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To my family

�You see, wire telegraph is a kind of a very, very long 
at. You pull his tailin New York and his head is meowing in Los Angeles. Do you understandthis? And radio operates exa
tly the same way: you send signals here, theyre
eive them there. The only di�eren
e is that there is no 
at.�-Albert Einstein





Abstra
tAntennas are traditionally designed for far-�eld appli
ations su
h as wire-less 
ommuni
ations, radar, et
., where the antenna systems intera
t withother systems and obje
ts whi
h are lo
ated in the far-�eld zone of theantennas. For this reason, the 
hara
terization of antennas in the far-�eldis well-de�ned and measurable by well-developed measurement te
hniquesboth in line-of-sight and multipath environments. However, with the re
entin
rease in appli
ations for near-�eld mi
rowave systems su
h as in dete
-tion and sensing, wireless power transfer or near-�eld 
ommuni
ation, thereis a need for the study of design 
riteria of antennas tailored for near-�eldappli
ations. This thesis addresses some aspe
ts of this topi
.In order to assess the antenna's ability to transfer power to a desiredtarget in the near-�eld, penetration ability is introdu
ed and investigatedbesides the dire
tivity whi
h is a far-�eld 
hara
teristi
. It 
an be demon-strated that these near-�eld and far-�eld 
hara
teristi
s are not expli
itly
orrelated and that the penetration ability is dependent on the depth ofinterest in the near-�eld as well as the loss in the medium.The axial pattern 
annot be de�ned and used in lossy media sin
e inthe presen
e of loss, the �eld intensity is a�e
ted by a monotonous atten-uation with distan
e from the antenna. The 3dB near-�eld beam radius isintrodu
ed as a measure to 
hara
terize the antenna's fo
using behavior inlossy media in the near-�eld and it is further used to �nd an optimal sizeof the uniform �eld apertures for the near-�eld dete
tion of foreign obje
tsin lossy media.In the �nal part, array signal pro
essing te
hniques are applied to thetransmitting aperture �eld modes in order to determine the optimal aper-ture distribution that maximizes the power transmission through lossy me-dia. The optimal apertures whi
h are determined by this method are appli-
able in many near-�eld systems, su
h as the dete
tion of foreign obje
ts inlossy matters (e.g. food 
ontamination dete
tors), wireless 
harging of bat-teries of human body implanted devi
es, and for near-�eld 
ommuni
ationsystems.Keywords: near-�eld antennas, maximum penetration, near-�eld fo
using,i



Abstra
toptimal near-�eld aperture, near-�eld power transfer, array signal pro
ess-ing.
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Chapter 1Introdu
tionTraditionally, antennas have been designed and used for far-�eld appli
a-tions. Over the years, many di�erent design 
on
epts and antennas havebeen developed for wireless 
ommuni
ations, radar, telemetry and variousother appli
ations where antenna systems intera
t with one another andwith obje
ts that are lo
ated in the far-�eld zone of the antennas. Thismeans that the 
hara
terization of antennas in the far-�eld, both in Line-of-sight (LOS) and multipath appli
ations, is well-de�ned and 
an be evaluatedby well-developed measurement te
hniques [1�3℄.On the other hand, near-�eld mi
rowave systems �nd more and moreappli
ations in re
ent years in areas su
h as dete
tion and sensing [4�7℄,wireless power transfer [8℄, or near-�eld 
ommuni
ation. In these appli
a-tions, the purpose of the antenna system is to intera
t with the immediatesurroundings whi
h often 
onstitutes a lossy medium. The antenna whi
his used in many su
h appli
ations, is often one whi
h is designed with far-�eld 
riteria and asso
iated limitations in mind. However, as it 
an bedemonstrated, a good antenna designed with far-�eld properties does notne
essarily provide the optimal performan
e in the near-�eld.With the aforementioned in
rease in near-�eld mi
rowave appli
ations,there is a need for systemati
 study and design of antennas and 
riteriatailored for near-�eld appli
ations. However, the 
hara
terization, design
riteria, and fundamental limitations of antennas in the near-�eld � spe
iallywhen dealing with lossy materials � has not been addressed as thorough asin the far-�eld. This thesis addresses some of aspe
ts of this topi
.1.1 Aim of the ThesisThe aim of this thesis is to introdu
e and investigate di�erent 
hara
teris-ti
s and design 
riteria for antennas in near-�eld appli
ations dealing with1



