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To my famaly

“You see, wire telegraph is a kind of a very, very long cat. You pull his tail
in New York and his head is meowing in Los Angeles. Do you understand
this? And radio operates exactly the same way: you send signals here, they
receive them there. The only difference is that there is no cat.”

-Albert Einstein






Abstract

Antennas are traditionally designed for far-field applications such as wire-
less communications, radar, etc., where the antenna systems interact with
other systems and objects which are located in the far-field zone of the
antennas. For this reason, the characterization of antennas in the far-field
is well-defined and measurable by well-developed measurement techniques
both in line-of-sight and multipath environments. However, with the recent
increase in applications for near-field microwave systems such as in detec-
tion and sensing, wireless power transfer or near-field communication, there
is a need for the study of design criteria of antennas tailored for near-field
applications. This thesis addresses some aspects of this topic.

In order to assess the antenna’s ability to transfer power to a desired
target in the near-field, penetration ability is introduced and investigated
besides the directivity which is a far-field characteristic. It can be demon-
strated that these near-field and far-field characteristics are not explicitly
correlated and that the penetration ability is dependent on the depth of
interest in the near-field as well as the loss in the medium.

The axial pattern cannot be defined and used in lossy media since in
the presence of loss, the field intensity is affected by a monotonous atten-
uation with distance from the antenna. The 3dB near-field beam radius is
introduced as a measure to characterize the antenna’s focusing behavior in
lossy media in the near-field and it is further used to find an optimal size
of the uniform field apertures for the near-field detection of foreign objects
in lossy media.

In the final part, array signal processing techniques are applied to the
transmitting aperture field modes in order to determine the optimal aper-
ture distribution that maximizes the power transmission through lossy me-
dia. The optimal apertures which are determined by this method are appli-
cable in many near-field systems, such as the detection of foreign objects in
lossy matters (e.g. food contamination detectors), wireless charging of bat-
teries of human body implanted devices, and for near-field communication
systems.

Keywords: near-field antennas, maximum penetration, near-field focusing,
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optimal near-field aperture, near-field power transfer, array signal process-
ing.
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Part 1

Introductory Chapters






Chapter 1

Introduction

Traditionally, antennas have been designed and used for far-field applica-
tions. Over the years, many different design concepts and antennas have
been developed for wireless communications, radar, telemetry and various
other applications where antenna systems interact with one another and
with objects that are located in the far-field zone of the antennas. This
means that the characterization of antennas in the far-field, both in Line-of-
sight (LOS) and multipath applications, is well-defined and can be evaluated
by well-developed measurement techniques [1-3].

On the other hand, near-field microwave systems find more and more
applications in recent years in areas such as detection and sensing [4-7],
wireless power transfer [8], or near-field communication. In these applica-
tions, the purpose of the antenna system is to interact with the immediate
surroundings which often constitutes a lossy medium. The antenna which
is used in many such applications, is often one which is designed with far-
field criteria and associated limitations in mind. However, as it can be
demonstrated, a good antenna designed with far-field properties does not
necessarily provide the optimal performance in the near-field.

With the aforementioned increase in near-field microwave applications,
there is a need for systematic study and design of antennas and criteria
tailored for near-field applications. However, the characterization, design
criteria, and fundamental limitations of antennas in the near-field — specially
when dealing with lossy materials — has not been addressed as thorough as
in the far-field. This thesis addresses some of aspects of this topic.

1.1 Aim of the Thesis

The aim of this thesis is to introduce and investigate different characteris-
tics and design criteria for antennas in near-field applications dealing with
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lossy materials and to explore fundamental limitations of idealized aperture
antennas in these problems. With this goal in mind, the Penetration Ability
is introduced as the ratio of the received power by the supplied power when
two antennas are located on two sides of a lossy medium. By investigating
the penetration ability, it can be observed that most far-field characteristics
of antennas are not directly applicable in the near-field.

Since the focus of the work is on characteristics and limitations of anten-
nas, it is natural to work on ideal aperture antennas instead of on the actual
realization of the antenna. By this approach it is possible to determine the
optimal aperture distribution as an upper bound for what can actually be
realized. The goal in the design of the antenna will be to synthesize an
aperture that closely resembles the optimal one, but the possible hurdles in
the design process are not of major concern in this work since they are not
expected to pose a severe problem.

Two approaches are taken to deal with the problem of near-field focusing.
The first approach is through the introduction of the 3dB near-field beam
radius, which shows how the energy is focused along a path in front of the
antenna. Although the minimization of the beam radius does not necessarily
result in the maximization of the received power, it can be shown that
it affects the scattering from small objects, which can be useful in many
near-field sensing applications. By using the 3dB near-field beam radius
definition, we can define an optimal size of the uniform field apertures in
the near-field based on the electrical properties and thickness of the media
surrounding the antenna.

