeder
has a refractive index of n = 1.4 and the characteristic impedance of the feeder
is Z0 = 357.6 Ω. Some other parameters for the PLF system are summarized in
Tab. 5.1.

Importantly, Fig. 5.3 shows that the efficiency is not stable all over the feeder
length. In fact, it varies drastically based on the receiver position x following
a standing wave pattern. We can observe that at the terminating end (x = 0)
position, the efficiency is at its highest but it starts decreasing when the receiver
moves toward the source. Its lowest value, nearly zero is when the receiver is
around the position x = 200 cm. When moved further toward the source, the
efficiency starts to increase again until reaching the peak of approximately 60%
near the position x = 400 cm. And then it decreases all the way to the source.
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Table 5.1: Estimated values of the PLF parameters.

Quantity Value

Phase constant β 0.796 [rad/m]

Wavelength λ = 2π/β 7.89 [m]

Free-space value of wavelength λ0 11.05 [m]

Refractive index of dielectric n = λ0/λ 1.4

Mutual inductance M 134.1 [nH]

Characteristic impedance Z0 = 120 Ω
n

cosh−1 D
d

357.6 [Ω]

We can easily assume that this pattern is repeated periodically every quarter-
wavelength. That drastic variation of efficiency following a standing wave pattern
mentioned above limits the deployment of the PLF system as a practical system.

5.3 Summary

Modeling the PLF as a lossy transmission line helped to understand it charac-
teristics especially nature of the losses contributions. The fact that its resistive
component is large reduces the transmission efficiency to a great extend making
the peak efficiency only around 60%. It helped also defining its maximum achiev-
able efficiency. However, that maximum achievable efficiency as been proved to
be following the same standing wave pattern as the previous investigations which
makes is concentrating the most power at the current anti-nodes spaced by a
quarter-wavelength. So, that configuration of the PLF is not deemed suitable
enough for IPT applications.

5.4 System model and theoretical analysis of

segmented PLF

This section presents the segmented PLF which is a modification for the PLF
to improve and stabilize the power transfer efficiency. The proposed segmented
PLF is shown in Fig. 5.4(a), where the feeder of length L is equally divided into
N segments, thus each segment having a length of l = L/N . The number of total
segments N is chosen so that the segment length l = L/N is short. The purpose
is to guarantee the magnetic field generated by one segment is even and the
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system efficiency does not significantly change as the receiver coil moves within
one segment. However, due to the physical nature of the segmented PLF, we can
expect the system efficiency to vary when the receiver is moving from one segment
to another. The segments are numbered as #n, where n ∈ ¶1, 2, . . . , N♢, and the
segment number is increased when going from the right-hand side to the left-
hand side. The reactance of each segment is cancelled by its matching resonant
capacitor. For a well-balance design purpose, that resonant capacitor could be
separated into two identical capacitors located on each wire of the segment whose
total equivalent value equals the matching resonant capacitor. Throughout this
section, the compensating capacitors are denoted Cn and C ′

n.

5.4.1 Unloaded Condition

In this part, we would like to focus on the unloaded condition as described in
Fig. 5.4(a). Because the first segment is terminated in a short circuit, its input
impedance before it is compensated by C1 and C ′

1 is

Z ′
1(l) = R′

1(l) + jX ′
1(l)

= Z0 tanh(αl + jβl)

=
Z0 sinh 2αl + jZ0 sin 2βl

cosh 2αl + cos 2βl
(5.15)

Because the segmentation length l is very short such that αl ≪ 1, sinh(2αl) ≈
2αl and cosh(2αl) ≈ 1, Z ′

1(l) can be approximated as

Z ′
1(l) = R′

1(l) + jX ′
1(l) ≈ Z0αl

cos2 βl
+ jZ0 tan βl (5.16)