Chapter 1. Introdu
tionlossy materials and to explore fundamental limitations of idealized apertureantennas in these problems. With this goal in mind, the Penetration Abilityis introdu
ed as the ratio of the re
eived power by the supplied power whentwo antennas are lo
ated on two sides of a lossy medium. By investigatingthe penetration ability, it 
an be observed that most far-�eld 
hara
teristi
sof antennas are not dire
tly appli
able in the near-�eld.Sin
e the fo
us of the work is on 
hara
teristi
s and limitations of anten-nas, it is natural to work on ideal aperture antennas instead of on the a
tualrealization of the antenna. By this approa
h it is possible to determine theoptimal aperture distribution as an upper bound for what 
an a
tually berealized. The goal in the design of the antenna will be to synthesize anaperture that 
losely resembles the optimal one, but the possible hurdles inthe design pro
ess are not of major 
on
ern in this work sin
e they are notexpe
ted to pose a severe problem.Two approa
hes are taken to deal with the problem of near-�eld fo
using.The �rst approa
h is through the introdu
tion of the 3dB near-�eld beamradius, whi
h shows how the energy is fo
used along a path in front of theantenna. Although the minimization of the beam radius does not ne
essarilyresult in the maximization of the re
eived power, it 
an be shown thatit a�e
ts the s
attering from small obje
ts, whi
h 
an be useful in manynear-�eld sensing appli
ations. By using the 3dB near-�eld beam radiusde�nition, we 
an de�ne an optimal size of the uniform �eld apertures inthe near-�eld based on the ele
tri
al properties and thi
kness of the mediasurrounding the antenna.The se
ond approa
h is to dire
tly maximize the power 
oupling be-tween two antenna apertures in a lossy medium. For sensing appli
ations,it is 
onje
tured that maximizing the power transfer ratio leads to largerperturbations to the re
eived signal when a foreign obje
t is present. How-ever, the potential appli
ations of the power transfer ratio maximization arenot limited to sensing as it 
an also be bene�
ial in the design of wirelesspower transfer and near-�eld 
ommuni
ation systems. These approa
hesare dis
ussed and examined in the following 
hapters, as outlined below,and 
an be found as appended papers as well.1.2 Thesis OutlineThe thesis is divided in two main parts. The purpose of the �rst part,
onsisting of 6 
hapters, is to introdu
e the subje
t and to summarize theresults of this work. Chapter 2 o�ers a brief review of earlier work relatedto near-�eld fo
using apertures, thereby 
larifying the 
ontext of the work.Chapter 3 introdu
es Penetration Ability as a way to 
hara
terize antennas2



1.2. Thesis Outlinein near-�eld lossy media. In Chapter 4, the 3dB near-�eld beam radius isintrodu
ed as a means of 
hara
terizing the antenna's performan
e to fo
usthe radiated power in the near-�eld, whi
h is subsequently used to investi-gate the optimal size of a uniform aperture. Chapter 5 presents a method of�nding the optimal aperture �eld distribution for maximizing the near-�eldpower 
oupling between a pair of antennas, whi
h is bene�
ial for both thedete
tion of foreign obje
ts, as well as for the optimal power transfer andnear-�eld 
ommuni
ation links in lossy media. Chapter 6 
on
ludes the �rstpart of the thesis with a brief summary of the 
ontributions and providesan overview of future work. The se
ond part of the thesis in
ludes author's
ontributions in the form of four appended papers.