The second approach is to directly maximize the power coupling be-
tween two antenna apertures in a lossy medium. For sensing applications,
it is conjectured that maximizing the power transfer ratio leads to larger
perturbations to the received signal when a foreign object is present. How-
ever, the potential applications of the power transfer ratio maximization are
not limited to sensing as it can also be beneficial in the design of wireless
power transfer and near-field communication systems. These approaches
are discussed and examined in the following chapters, as outlined below,
and can be found as appended papers as well.

1.2 Thesis Outline

The thesis is divided in two main parts. The purpose of the first part,
consisting of 6 chapters, is to introduce the subject and to summarize the
results of this work. Chapter 2 offers a brief review of earlier work related
to near-field focusing apertures, thereby clarifying the context of the work.
Chapter 3 introduces Penetration Ability as a way to characterize antennas
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in near-field lossy media. In Chapter 4, the 3dB near-field beam radius is
introduced as a means of characterizing the antenna’s performance to focus
the radiated power in the near-field, which is subsequently used to investi-
gate the optimal size of a uniform aperture. Chapter 5 presents a method of
finding the optimal aperture field distribution for maximizing the near-field
power coupling between a pair of antennas, which is beneficial for both the
detection of foreign objects, as well as for the optimal power transfer and
near-field communication links in lossy media. Chapter 6 concludes the first
part of the thesis with a brief summary of the contributions and provides
an overview of future work. The second part of the thesis includes author’s
contributions in the form of four appended papers.






Chapter 2

Background

Earlier research on the topic of near-field focusing apertures can be summa-
rized into two main categories as “Focused Apertures” and “Classic Infinite
Apertures”. These two categories are briefly reviewed in this chapter.

2.1 Focused Apertures

Since the 1950’s there has been studies on so-called “Focused apertures”.
On a “focused aperture”, a spherical phase front is employed to focus the
energy of the field at a certain distance in the Fresnel zone [9,10]. It was
shown that on the focal plane, near its axis, the electric field of a focused
aperture exhibits several properties of the far-field, among which that a
tapered aperture distribution results in decreased sidelobe levels, increased
beamwidth, and a decreased gain. In addition, it has been shown that
the actual location of the maximum field intensity along the axis of the
aperture is not exactly at the intended focal distance set by the aperture
phase distribution. The corresponding offset is dependent on the size of
the aperture and the focal distance [9]. On the other hand, it has been
shown that an inverse taper gives rise to low forelobes and aftlobes!, but
also to high sidelobes and a large reduction in gain [10]. The axial pattern
of focused antennas can be synthesized by using methods similar to those
used for synthesizing far-field patterns, where the focal distance is controlled
separately by aperture the phase distribution. The control over the axial
pattern comes at the cost of a degradation in the angular or transverse
pattern as an increase in the width of the main beam or an increase in
the sidelobe level [11]. Successful attempts in realizing focused apertures
have been made by employing large microstrip arrays or Fresnel zone plate

IForelobes and aftlobes are defined as the axial lobes before and after the focal dis-
tance, respectively [10].
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Figure 2.1: The E-field intensity on the axis for a circular uniform field
aperture of radius 4\ vs. distance from the aperture in three different
media.

lenses [12,13|. However, none of the above-mentioned earlier works have
taken loss in the medium into account in their investigations.

Kay [14] has investigated the near-field gain of aperture antennas in an
attempt to maximize it. However, the analytical approach in [14] falls short
when determining the exact optimal aperture field distribution due to its
computational complexity for the time. Borgiotti [15] has used the reaction
integrals in order to formulate and maximize the power transfer between
two planar apertures in the near-field. However, the field distribution in
the latter work can be analytically solved only in the particular case of
rectangular apertures.

Fig. 2.1 shows the E-field intensity on the axis of a circular uniform
aperture of radius 4\ in three media each with a different conductivity.
As can be seen in Fig. 2.1, as soon as loss is introduced to the medium,
the axial pattern, forelobes and aftlobes cannot be defined any longer so
that new characteristics need to be defined and used. The 3dB near-field
beam radius, which will be discussed in Chapter 4, is a suitable and useful
parameter in this regard.