The imaginary part jX ′
1(l) = jZ0 tan βl will be compensated for by two balanced

capacitors C1 and C ′
1. As a result, the input impedance of the first segment after

compensation is a purely real value

R′
1(l) = Re ¶Z ′

1(l)♢ ≈ Z0αl

cos2 βl
. (5.17)

This resistance is the terminating impedance for the second segment, thus the
input impedance of the first two segments before compensation becomes

Z ′
1(2l) = Z0

R′
1(l) + Z0 tanh γl

Z0 + R′
1(l) tanh γl

(5.18)
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As the segment length l is very short such that the phase change βl and the
attenuation αl are very small, it is obvious that R′

1(l) shown in Eq. (5.17) is
very small compared to the characteristic impedance Z0. As a result, the input
impedance Z ′

1(2l) can be approximated as

Z ′
1(2l) = R′

1(2l) + jX ′
1(2l)

=
R′

1(l) + Z0 tanh γl

1 +
R′

1(l)

Z0

tanh γl

=
R′

1(l) + R′
1(l) + jX ′

1(l)

1 +
R′

1(l)

Z0

tanh γl

≈ 2R′
1(l) + jZ0 tan βl

1 +
R′

1(l)

Z0

· R′
1(l)

Z0

+ j
R′

1(l)

Z0

tan βl

≈ 2R′
1(l) + jZ0 tan βl

1 + j
R′

1(l)

Z0

tan βl

≈ [2R′
1(l) + jZ0 tan βl]



1 − j
R′

1(l)

Z0

tan βl

]

≈
2−1
∑

m=0



1

cos2 βl

]m

R′
1(l) + jZ0 tan βl (5.19)

The imaginary part of Z ′
1(2l) is also jZ0 tan βl which is equal to the reactance

of the first segment jX ′
1(l). This means the resonant capacitors C2 and C ′

2 for
the second segment are similar to the resonant capacitors C1 and C ′

1 for the first
segment. The combined impedance of the first two segments after compensation
is purely real

R′
1(2l) =

2−1
∑

m=0



1

cos2 βl

]m

R′
1(l) (5.20)

Similarly, it is obvious that the impedance of the first n segments before the
resonant capacitor C ′

n is

Z ′
1(nl) = R′

1(nl) + jX ′
1(nl)

≈
n−1
∑

m=0



1

cos2 βl

]m

R′
1(l) + jZ0 tan βl (5.21)
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As shown in Eq. (5.21), the reactive component of Z ′
1(nl) is

X ′
1(nl) ≈ jZ0 tan βl (5.22)

which is also equal to those of Z ′
1(l) and Z ′

1(2l). Thus, this component is cancelled
by two balanced capacitors Cn and C ′

n having the similar capacitances as the
compensation capacitors of other segments. Consequently, the impedance of the
first n segments after compensation has a purely real value

R′
1(nl) ≈

n−1
∑

m=0



1

cos2 βl

]m

R′
1(l). (5.23)

Eventually, the internal resistance of all the N segments after compensation,
which is also the internal resistance of the transmitting coil in the proposed system
is

R′
1 ≜ R′

1(Nl) ≈
1 −



1

cos2 βl

]N

1 − 1

cos2 βl

R′
1(l)

≈
1 −



1

cos2 βL/N

]N

1 − 1

cos2 βL/N

Z0αL/N

cos2 βL/N
(5.24)

The value of R′
1 in Eq. (5.24) for the special case N = 1 is Z0αL/ cos2 βL, which

is similar to the internal resistance R1 of the non-segmented PLF in Eq. (5.3).
Because Eq. (5.24) is not a monotonically increasing function of N , it is hard to
say that R′

1 decreases immediately from the initial value R1 when we increase the
number of segments N to 2 or 3. However, when N is sufficiently large such that
the value of cos2 βL/N approaches 1, the value of R′

1 reduces and will approach
Z0αL. In such a case, the segmented PLF behaves like a lumped-element and
R′