3
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Chapter 2Ba
kgroundEarlier resear
h on the topi
 of near-�eld fo
using apertures 
an be summa-rized into two main 
ategories as �Fo
used Apertures� and �Classi
 In�niteApertures�. These two 
ategories are brie�y reviewed in this 
hapter.2.1 Fo
used AperturesSin
e the 1950's there has been studies on so-
alled �Fo
used apertures�.On a �fo
used aperture�, a spheri
al phase front is employed to fo
us theenergy of the �eld at a 
ertain distan
e in the Fresnel zone [9, 10℄. It wasshown that on the fo
al plane, near its axis, the ele
tri
 �eld of a fo
usedaperture exhibits several properties of the far-�eld, among whi
h that atapered aperture distribution results in de
reased sidelobe levels, in
reasedbeamwidth, and a de
reased gain. In addition, it has been shown thatthe a
tual lo
ation of the maximum �eld intensity along the axis of theaperture is not exa
tly at the intended fo
al distan
e set by the aperturephase distribution. The 
orresponding o�set is dependent on the size ofthe aperture and the fo
al distan
e [9℄. On the other hand, it has beenshown that an inverse taper gives rise to low forelobes and aftlobes1, butalso to high sidelobes and a large redu
tion in gain [10℄. The axial patternof fo
used antennas 
an be synthesized by using methods similar to thoseused for synthesizing far-�eld patterns, where the fo
al distan
e is 
ontrolledseparately by aperture the phase distribution. The 
ontrol over the axialpattern 
omes at the 
ost of a degradation in the angular or transversepattern as an in
rease in the width of the main beam or an in
rease inthe sidelobe level [11℄. Su

essful attempts in realizing fo
used apertureshave been made by employing large mi
rostrip arrays or Fresnel zone plate1Forelobes and aftlobes are de�ned as the axial lobes before and after the fo
al dis-tan
e, respe
tively [10℄. 5



Chapter 2. Ba
kground
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Hypothetical (ε
r
=4.6, tanδ=0.2)Figure 2.1: The E-�eld intensity on the axis for a 
ir
ular uniform �eldaperture of radius 4λ vs. distan
e from the aperture in three di�erentmedia.lenses [12, 13℄. However, none of the above-mentioned earlier works havetaken loss in the medium into a

ount in their investigations.Kay [14℄ has investigated the near-�eld gain of aperture antennas in anattempt to maximize it. However, the analyti
al approa
h in [14℄ falls shortwhen determining the exa
t optimal aperture �eld distribution due to its
omputational 
omplexity for the time. Borgiotti [15℄ has used the rea
tionintegrals in order to formulate and maximize the power transfer betweentwo planar apertures in the near-�eld. However, the �eld distribution inthe latter work 
an be analyti
ally solved only in the parti
ular 
ase ofre
tangular apertures.Fig. 2.1 shows the E-�eld intensity on the axis of a 
ir
ular uniformaperture of radius 4λ in three media ea
h with a di�erent 
ondu
tivity.As 
an be seen in Fig. 2.1, as soon as loss is introdu
ed to the medium,the axial pattern, forelobes and aftlobes 
annot be de�ned any longer sothat new 
hara
teristi
s need to be de�ned and used. The 3dB near-�eldbeam radius, whi
h will be dis
ussed in Chapter 4, is a suitable and usefulparameter in this regard.2.2 Classi
al In�nite AperturesTwo 
lassi
al in�nitely large aperture �eld distributions providing interest-ing near-�eld beam 
hara
teristi
s have been examined in the past. Oneof them is the Bessel aperture [16, 17℄ where the E-�eld distribution at the6



2.2. Classi
al Infinite Aperturesdistan
e z from the aperture plane is given by
E(ρ, z) = E0J0 (kρρ

′) e−jkzzŷ (2.1)where J0 is the zero-order Bessel fun
tion of the �rst kind and kz and kρare the longitudinal and transverse 
omponents of the wave ve
tor, whi
hsatisfy
k2z + k2ρ = k2 (2.2)where k is the wavenumber in the medium. The main beam that is generatedby a Bessel aperture �eld is di�ra
tion-free, whi
h means that its radius is
onstant at any distan
e from the aperture. However, due to the form ofthe Bessel fun
tion, the sidelobes form an in�nite number of rings aroundthe main beam and it 
an be shown that the power 
ontained in ea
h ringis approximately the same as that in the main beam [18℄. In order to limitthe power, a �nite aperture size assuming a Bessel distribution (Pseudo-Bessel) is employed. The �niteness of the aperture will, in turn, result in anos
illating main beam intensity up to a 
ertain distan
e zmax, after whi
hthe peak intensity de
ays [16℄. Pseudo-Bessel beams 
an be generated by,e.g., pat
h antenna arrays [19℄, open-ended waveguide (guided modes) [20℄or leaky-wave modes [21℄. The radius of the main beam for a pseudo-Besselaperture is not 
onstant, even at distan
es shorter than zmax. In fa
t, the�niteness of the aperture will not only result in a de
aying peak power, butalso results in an os
ilating beam radius in the region between the apertureand zmax, beyond whi
h it widens 
ontinuously as 
an be seen in Fig. 2.2.
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Chapter 2. Ba
kground