2.2 Classical Infinite Apertures

Two classical infinitely large aperture field distributions providing interest-
ing near-field beam characteristics have been examined in the past. One
of them is the Bessel aperture [16,17| where the E-field distribution at the
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distance z from the aperture plane is given by
E(p, 2) = EoJy (k,p') ey (2.1)

where Jy is the zero-order Bessel function of the first kind and %k, and £,
are the longitudinal and transverse components of the wave vector, which
satisfy
2 2 2
k;+k,=Fk (2.2)

where £ is the wavenumber in the medium. The main beam that is generated
by a Bessel aperture field is diffraction-free, which means that its radius is
constant at any distance from the aperture. However, due to the form of
the Bessel function, the sidelobes form an infinite number of rings around
the main beam and it can be shown that the power contained in each ring
is approximately the same as that in the main beam [18]. In order to limit
the power, a finite aperture size assuming a Bessel distribution (Pseudo-
Bessel) is employed. The finiteness of the aperture will, in turn, result in an
oscillating main beam intensity up to a certain distance 2,4, after which
the peak intensity decays [16|. Pseudo-Bessel beams can be generated by,
e.g., patch antenna arrays [19], open-ended waveguide (guided modes) [20|
or leaky-wave modes [21|. The radius of the main beam for a pseudo-Bessel
aperture is not constant, even at distances shorter than z,,,.. In fact, the
finiteness of the aperture will not only result in a decaying peak power, but
also results in an oscilating beam radius in the region between the aperture
and Z,4., beyond which it widens continuously as can be seen in Fig. 2.2.

0 PR - < T L] T 0.8
SE AU AN S X o .
* R . Intensity
> ] ep—4
s ' max ) 40.7
= \l —— Main beam'’s radius =
i) ] g
2 -10- ' 1067
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Figure 2.2: The E-field intensity on the axis and the main beam radius
of a circular pseudo-Bessel aperture vs. distance from the aperture. The
aperture radius a = 7\, k, = 10.



CHAPTER 2. BACKGROUND
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Figure 2.3: Comparison of the 3db beam radii of Gaussian and uniform
apertures of identical size.

Another class of infinitely large aperture distributions is the Gaussian
aperture |2|, where the amplitude distribution of the aperture follows a
Gaussian distribution and where a spherical phase distribution controls the
location of the beamwaist corresponding to the point where beam is nar-
rowest. The interesting property of Gaussian apertures is that the field
distribution at any plane parallel to the aperture remains a Gaussian distri-
bution exhibiting no sidelobes in the near-field. The drawback of a Gaussian
aperture is the relatively high rate at which the beam widens after the focus
point. This effect is illustrated in Fig. 2.3, where the 3dB beam radius of a
uniform field aperture with 5\ radius is compared to a Gaussian aperture
with the same 8.7dB radius on the aperture. For the sake of comparison,
the focal distances are set to be the same in this figure. This causes the
available power to spread over a larger area and, hence, decreases the peak
intensity of the field. This decay is even larger in lossy media as it affects
the field intensity.



Chapter 3

Near-field Penetration Ability of
Antennas in Lossy Media

Antenna far-field characteristics, such as the radiation pattern, directivity,
gain, and radiation efficiency are not completely suitable when it comes to
near-field applications. As an example, assume a system of two antennas
in a sensing system, where one transmits a signal and the other one acts
as the receiver and where the received signal is used to extract information
on the environment in between both antennas. Generally, it is desirable to
maximize the ratio of the received power to the input power in order to
increase the signal-to-noise ratio and, hence, to enhance the accuracy of the
extracted information. If the antennas were located in the far-field region of
each other, assuming a fixed radiation efficiency one could deduce that the
ratio of the received power to the input power is increased by an increase in
directivity of both antennas; as a rule of thumb, larger sizes of the antennas
would lead to higher directivities [1,22]. But what if the antennas were
located close to each other? Does a larger antenna size still lead to a higher
power transfer ratio?

3.1 Penetration Ability

Consider the through-sensing system as shown in Fig. 3.1, where two an-
tennas are located opposite to each other on either side of a lossy material.
The total penetration coefficient p;,;1s and the penetration coeffi-
cient prg for a through-sensing (TS) system are respectively defined as

PI‘EC

(3.1a)

DPtotTs =
Py
Drs = P, rec
TS —
F)trans

(3.1b)
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Figure 3.1: Schematic diagram of a through-sensing system.

where Pe., P and Py.pns are the received power by the receiving antenna,
the input power at the port of transmitting antenna, and the radiated power
from the transmitting antenna, respectively. The penetration coefficient and
the total penetration coefficient are related to each other through

PtotTs = €impPTS, (3 2)

where €y = Pirans/ P = (1—|T'|?) is impedance match efficiency where T is
the reflection coefficient at the transmitting antenna. The impedance match
at the transmitting antenna includes the effect of the near-field surround-
ings and even the presence of the receiving antenna (sensor). Therefore,
the impedance match efficiency is dependent on the environment and the
antennas.