1 reflects losses in the loaded condition. A reduction of R′
1 therefore pays

contribution to efficiency improvement for the segmented PLF. The significance
of reducing the feeder resistance is therefore more obvious to this system than to
the conventional non-segmented one.
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5.4.2 Loaded Condition

Now, let us consider the segmented feeder in loaded condition illustrated in
Fig. 5.4(b). Without loss of generality, let us assume that the feeder couples with
the receiver coil at the n-th segment. In this case, the input impedances of the
first, the second, . . . and the (n − 1)-th segments remain unchanged from their
conditions in the unloaded case in Sect. 5.4.1. However, the input impedance
of the n-th segment changes from Eq. (5.23) because the load RL reflects an
impedance ω2M2/(R2 + RL) onto this segment via the mutual inductance M . As
a result, the impedance of the first n-th segments in loaded condition becomes

R′
in(nl) = R′

1(nl) +
ω2M2

R2 + RL

≈
n−1
∑

m=0



1

cos2 βl

]m

R′
1(l) +

ω2M2

R2 + RL

(5.25)

In Eq. (5.25), the first term represents the total internal resistances of the first
n segments and the second term represents the reflected impedance of the load
onto the feeder.

The (n + 1)-th segment is terminated in R′
in(nl). Therefore, the impedance of

the first (n + 1) segments including the load can be expressed as follows.

Z ′
in((n + 1)l) = R′

in((n + 1)l) + jX ′
in((n + 1)l)

=
R′

in(nl) + Z0 tanh γl

1 +
R′

in(nl)

Z0

tanh γl

(5.26)

As R′
in(nl) ≪ Z0 and Z0 tanh γl = R′

1(l)+jZ0 tan βl, we can approximate Z ′
in((n+

1)l) as follows.

Z ′
in((n + 1)l) ≈ [R′

1(nl) + R′
1(l) + jZ0 tan βl]

×


1 − j
R′

1(l)

Z0

tan βl

]

≈
n

∑

m=0



1

cos2 βl

]m

R′
1(l)

+
1

cos2 βl

ω2M2

R2 + RL

+ jZ0 tan βl (5.27)

In Eq. (5.27), the imaginary part will be cancelled by the compensation capacitors
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Cn+1 and C ′
n+1, resulting in a pure resistance

R′
in((n+1)l) ≈

n
∑

m=0



1

cos2 βl

]m

R′
1(l) +

1

cos2 βl

ω2M2

R2 + RL

(5.28)

Eventually, input impedance of the whole segmented feeder in the loaded con-
dition is

R′
in ≜ R′

in(Nl)

≈
N−1
∑

m=0



1

cos2 βl

]m

R′
1(l) +



1

cos2 βl

]N−n
ω2M2

R2 + RL

≈
1 −



1

cos2 βl

]N

1 − 1

cos2 βl

R′
1(l) +



1

cos2 βl

]N−n
ω2M2

R2 + RL

≈ R′
1 +



1

cos2 βl

]N−n
ω2M2

R2 + RL

(5.29)

From Eq. (5.29), the kQ-product of this system can be expressed as

χ′(nl) =
ω2M2

R′
1R2

·


1

cos2 βl

]N−n

(5.30)

Thus, the maximum achievable efficiency of the segmented PLF system is given
by

η′
max(nl) = 1 − 2

1 +

√

√

√

√1 +
ω2M2

R′
1R2

·


1

cos2 βL/N

]N−n
(5.31)

It is obvious looking at Eq. (5.31) that the maximum achievable efficiency does
not vary based on the receiver’s position. So, the segmentation of the PLF makes
it robust against the position of the receiver. However, it also shows that the
efficiency is not a constant. It may slightly vary with n when the receiver moves
from one segment to the other. To be specific, the receiver moves to the left-hand
side (closer to the source), the maximum efficiency decreases. The efficiency has
the highest value when the receiver is at the first segment and has the lowest
value when the receiver at the N -th segment. The lowest value of efficiency is an
increasing function of the term ω2M2/(R′