15 20 25 30 35 40 45
0.5

1

1.5

2

2.5

3

3.5

z [λ]

3d
B

 b
ea

m
 r

ad
iu

s 
[λ

]

 

 

Gaussian aeprture
Uniform apertureFigure 2.3: Comparison of the 3db beam radii of Gaussian and uniformapertures of identi
al size.Another 
lass of in�nitely large aperture distributions is the Gaussianaperture [2℄, where the amplitude distribution of the aperture follows aGaussian distribution and where a spheri
al phase distribution 
ontrols thelo
ation of the beamwaist 
orresponding to the point where beam is nar-rowest. The interesting property of Gaussian apertures is that the �elddistribution at any plane parallel to the aperture remains a Gaussian distri-bution exhibiting no sidelobes in the near-�eld. The drawba
k of a Gaussianaperture is the relatively high rate at whi
h the beam widens after the fo
uspoint. This e�e
t is illustrated in Fig. 2.3, where the 3dB beam radius of auniform �eld aperture with 5λ radius is 
ompared to a Gaussian aperturewith the same 8.7dB radius on the aperture. For the sake of 
omparison,the fo
al distan
es are set to be the same in this �gure. This 
auses theavailable power to spread over a larger area and, hen
e, de
reases the peakintensity of the �eld. This de
ay is even larger in lossy media as it a�e
tsthe �eld intensity.
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Chapter 3Near-�eld Penetration Ability ofAntennas in Lossy MediaAntenna far-�eld 
hara
teristi
s, su
h as the radiation pattern, dire
tivity,gain, and radiation e�
ien
y are not 
ompletely suitable when it 
omes tonear-�eld appli
ations. As an example, assume a system of two antennasin a sensing system, where one transmits a signal and the other one a
tsas the re
eiver and where the re
eived signal is used to extra
t informationon the environment in between both antennas. Generally, it is desirable tomaximize the ratio of the re
eived power to the input power in order toin
rease the signal-to-noise ratio and, hen
e, to enhan
e the a

ura
y of theextra
ted information. If the antennas were lo
ated in the far-�eld region ofea
h other, assuming a �xed radiation e�
ien
y one 
ould dedu
e that theratio of the re
eived power to the input power is in
reased by an in
rease indire
tivity of both antennas; as a rule of thumb, larger sizes of the antennaswould lead to higher dire
tivities [1, 22℄. But what if the antennas werelo
ated 
lose to ea
h other? Does a larger antenna size still lead to a higherpower transfer ratio?3.1 Penetration AbilityConsider the through-sensing system as shown in Fig. 3.1, where two an-tennas are lo
ated opposite to ea
h other on either side of a lossy material.The total penetration 
oe�
ient ptotTS and the penetration 
oe�-
ient pTS for a through-sensing (TS) system are respe
tively de�ned as
ptotTS =

Pre

Pin (3.1a)

pTS = Pre

Ptrans (3.1b)9
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Figure 3.1: S
hemati
 diagram of a through-sensing system.where Pre
, Pin and Ptrans are the re
eived power by the re
eiving antenna,the input power at the port of transmitting antenna, and the radiated powerfrom the transmitting antenna, respe
tively. The penetration 
oe�
ient andthe total penetration 
oe�
ient are related to ea
h other through
ptotTS = eimppTS, (3.2)where eimp = Ptrans/Pin = (1−|Γ|2) is impedan
e mat
h e�
ien
y where Γ isthe re�e
tion 
oe�
ient at the transmitting antenna. The impedan
e mat
hat the transmitting antenna in
ludes the e�e
t of the near-�eld surround-ings and even the presen
e of the re
eiving antenna (sensor). Therefore,the impedan
e mat
h e�
ien
y is dependent on the environment and theantennas.When the sensing system is working over a wide frequen
y band, thetotal penetration 
oe�
ient 
an be evaluated by frequen
y domain mea-surements as