When the sensing system is working over a wide frequency band, the
total penetration coefficient can be evaluated by frequency domain mea-
surements as

[Veee /)2 dif;thm (HPISa (£ df
‘7

)%
DPtotTs = foooo f |2 df ~ f |‘/1n |2 df

where f; and fj, are the lower and higher ends of the operating frequency
band of the sensing system, and V.(f) and Vi,(f) are spectral voltage

10
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signals at the antenna ports. The ports 1 and 2 are connected to the Tx
and Rx antennas, respectively. Similarly, we have

T Va(F)21S21 ()2 d
e L TSP 0 -
S Va(HPQ = [Su(f)?) df

From (3.3) and (3.4), it is clear that the penetration coefficients generally
depend on the shape of the transmitted pulse. Assuming that the input
signal has a uniform spectral density over the bandwidth [f;, f4], (3.3) and
(3.4) will reduce to

ISP df
DiotTS = e
S (f)P df

TS = 3.5b
PSSR  Su()P) df (3.:5b)

(3.5a)

3.2 Measurement Results

We will apply the definitions of the penetration coefficient and the total
penetration coefficient to three different UWB antennas in order to compare
their near-field performance. The three antennas that are examined are the
self-grounded Bow-Tie antenna [23,24], Vivaldi antenna [25], and Antipodal

Figure 3.2: Three investigated UWB antennas: Vivaldi (left), Antipodal
Vivaldi (top right), and Self-grounded Bow-Tie antenna (bottom right).

11
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Vivaldi antenna [26]. These antennas are shown in Fig. 3.2, where one can
compare their sizes.

For the lossy material separating the antennas, blocks of butter with a
thickness ranging from 25 mm to 100 mm are used. The choice of butter
is due to to the fact that it resembles the permittivity of body fat. The
actual average permittivity and loss of butter was measured in the working
frequency band using Agilent’s 85070E performance probe [27,28], yielding

€ =4.6, tand = 0.04.

During the measurement procedure, a pair of identical antennas are aligned
on either side of the blocks of butter with different thicknesses, after which
S11 and S9; were measured by using a network analyzer over the 2GHz to
13.5GHz frequency band. The results are then used to calculate the total
penetration and penetration coefficient according to (3.5a) and (3.5b). The
results are plotted in Fig. 3.3 and 3.4, respectively. It shows that different
antennas perform differently at different depths of interest, e.g., for larger
distances, the Vivaldi antenna displays a better performance, whereas it is
outperformed by the other two antennas for the closer range.

3.3 Summary and Conclusions

It has been shown that one cannot estimate the penetration ability of dif-
ferent antennas near-field in lossy media by using far-field characteristics of
the antenna. Furthermore, the amount of power that each antenna radiates

- = = Self-grounded Bow-Tie
—140 — Antipodal Vivaldi H
SO e Vivaldi

Thickness [mm]

Figure 3.3: The total penetration coefficient of three different antennas vs.
the thickness of the lossy medium separating the antennas.

12
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RS - = = Self-grounded Bow-Tie
—14L-- < — Antipodal Vivaldi L
Se e Vivaldi

Thickness [mm]

Figure 3.4: The penetration coefficient of three different antennas vs. the
thickness of the lossy medium separating the antennas.

in a desired direction in the far- and near-field (i.e. Directivity and Pen-
etration Ability) are not necessarily correlated. The penetration ability is
highly dependent on the depth in the lossy medium, the electrical proper-
ties of the material itself and the type of the antenna. Paper 1 in Part II of
this thesis details this topic further by providing supplementary simulation
and measurement results, along with a time domain evaluation of the total
penetration coefficient in addition to the frequency domain results.

Based on the results, it is deduced that an optimal antenna aperture
size for maximum penetration exists, since the larger size does not lead to
higher penetration while a very small size will lead to propagation in various
undesired directions. The issue of the optimal aperture size will be further
investigated in the next chapter.
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Chapter 4

3dB Near-field Beam Radius and
Optimal Size of a Uniform Field
Aperture

When dealing with focused apertures, the axial pattern has been used as a
measure to characterize the antenna near-field focusing capabilities. How-
ever, as it has been demonstrated in Fig. 2.1, the axial pattern does not
efficiently characterize the antenna focus in the presence of medium losses.
Hence, other characterizing parameters are needed in order to investigate
the near-field focusing capabilities of antennas the in the presence of medium
losses.

4.1 3dB Near-field Beam Radius

The field radiated by a circular uniform field aperture of radius 5\ that is
located in the zy-plane at z = 0 in brain tissue (¢, = 57.5,0 = 1.22 S/m at
1 GHz [29)]), is plotted in Fig. 4.1 for two different normalization schemes. In
the first plot, the E-field intensity is normalized to the overall maximum and
demonstrates a rapid attenuation with distance from the aperture due to
losses in the medium, whereas the E-field intensity in the latter is normalized
separately at each plane parallel to the aperture. The source current is a
y-polarized Huygen’s source. As can be observed in this simple illustration,
although the field intensity is attenuated heavily with an increase in distance
from the aperture, the focus of the available power varies along the axis
of the aperture. For example, the uniform aperture in this case, has its
narrowest focus around 23\ distance from the aperture. This leads us to
the definition and use of the 3dB near-field beam radius.