1R2). This implies that by sufficiently
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Table 5.2: Added capacitors and input reactance for 5-segment PLF

Segment

number n

Length

nl

Capacitor (pF) Reactance (Ω)

Cn C′
n X ′

1(nl)

1 1
no capacitors 363.4

30 29 0.8

2 2
no capacitors 340.9

35 35 -0.8

3 3
no capacitors 364.9

35 31 1

4 4
no capacitors 367.5

34 33 -0.8

5 5
no capacitors 356.8

36 36 0.5

shortening the feeder length, it is able to reduce the resistance R′
1 and improve

the efficiency.
Also in Eq. (5.31) , the magnitude of the term cos(βL/N) decides how drastic

the efficiency variation is. When this value is far from 1, the efficiency variation
is dynamic, but when this value is close to 1, the efficiency variation is quite slow.
Therefore, we can stabilize the system efficiency by using the segmented PLF
with a sufficiently shortened segment length l.

5.5 Experimental results

5.5.1 Resonance effect

Figure 5.5 shows a sample of the S11 and S22 parameters for the 10-segmented
PLF when the receiver is at the position 75 cm from the end of the line. We
can clearly see that the PLF and the coil are resonating around the frequency of
27.12 MHz. The coupling seems to be weak but the high frequency compensated
with a high Q making the system achieving the maximum efficiency for that
configuration.
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(a) S11

(b) S22

Figure 5.5: Scattering parameters plot for the 10-segmented PLF
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Table 5.3: Added capacitors and input reactance for 10-segment PLF

Segment

number n

Length

nl

Capacitor (pF) Reactance (Ω)

Cn C′
n X ′

1(nl)

1 0.5
no capacitors 107.3

64 64 1

2 1
no capacitors 152.5

76 76 -0.7

3 1.5
no capacitors 150.2

79 82 -0.5

4 2
no capacitors 160.2

75 76 0.1

5 2.5
no capacitors 153.2

80 77 -0.3

6 3
no capacitors 158.9

77 77 0.4

7 3.5
no capacitors 160

78 76 -0.4

8 4
no capacitors 159.1

79 78 0

9 4.5
no capacitors 157.9

80 77 -0.1

10 5
no capacitors 164.9

76 76 -0.9
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Figure 5.6: Reactance of segmented PLF as a function of feeder length.

5.5.2 Loss reduction effect

This section presents the experiments results of the segmented PLF in the un-
loaded condition to evaluate the impact of the segmentation on the feeder losses.
In order to make that evaluation, we built two different versions of the segmented
PLF. The first version has the number of segments N = 5 with each having the
length of l1 = 1 m; The second implementation on the other hand has N = 10 seg-
ments of identical length l2 = 0.5 m. This means both the two segmented versions
have the same total length L = 5 m as the non-segmented PLF in Sect. 5.2.1.

Experimental setup of the 5-segment version is shown in Tab. 5.2 and that of
the 10-segment version is described in Tab. 5.3. Tab. 5.2 and Tab. 5.3 summarize
the parameters of the resonant capacitors as well as the impedance of line at each
segment before and after inserting the resonant capacitors. We can notice that
the capacitors have been chosen to properly cancel the reactive component. The
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Figure 5.7: Resistance of segmented PLF as a function of feeder length.
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other parameters related to the feeder configuration are the same as of the non-
segmented PLF. As for the values of resonant capacitors, there is a good match
between the values in Tab. 5.2 and Tab. 5.3 and the theoretical analysis in Sect.
3. In Tab. 5.2, the resonant capacitors have similar values for all 5 segments.
In Tab. 5.3, except for the first segment, the remaining 9 segments have similar
resonant capacitors.