ptotTS =

∫
∞

−∞
|Ṽre
(f)|2 df∫

∞

−∞
|Ṽin(f)|2 df ≈

∫ fh
fl

|Ṽin(f)|2|S21(f)|
2 df

∫ fh
fl

|Ṽin(f)|2 df (3.3)where fl and fh are the lower and higher ends of the operating frequen
yband of the sensing system, and Ṽre
(f) and Ṽin(f) are spe
tral voltage10



3.2. Measurement Resultssignals at the antenna ports. The ports 1 and 2 are 
onne
ted to the Txand Rx antennas, respe
tively. Similarly, we have
pTS = ∫ fh

fl
|Ṽin(f)|2|S21(f)|

2 df
∫ fh
fl

|Ṽin(f)|2(1− |S11(f)|2) df (3.4)From (3.3) and (3.4), it is 
lear that the penetration 
oe�
ients generallydepend on the shape of the transmitted pulse. Assuming that the inputsignal has a uniform spe
tral density over the bandwidth [fl, fh], (3.3) and(3.4) will redu
e to
ptotTS =

∫ fh
fl

|S21(f)|
2 df

fh − fl
(3.5a)

pTS = ∫ fh
fl

|S21(f)|
2 df

∫ fh
fl
(1− |S11(f)|2) df (3.5b)3.2 Measurement ResultsWe will apply the de�nitions of the penetration 
oe�
ient and the totalpenetration 
oe�
ient to three di�erent UWB antennas in order to 
omparetheir near-�eld performan
e. The three antennas that are examined are theself-grounded Bow-Tie antenna [23,24℄, Vivaldi antenna [25℄, and Antipodal

Figure 3.2: Three investigated UWB antennas: Vivaldi (left), AntipodalVivaldi (top right), and Self-grounded Bow-Tie antenna (bottom right).
11



Chapter 3. Near-field Penetration Ability of Antennas in Lossy...Vivaldi antenna [26℄. These antennas are shown in Fig. 3.2, where one 
an
ompare their sizes.For the lossy material separating the antennas, blo
ks of butter with athi
kness ranging from 25 mm to 100 mm are used. The 
hoi
e of butteris due to to the fa
t that it resembles the permittivity of body fat. Thea
tual average permittivity and loss of butter was measured in the workingfrequen
y band using Agilent's 85070E performan
e probe [27,28℄, yielding
ǫr = 4.6, tan δ = 0.04.During the measurement pro
edure, a pair of identi
al antennas are alignedon either side of the blo
ks of butter with di�erent thi
knesses, after whi
h

S11 and S21 were measured by using a network analyzer over the 2GHz to13.5GHz frequen
y band. The results are then used to 
al
ulate the totalpenetration and penetration 
oe�
ient a

ording to (3.5a) and (3.5b). Theresults are plotted in Fig. 3.3 and 3.4, respe
tively. It shows that di�erentantennas perform di�erently at di�erent depths of interest, e.g., for largerdistan
es, the Vivaldi antenna displays a better performan
e, whereas it isoutperformed by the other two antennas for the 
loser range.3.3 Summary and Con
lusionsIt has been shown that one 
annot estimate the penetration ability of dif-ferent antennas near-�eld in lossy media by using far-�eld 
hara
teristi
s ofthe antenna. Furthermore, the amount of power that ea
h antenna radiates
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−26

−24

−22

−20

−18

−16

−14

−12

Thickness [mm]

p to
tT

S
 [d

B
]

 

 