The 3dB near-field beam radius is defined as the radius of the smallest

15



CHAPTER 4. 3DB NEAR-FIELD BEAM RADIUS AND OPTIMAL SIZE OF A...

5

0
5

25
Flio
g0 s
20

25
25

5 R

0 5 10 15 20 25 30 %0

z/n

5 ]

) 5 10 15 20 25 30
z/n
Figure 4.1: The E-plane field intensity of a circular uniform aperture in
brain tissue, normalized to the overall maximum (top), and normalized at
each plane parallel to the aperture (bottom). The aperture is located at
z=0.

circle on each plane parallel to the aperture, which contains all field points
where the field strength (intensity of E-field) is higher than -3dB of the
strongest strength value in that plane. In other words, all field points outside
this 3dB-beam circle have a field strength below -3dB of the strongest value
in that plane. The center of the 3dB-beam circle is always on the symmetry
axis of the aperture. Note that, although the word “beam” is used in the
definition, a beam may not really be formed in the near-field of an antenna.
The 3dB near-field beam radius, which is denoted by r3gg, is measured
in terms of millimeters or wavelengths, which is different from the 3dB
beamwidth used to characterize the far-field radiated beam which is usually
measured in degrees. Fig. 4.2 illustrates the definition of the 3dB near-field
beam radius for two z-plane cuts carrying different field distributions.

4.2 Aperture Field Calculation

Assume a circular aperture of radius a lying in the xy-plane supporting the
electric and magnetic source currents J and M, as in Fig. 4.3. The total
radiated E-field is given as the sum of contributions from both the electric
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5

- 5
[dB]

[dB]

Figure 4.2: Illustrating the definition of the 3dB near-field beam radius
through the white circle for two different field distributions, where the max-

imum on the plane is located off-center (left) and at its center (right) of the
3dB circle.

and magnetic currents |2, pp:145-146], i.e.,
E(r)=E;(r)+ Ey(r), (4.1)

where

By(r) = Cu / / 7w~ (4 R) RCy] %e‘ijdS’ (4.2)
.

A 1 .
Ey(r) = C, / / (M X R) Oy e ds (4.3)
Sl
with 7 = \/u/€ as the wave impedance, k = 27 /X as the wavenumber and
. R —jk 1
/ /
= — = — = — = — = 1 _
R=r—r, R=|r—1'|, R 7 Cy, o Cy —I—ij,

1 1 3 3
Coi=1t— o=t 2 5
M jkR  (kR)> ™ jkR  (kR)’
For the discussions in this chapter, we deal with uniform apertures and
without losing generality we further assume that the source current is y-
polarized, that is,

Jp)=Cy, p<a (4.4)
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Figure 4.3: A circular aperture in the xy-plane.

for the electric current, and
M(p)=CX, p<a (4.5)
for the magnetic current. Furthermore for the Huygen’s source we have

J(p) =Cy <
(p)/ . A=sa (46)
M(p) =-Cnx), p<a

where C'is an arbitrary scalar constant.

4.3 Focal Distance and Optimal Size of Uni-
form Field Apertures

It has been observed that the 3dB beam radius is independent of the type of
the current sources. This independence is demonstrated in Fig. 4.4, which
shows the 3dB beam radius along the propagation direction (z-axis) for a
uniform aperture field (a = 5\) supporting the electric, magnetic or Hyu-
gen’s current sources embedded in two different materials (i.e. either free
space, or a medium with €, = 10, g, = 1 and tané = 0.2). To understand
this independence, we should bear in mind that the 3dB beam radius is
defined based on the relative field intensity (compared to its maximum).
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Figure 4.4: Comparison of the beam radius profile generated by different
current source types on an aperture of radius a = 5\. The blue curves show
the free-space case and the red curves show a medium with ¢, = 10 and
tand = 0.2.

The equality of the beam radius for electric and magnetic currents can be
explained through the duality theorem [30, pp:310-312]. The equality of
the beam radius for the Huygen’s source with the others is explained by
the fact that the electromagnetic fields are linear functions of the current
sources and superposition can be applied to them. This means implies that
we only need to take into account one type of current; the Huygen’s source
is chosen for this purpose.