Figure 5.6 confirms the observation in Eq. (5.22) that X ′
1(nl) = Z0 tan βl for

all n = 1, 2, . . . N . The vertical axis of the figure shows the reactance X ′
1(nl) for

the 5-segment version and the 10-segment version of the PLF. The measurements
are shown by the dots; and the theoretical values calculated by Eq. (5.21) are
indicated by the horizontal lines. For the 5-segment version, the measurements
are close to the theoretical value of 365.3 Ω. Similarly, for the 10-segment version,
the measurements are close to the theoretical value of 150.3 Ω.

Figure 5.7 verifies the theoretical formula for internal resistance of the seg-
mented PLF shown in Eq. (5.23). The measurements for the internal resistance
are demonstrated by the dots and the theoretical curves by Eq. (5.23) are ex-
pressed by the lines. As shown in the figure, for each version of the feeder, the
measurements fit well to the associated theoretical curve; and the internal resis-
tance increases with the total length L = nl. More importantly, the 10-segment
version has a smaller resistance than that of the 5-segment version. The resistance
of the 10-segment version is only 14.8 Ω, which is significantly reduced compared
to 63.3 Ω resistance of the 5-segment version. This implies that the losses can be
significantly reduced by properly shortening the segment length.

5.5.3 Efficiency improvement and stabilization effects

Using the same receiver coils as in Sect. 5.2.1, we measure the maximum achiev-
able efficiency for the two versions of the segmented PLF in Sect. 5.5.2. The air
gap between the receiver coil and the feeder is kept unchanged at 2 mm. Fol-
lowing the same process in Sect. 5.2.1, for each position of the receiver coil along
the feeder, we measure the Z-parameters and substitute them into Eq. (5.14) to
calculate the maximum efficiency. The results of this measurement is shown by
the triangle dots and circle dots in Fig. 5.8. This figure also plots theoretical
curves for the maximum efficiency by using the measured values of parameters
M , β, R′

1 and R2 and by following Eq. (5.31). In this figure, the measurements
and theoretical curve for efficiency of the single-segment PLF system are also
demonstrated for comparison.

As shown in Fig. 5.8 for the 5-segment PLF, the measurements agree well with
the theoretical curve. Also, it is obvious that the efficiency of the 5-segment
PLF does not fluctuates drastically following a standing wave pattern as in the
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Figure 5.8: Efficiency comparison between 5-segment PLF and non-segmented
PLF.
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Figure 5.9: Efficiency comparison between 10-segment and non-segmented PLF.
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non-segmented one. Even that the 5-segment version exhibits a more stable per-
formance, its efficiency gradually decreases from about 80% to around 40% as
the receiver moves from the terminating end toward the source. This charac-
teristic of the segmented PLF agrees with the theoretical analysis in Chap. 5.
The efficiency of the 5-segment PLF averaged over all the receiver positions is
about 60%. Meanwhile, the non-segmented PLF demonstrates a fluctuation in
efficiency between the highest value of around 60% and the lowest value of 0%,
meaning its average efficiency over all receiver positions is around 30%. This
result confirm that the 5-segment version has a more stable and higher efficiency
than the non-segmented one.

Figure 5.9 shows that the efficiency of the 10-segment version decreases from
the highest value of around 80% to the lowest value of about 60%; and the average
efficiency over all receiver positions is about 70%. Obviously, the 10-segment PLF
exhibits an even more stable and higher efficiency performance compared to the
5-segment version. This result verifies that the efficiency can be improved and
stabilized by properly shortening the segment length of the PLF.