Self−grounded Bow−Tie
Antipodal Vivaldi
Vivaldi

Figure 3.3: The total penetration 
oe�
ient of three di�erent antennas vs.the thi
kness of the lossy medium separating the antennas.
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lusions
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Figure 3.4: The penetration 
oe�
ient of three di�erent antennas vs. thethi
kness of the lossy medium separating the antennas.in a desired dire
tion in the far- and near-�eld (i.e. Dire
tivity and Pen-etration Ability) are not ne
essarily 
orrelated. The penetration ability ishighly dependent on the depth in the lossy medium, the ele
tri
al proper-ties of the material itself and the type of the antenna. Paper 1 in Part II ofthis thesis details this topi
 further by providing supplementary simulationand measurement results, along with a time domain evaluation of the totalpenetration 
oe�
ient in addition to the frequen
y domain results.Based on the results, it is dedu
ed that an optimal antenna aperturesize for maximum penetration exists, sin
e the larger size does not lead tohigher penetration while a very small size will lead to propagation in variousundesired dire
tions. The issue of the optimal aperture size will be furtherinvestigated in the next 
hapter.
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Chapter 43dB Near-�eld Beam Radius andOptimal Size of a Uniform FieldApertureWhen dealing with fo
used apertures, the axial pattern has been used as ameasure to 
hara
terize the antenna near-�eld fo
using 
apabilities. How-ever, as it has been demonstrated in Fig. 2.1, the axial pattern does note�
iently 
hara
terize the antenna fo
us in the presen
e of medium losses.Hen
e, other 
hara
terizing parameters are needed in order to investigatethe near-�eld fo
using 
apabilities of antennas the in the presen
e of mediumlosses.4.1 3dB Near-�eld Beam RadiusThe �eld radiated by a 
ir
ular uniform �eld aperture of radius 5λ that islo
ated in the xy-plane at z = 0 in brain tissue (ǫr = 57.5, σ = 1.22 S/m at1 GHz [29℄), is plotted in Fig. 4.1 for two di�erent normalization s
hemes. Inthe �rst plot, the E-�eld intensity is normalized to the overall maximum anddemonstrates a rapid attenuation with distan
e from the aperture due tolosses in the medium, whereas the E-�eld intensity in the latter is normalizedseparately at ea
h plane parallel to the aperture. The sour
e 
urrent is a
y-polarized Huygen's sour
e. As 
an be observed in this simple illustration,although the �eld intensity is attenuated heavily with an in
rease in distan
efrom the aperture, the fo
us of the available power varies along the axisof the aperture. For example, the uniform aperture in this 
ase, has itsnarrowest fo
us around 23λ distan
e from the aperture. This leads us tothe de�nition and use of the 3dB near-�eld beam radius.The 3dB near-�eld beam radius is de�ned as the radius of the smallest15



Chapter 4. 3dB Near-field Beam Radius and Optimal Size of a...

Figure 4.1: The E-plane �eld intensity of a 
ir
ular uniform aperture inbrain tissue, normalized to the overall maximum (top), and normalized atea
h plane parallel to the aperture (bottom). The aperture is lo
ated at
z = 0.
ir
le on ea
h plane parallel to the aperture, whi
h 
ontains all �eld pointswhere the �eld strength (intensity of E-�eld) is higher than -3dB of thestrongest strength value in that plane. In other words, all �eld points outsidethis 3dB-beam 
ir
le have a �eld strength below -3dB of the strongest valuein that plane. The 
enter of the 3dB-beam 
ir
le is always on the symmetryaxis of the aperture. Note that, although the word �beam� is used in thede�nition, a beam may not really be formed in the near-�eld of an antenna.The 3dB near-�eld beam radius, whi
h is denoted by r3dB , is measuredin terms of millimeters or wavelengths, whi
h is di�erent from the 3dBbeamwidth used to 
hara
terize the far-�eld radiated beam whi
h is usuallymeasured in degrees. Fig. 4.2 illustrates the de�nition of the 3dB near-�eldbeam radius for two z-plane 
uts 
arrying di�erent �eld distributions.4.2 Aperture Field Cal
ulationAssume a 
ir
ular aperture of radius a lying in the xy-plane supporting theele
tri
 and magneti
 sour
e 
urrents J and M , as in Fig. 4.3. The totalradiated E-�eld is given as the sum of 
ontributions from both the ele
tri
16



4.2. Aperture Field Cal
ulation

Figure 4.2: Illustrating the de�nition of the 3dB near-�eld beam radiusthrough the white 
ir
le for two di�erent �eld distributions, where the max-imum on the plane is lo
ated o�-
enter (left) and at its 
enter (right) of the3dB 
ir
le.and magneti
 
urrents [2, pp:145-146℄, i.e.,
E(r) = EJ(r) +EM(r), (4.1)where

EJ(r) = Ckη

∫∫

S′

[
JCN1 −

(
J · R̂

)
R̂CN2

] 1

R
e−jkR dS ′ (4.2)