If we calculate the 3dB beam radius for different uniform aperture sizes
and in different media, it is observed that for any aperture size, there is
a certain distance where the beam radius attains its smallest value (zpyin)-
Beyond this distance, the beam transforms into a far-field beam and the
beam radius increases at a constant rate. In a through-sensing system as
shown in Fig. 3.1, the scattering from a foreign object will be the strongest
if the object is located at a depth around z,;,, since that is the depth
where the focus size is the smallest. Hence, by knowing the location and
the size of the focus for each aperture size in a given media, one can find
its optimal size for each application based on the depth of interest. To
this end, we have investigated the effect of the medium properties and the
size of the aperture on z,;,, and the beam radius at the focal point r3qmin-
Plots of zin and r3gmin as functions of the aperture radius for five different
media are shown in Fig. 4.5. The electrical properties of these media are
summarized in Table 4.1. It can be concluded that z;, and r3gpmin 0 terms
of wavelength (i.e. 2zpin/Am and 734Bmin/Am, Where Ay, is the wavelength
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Figure 4.5: Location and size of uniform aperture’s focus vs. aperture radius
for different media.

Table 4.1: Electric properties of five of the investigated media.

Medium €r tand
Free space 1 0
Fat 10 0.04

Hypothetical 1 10 0.2
Hypothetical 2 5 0.2
Brain tissue 7.5 0.38

in medium) are independent of the medium permittivity and are affected
only by loss. Furthermore it is observed that zyin/Am and r3gpmin/Am both
increase with an increase in the medium losses. Based on these results and
those done for other investigated media, we can derive empirical formulae for
Zmin/Am and 73qBmin/Am pertaining to a uniform field aperture as a function
of the medium loss and aperture radius as:

Wiﬂ = (0.2067 — 0.1985 tan )

a (4.7a)
+ (0.2060 + 0.3650 tan o) (T)

m
ZminUA

Am

= (0.3101 — 1.6993 tan d + 3.2400 tan® §)

— (0.0102 — 0.2552 tan & + 0.6960 tan” 4) (

2

Fle e

) (4.7b)
)

+ (0.7632 + 0.8137 tan § — 0.2149 tan® ) (
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4.4 Summary and Conclusion

It has been shown that the axial pattern cannot be used in the presence of
medium losses, since forelobes and aftlobes do not appear due to the field
attenuation. Instead, the 3dB near-field beam radius is introduced and used
to investigate the focusing properties of uniform apertures. The 3dB near-
field beam radius has shown to be independent of the type of current source
and can be defined for any shape of the aperture, which makes it a general
parameter applicable to various types of apertures. More details and results
are presented in the Papers 2 and 3 in Part II of this thesis.

It is further suggested that by choosing a suitable size of the antenna
aperture, depending on medium loss and depth of interest, one can enhance
the amount of scattered power from a foreign object in a through-sensing
system. Empirical formulae for the focal distance and the corresponding
beam radius at the focal plane are provided, which are used in determining
the optimal size of the uniform aperture. The optimal size of the uniform
aperture for the detection of foreign objects in lossy media, as well as the
effect of correctly chosen aperture size on the scattered power from objects
is investigated and presented in Paper 3 with an idealized test setup.
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Chapter 5

Optimal Aperture Fields For
Maximum Power Transfer in

Lossy Media

In the previous chapter, we introduced and discussed the 3dB near-field
beam radius and its relation to the antenna focus in the near-field for the
case of lossy media and subsequently used it to find an optimal size of a
uniform aperture for the detection of foreign objects. In the present chapter
we will take another approach to the synthesis of the optimal aperture
field problem, that is, to numerically find the optimal aperture distribution
that maximizes the power coupling between two antennas separated by a
lossy medium, given a fixed receiver size and antenna separation distance.
The applications for such optimal apertures include, but are not limited
to wireless power transfer to implants and in-body communication with
these implants, where the receiver is typically very small. It is argued
that maximizing the power coupling between two antennas will enhance the
detection probability of foreign objects in sensing applications, since the
disturbance in the presence of any foreign object is likely to be maximized
as well.

5.1 Problem Setup and Power Transfer Ratio

The problem setup is illustrated in Fig. 5.1. Two antennas are separated
by a lossy medium with a complex-valued characteristic impedance 7. The
objective is to find an electric (J) and magnetic (M) current distribution
that maximizes the ratio of the received power to the total input power.
Since the medium is lossy, the effect of the backscattered field at the receiv-
ing side on the transmitting side can be neglected. Hence, one can assume
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Figure 5.1: Problem setup including a transmitting and an ideally receiving
aperture antenna.

that the source currents J and M radiate in a homogenous medium with
characteristic impedance 7. The total received power P, is given by

1
P = 9% {/ [E(J. M) x H'(J,M)] -, dS}. (5.1)
Sa
Similarly, the supplied power P, is given by
1
Pin:§9%e{/ [E(J,M)xH*(J,M)]-ﬁ,ldS}. (5.2)
S1

Next if we expand J and M in terms of N basis functions as

J = Z]nfn(’r)a M = megm(r) (5'3)

m=1

and substitute (5.3) in (5.1) and (5.2), the supplied and received powers can
be written after some manipulations as