5.6 Summary

The investigation of the segmented PLF with two different segmentation schemes
demonstrated that the maximum achievable efficiency of the PLF could be sig-
nificantly increased. In fact, it showed that reducing the length of each segment
helps has a beneficial impact on the reduction of the internal resistance of the
whole segmented PLF thus reducing the PLF losses and improving its power effi-
ciency. That segments size reduction has the effect of stabilizing the efficiency as
well. The experiments showed that further reducing the segment length reduces
the slope of the tangent near to zero making it almost constant all over the PLF
length regardless of the receiver position. Also, the fact that all the compensation
capacitors have the same value considerably improves the design and reduces the
maintenance burden of the PLF which is a must for it to be practical.
It can therefore be industrialized, with simple steps as:

1. Construct the first segment from the end of the line (short-circuit)

2. Measure its impedance (mainly self inductance)

3. Compensate with a set of corresponding capacitors to make it resonant

4. Add the same length and resonance capacitors for all subsequent segments
until the desired PLF size is built.
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6 Conclusions and future

research

6.1 Conclusions

This research focused on methods to mitigate the intrinsic standing wave appear-
ing on the parallel line feeder as it acts as a transmission line. First a combination
of multiple PLF using the MIMO techniques for diversity and multiplexing ef-
fect was employed. It helped to mitigate the standing wave issue with higher
stability and output power but was suffering from other issues related to the
dielectric losses. Therefore, the investigation of a new scheme of the PLF as a
multiple segments concatenated together was performed. The early simulations
and experiments demonstrated that this approach could display a more uniform
magnetic field while resolving the aforementioned issues. Lastly, in order to make
the segmented PLF practical, the need to evaluate it upper-bound performance
arises. The last steps of this dissertation attempted to derive the maximum
achievable efficiency for a considerably long parallel line feeder (5 m) in order
to analyze its performance for real applications. For that purpose, the PLF was
modeled as a lossy transmission line. In the single segment PLF, the theoreti-
cal analysis inferred that the efficiency still exhibits the standing wave pattern
according to the position x of the receiver. The experiments conducted at the
operating frequency of a 27.12 MHz confirms that theory by showing the power
is dropping from a peak around 60% to 0% and increased again to the peak at
position 0 cm, 200 cm and 400 cm respectively and the trend is repeating. With
that drastic fluctuations, the PLF cannot be a suitable candidate for practical
applications. Therefore, the segmented PLF has been investigated. Its maximum
achievable efficiency formulation suggests that it is not affected by the position
x of the receiver and is more stable all over the length of the PLF. Experiments
with two different segmentation configuration of the PLF have been performed.
One with the 5 segments with each of length 1m and the other with 10 segments
where each segment is 0.5m long. The results of these experiments show signif-
icant impact of the segmentation over the non-segmented PLF with improved
efficiency and stability. This has been possible thanks to the loss reduction and
the uniform magnetic field introduced by the short length of the segments. In-

67



deed, the 5-segment PLF has a reactance X ′
1(nl) ≈ 365.3 Ω for all n = 1, 2, . . . N

and its efficiency gradually fluctuates from about 80% to around 40% as the re-
ceivers travels from the end of the line to the source. The impacts are more
significant with the 10-segment scheme where the reactance of X ′

1(nl) ≈ 150.3 Ω
and the efficiency fluctuates only from 80% to 60% making an average of 70%
all over the PLF length. This results shows that further reducing the segment
length improves the PLF performance. So, with that amelioration through the
segmentation, the PLF can be considered as a practical solution for IPT.

6.2 Future research

Since the overall performance of a IPT system is mostly governed by its transmis-
sion efficiency, the current investigations on the maximum achievable RF-to-RF
efficiency formulation did not need to invest into the receiver design as a priority.
Nevertheless, they demonstrated that the segmented PLF is a practical system
which was supported by the experiments. However, for the PLF to be adopted
as a consumer device, the DC-to-DC performance needs to be investigated. As
previously mentioned, the current investigations did not take into account the
circuit design including impedance matching and filtering for the PLF or the re-
ceiver which is an essential step for the end-to-end (DC-to-DC) system design
implementation.
Also, up to now, the segmented PLF performance evaluation focused on a single
receiver for the analysis. So, it will be interesting to investigate the performance
in case of multiple receivers in order to leverage the extensibility of the PLF.
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