1
Py = §%e{wHP0utw} (5.4a)
1
P, = iﬂ‘ie{wHPinw} (5.4b)

where Pj, and Pg,; are system matrices for the input and output powers,
and where w is the vector containing the unknown weights j, and m,, of
the basis functions, i.e.,
J
w = )
m
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5.2. MAXIMIZATION

The derivation of P;, and Py, in (5.4) is explained in detail in Paper 4 of
Part II and is therefore omitted in this chapter to avoid repetition. The
objective is to maximize the ratio of the received power to the supplied
input power, or power transfer ratio (P), which can be written as

P B Re {WHPoutW} . WH[Pout + P(I){lt]w

P, = = = 9.9
' P Re {(wP;,w} wi [P, + Pg]w (5:5)
5.2 Maximization
Since w; are complex valued weights, that is, w; = w] + jw! for i =
1,2,...,2N, to find the maximum of P, (w,w'’), we require that both
8f)tr aP‘clr
! =0 and T =0 (5.6)
which on account of the chain rule for differentiation, are written as
oP, OP,0w; OP,0w! 0P, 0P,
w_ S Tullh T, T (5.7a)

ow, — Ow; Ow,  Ow; ow,  Oow;  Ow}

OP; _ 0Py 0w, | 0Py du; _ .(8Ptr on tr) _0 (5.7b)

ow' ~ ow; ow! | owrow’ 7\ ow; 0w

which implies, (5.6) is satisfied, if and only if,

aP‘ur aPtr
=0 d = 0. 5.8
ow; o ow? (5:8)
By setting A = Py, + PY . and B = Py, + P in (5.5), we can write P, as
N N
N > 2 WhAnm Wi
> 2 Wi B,

substituting (5.9) in (5.8) gives

oP, 1 [ &, AN .
e = 3 | DD wiAu =Ny wiBu| =0, Vi (5.10a)
. N N
P, 1

now, by assuming D # 0, which means that the supplied power is not zero,
equation (5.10b) can be written as

Aw = P, Bw (5.11)
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and since both A and B are Hermitian matrices, (5.10a) will also reduce
to (5.11). This is a generalized eigenvalue problem and the largest positive
value of P, is equal to the largest eigenvalue with the corresponding prin-
cipal eigenvector w = Wy, [31, pp:189-193|. For any given geometry and
medium properties, P;, and P,,; can be computed and wp, can be found.

5.3 Results

The resulting optimal aperture field distributions are observed to have the
following general properties:

e The field has rotational symmetry around the axis of the aperture,
which is to be expected from the geometry of the problem.

e The phase of the field on the edge of the aperture is leading relative
to the center of the aperture resulting in a constructive interference of
wavefronts originating from different parts of the transmitting aper-
ture close to the center of the receiver aperture.

e The field amplitude is tapered with the highest amplitude in the aper-
ture center. Since the propagation distance from the aperture edge to
the receiver is longer compared to its center, the field attenuation is
higher. Hence, the power of the optimally synthesized aperture field
is less concentrated close to the edge.

e The electric and magnetic currents appear to be closely related through
M(r) =n*n, x J(r).

This means that the optimal aperture field distribution requires that

the electric and magnetic currents contribute by the same amount to
the total field.

The normalized magnitude and phase of J for different transmitter aper-
ture sizes are plotted in Fig. 5.2, where the assumed receiver aperture size
is 1\ x 1\ and where the apertures are separated by 4\ in muscule tissue
(e, = 57,0 = 1.2 S/m at 1 GHz [32]). Note that the value of x along the
horizontal axis in this figure is normalized to its largest value for each trans-
mitting aperture size. This means that the [—1, 1] span on the horizontal
axis covers the whole length of the aperture and thus shows different lengths
for different aperture sizes. It is observed that as the aperture size becomes
larger, the tapering in amplitude and phase also increases.
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Figure 5.2: Normalized amplitude (left) and phase in degrees (right) of
the optimal electric current distribution on the transmitter aperture. The
receiver is 1\ x 1\ located 4\ away from the transmitter.
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Figure 5.3: Comparison of the power transfer ratios of the optimal and
uniform apertures vs. the aperture size.

The power transfer ratios of the optimal apertures of sizes A x A\ to
6\ x 6 are compared to those obtained for the uniform apertures of the
same size. The results are shown in Fig. 5.3 assuming a A X A receiver
aperture and a 8\ distance between the two apertures embedded in muscle
tissue. A uniform aperture is chosen as a reference for the comparisons
since it is the aperture distribution which is known to provide the highest
directivity in the far-field. It can be observed that the P, for a uniform
aperture field decreases when the aperture exceeds a certain size due to the
spreading of the power over a larger area in the near-field. However, the
optimal aperture can maintain the level of the power transfer ratio even for
larger sizes. It should be noted that the P, value of the optimal aperture
will saturate beyond a certain size due to the attenuation of the field as a
result of which it cannot increase further. The saturation size depends on
the size of the receiving aperture, the distance between the transmitting and
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Figure 5.5: PA vs. distance for different receiver sizes in two media.

receiving apertures, and the loss in the medium. This saturation further
implies that there is an optimal size for the optimal aperture filed beyond
which the increase in P, is insignificant.

Plots of the optimal aperture size for the optimal aperture field (7, )and
the amount of P, advantage (PA) relative to the P, of the best uniform
aperture vs. the distance between the two apertures, can be generated
for different receiver aperture sizes and for different media. These plots
are useful in system design phases where the receiver size and distance are
already fixed and where the medium properties are known. In such cases,
we can readily determine the optimal aperture size in combination with
an optimal aperture field distribution providing the maximum achievable
improvement in power transfer ratio. Figures 5.4 and 5.5 show 75, and PA
vs. distance (d) for different receiver aperture sizes in muscle tissue and fat
(6, =4.6,0 =0.02 S/m at 1 GHz). It is observed that the increase in loss
calls for smaller optimal apertures. However, it should be noted that the

amount of P, advantage over a uniform aperture will also decrease with an
increase in medium loss.
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5.4 Summary and Conclusions

A novel numerical optimization method to determine the optimal aperture
field distribution for maximum power transfer between two idealized aper-
ture antennas through a lossy medium is presented. The optimal aperture
field can be used as a reference field in the system design of different ap-
plications dealing with the problems of wireless power transfer to implants,
near-field communications with implants, and detection of foreign objects
in lossy media. The effect of the size of the apertures and the separa-
tion distance between the two antennas have been investigated for different
dielectric properties of the medium. More details on the optimization pro-
cedure and its results are presented in Paper 4 in Part II of the thesis.
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Chapter 6

Contributions and Future Work

Research into near-field microwave systems, for sensing and detection, wire-
less power transfer, and near-field communication applications, have in-
creased in recent years. An essential part of these microwave systems is
the antenna which has to be designed in order to meet specific near-field
criteria. Furthermore, and as opposed to the far-field, near-field antenna
characteristics and design criteria are not as well defined and established,
in particular when the medium surrounding the antenna is lossy, as is the
case in many of the aforementioned near-field microwave applications.

The penetration ability is introduced in Chapter 3 and Paper 1 as a
parameter to characterize antennas in the near-field, which is particularly
useful when the medium is lossy. For instance, by investigating the pen-
etration ability, it has been shown that the far-field characteristics, such
as directivity, cannot be used to estimate the amount of power an antenna
radiates in a given direction in the near-field.

In Chapter 4, and both the Papers 2 and 3, the 3dB near-field beam
radius is introduced and used as a parameter to characterize the antenna’s
near-field focusing ability in lossy media, since the commonly studied axial
pattern is no longer an adequate quantity when medium loss is present. The
3dB near-field beam radius has been exploited to determine the optimal size
of a uniform aperture field for the near-field detection of foreign objects in
lossy media.

A generic numerical method for determining the optimal aperture field
distribution that maximizes the near-field power transfer through lossy me-
dia is developed and described in Chapter 5, as well as in Paper 4. The
optimal apertures, which are determined by applying array signal processing
techniques to aperture field modes, can be used to: (i) explore fundamental
limits of near-field antenna systems; (ii) derive a reference field distribution
that can be used to design transmitting and receiving antennas with the aid
of aperture field matching techniques; (iii) develop optimal design curves,
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thereby alleviating the initial design problem. In this chapter specifically,
the performance of the optimal aperture fields are compared to the uniform
one, the latter of which is known to provide the highest far-field directivity,
and practical design curves for the estimation of the achievable advantage
in terms of the power transfer ratio for different receiver sizes and media
are examined and presented.

6.1 Future Work

Since the numerical method that is presented in Chapter 5 is generic and
flexible, it can be applied to apertures of different sizes and shapes including
those that are not planar. Since the analysis is currently limited to homoge-
nous media — due to the employed Green’s function — one of the aspects for
further development is to use algorithms such as GIDMULT |[33] in order
to extend the modeling capabilities to multi-layered symmetric geometries
like spherical or cylindrical structures. Another interesting possibility is to
import the optimal source reference field distribution into a commercial EM
solver, introduce a foreign object in the medium, and estimate the detec-
tion probability. In this respect, the array-signal-processing-based method,
as proposed in Chapter 5 and Paper 4, forms an excellent basis to further
examine and develop sensitive detection methods, including those that can
decide whether a tissue is cancerous or not.

The present work explores some of the fundamental limits of transfer-
ring power in lossy media and provides initial design curves, however, the
final objective in the realization process is to actually generate an aperture
field that is as close as possible to the optimal one. Hence, another future
research direction is to design and realize a detection system employing
optimal field-matching transmitting and receiving antennas.
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