EM(r) = Ck

∫∫

S′

(
M × R̂

)
CN

1

R
e−jkR dS ′ (4.3)with η =

√
µ/ǫ as the wave impedan
e, k = 2π/λ as the wavenumber andR = r− r′, R = |r− r′|, R̂ =

R
R
, Ck =

−jk

4π
, CN = 1 +

1

jkR
,

CN1 = 1 +
1

jkR
−

1

(kR)2
, CN2 = 1 +

3

jkR
−

3

(kR)2
.For the dis
ussions in this 
hapter, we deal with uniform apertures andwithout losing generality we further assume that the sour
e 
urrent is y-polarized, that is,

J(ρ′) = Cŷ, ρ′ ≤ a (4.4)17
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Figure 4.3: A 
ir
ular aperture in the xy-plane.for the ele
tri
 
urrent, and
M(ρ′) = Cx̂, ρ′ ≤ a (4.5)for the magneti
 
urrent. Furthermore for the Huygen's sour
e we have

{
J(ρ′) = Cŷ, ρ′ ≤ a

M(ρ′) = −Cηx̂), ρ′ ≤ a
(4.6)where C is an arbitrary s
alar 
onstant.4.3 Fo
al Distan
e and Optimal Size of Uni-form Field AperturesIt has been observed that the 3dB beam radius is independent of the type ofthe 
urrent sour
es. This independen
e is demonstrated in Fig. 4.4, whi
hshows the 3dB beam radius along the propagation dire
tion (z-axis) for auniform aperture �eld (a = 5λ) supporting the ele
tri
, magneti
 or Hyu-gen's 
urrent sour
es embedded in two di�erent materials (i.e. either freespa
e, or a medium with ǫr = 10, µr = 1 and tan δ = 0.2). To understandthis independen
e, we should bear in mind that the 3dB beam radius isde�ned based on the relative �eld intensity (
ompared to its maximum).18



4.3. Fo
al Distan
e and Optimal Size of Uniform Field Apertures
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Figure 4.4: Comparison of the beam radius pro�le generated by di�erent
urrent sour
e types on an aperture of radius a = 5λ. The blue 
urves showthe free-spa
e 
ase and the red 
urves show a medium with ǫr = 10 and
tan δ = 0.2.The equality of the beam radius for ele
tri
 and magneti
 
urrents 
an beexplained through the duality theorem [30, pp:310-312℄. The equality ofthe beam radius for the Huygen's sour
e with the others is explained bythe fa
t that the ele
tromagneti
 �elds are linear fun
tions of the 
urrentsour
es and superposition 
an be applied to them. This means implies thatwe only need to take into a

ount one type of 
urrent; the Huygen's sour
eis 
hosen for this purpose.If we 
al
ulate the 3dB beam radius for di�erent uniform aperture sizesand in di�erent media, it is observed that for any aperture size, there isa 
ertain distan
e where the beam radius attains its smallest value (zmin).Beyond this distan
e, the beam transforms into a far-�eld beam and thebeam radius in
reases at a 
onstant rate. In a through-sensing system asshown in Fig. 3.1, the s
attering from a foreign obje
t will be the strongestif the obje
t is lo
ated at a depth around zmin, sin
e that is the depthwhere the fo
us size is the smallest. Hen
e, by knowing the lo
ation andthe size of the fo
us for ea
h aperture size in a given media, one 
an �ndits optimal size for ea
h appli
ation based on the depth of interest. Tothis end, we have investigated the e�e
t of the medium properties and thesize of the aperture on zmin, and the beam radius at the fo
al point r3dBmin.Plots of zmin and r3dBmin as fun
tions of the aperture radius for �ve di�erentmedia are shown in Fig. 4.5. The ele
tri
al properties of these media aresummarized in Table 4.1. It 
an be 
on
luded that zmin and r3dBmin in termsof wavelength (i.e. zmin/λm and r3dBmin/λm, where λm is the wavelength19
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Figure 4.5: Lo
ation and size of uniform aperture's fo
us vs. aperture radiusfor di�erent media.Table 4.1: Ele
tri
 properties of �ve of the investigated media.Medium ǫr tan δFree spa
e 1 0Fat 10 0.04Hypotheti
al 1 10 0.2Hypotheti
al 2 5 0.2Brain tissue 57.5 0.38in medium) are independent of the medium permittivity and are a�e
tedonly by loss. Furthermore it is observed that zmin/λm and r3dBmin/λm bothin
rease with an in
rease in the medium losses. Based on these results andthose done for other investigated media, we 
an derive empiri
al formulae for
zmin/λm and r3dBmin/λm pertaining to a uniform �eld aperture as a fun
tionof the medium loss and aperture radius as:

r3dBminUA

λm = (0.2067− 0.1985 tan δ)

+ (0.2060 + 0.3650 tan δ)

(
a

λm) (4.7a)
zminUA

λm =
(
0.3101− 1.6993 tan δ + 3.2400 tan2 δ

)

−
(
0.0102− 0.2552 tan δ + 0.6960 tan2 δ

)( a

λm)

+
(
0.7632 + 0.8137 tan δ − 0.2149 tan2 δ

)( a

λm)2

(4.7b)
20



4.4. Summary and Con
lusion4.4 Summary and Con
lusionIt has been shown that the axial pattern 
annot be used in the presen
e ofmedium losses, sin
e forelobes and aftlobes do not appear due to the �eldattenuation. Instead, the 3dB near-�eld beam radius is introdu
ed and usedto investigate the fo
using properties of uniform apertures. The 3dB near-�eld beam radius has shown to be independent of the type of 
urrent sour
eand 
an be de�ned for any shape of the aperture, whi
h makes it a generalparameter appli
able to various types of apertures. More details and resultsare presented in the Papers 2 and 3 in Part II of this thesis.It is further suggested that by 
hoosing a suitable size of the antennaaperture, depending on medium loss and depth of interest, one 
an enhan
ethe amount of s
attered power from a foreign obje
t in a through-sensingsystem. Empiri
al formulae for the fo
al distan
e and the 
orrespondingbeam radius at the fo
al plane are provided, whi
h are used in determiningthe optimal size of the uniform aperture. The optimal size of the uniformaperture for the dete
tion of foreign obje
ts in lossy media, as well as thee�e
t of 
orre
tly 
hosen aperture size on the s
attered power from obje
tsis investigated and presented in Paper 3 with an idealized test setup.
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Chapter 5Optimal Aperture Fields ForMaximum Power Transfer inLossy MediaIn the previous 
hapter, we introdu
ed and dis
ussed the 3dB near-�eldbeam radius and its relation to the antenna fo
us in the near-�eld for the
ase of lossy media and subsequently used it to �nd an optimal size of auniform aperture for the dete
tion of foreign obje
ts. In the present 
hapterwe will take another approa
h to the synthesis of the optimal aperture�eld problem, that is, to numeri
ally �nd the optimal aperture distributionthat maximizes the power 
oupling between two antennas separated by alossy medium, given a �xed re
eiver size and antenna separation distan
e.The appli
ations for su
h optimal apertures in
lude, but are not limitedto wireless power transfer to implants and in-body 
ommuni
ation withthese implants, where the re
eiver is typi
ally very small. It is arguedthat maximizing the power 
oupling between two antennas will enhan
e thedete
tion probability of foreign obje
ts in sensing appli
ations, sin
e thedisturban
e in the presen
e of any foreign obje
t is likely to be maximizedas well.5.1 Problem Setup and Power Transfer RatioThe problem setup is illustrated in Fig. 5.1. Two antennas are separatedby a lossy medium with a 
omplex-valued 
hara
teristi
 impedan
e η. Theobje
tive is to �nd an ele
tri
 (J) and magneti
 (M) 
urrent distributionthat maximizes the ratio of the re
eived power to the total input power.Sin
e the medium is lossy, the e�e
t of the ba
ks
attered �eld at the re
eiv-ing side on the transmitting side 
an be negle
ted. Hen
e, one 
an assume23
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η
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T
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dFigure 5.1: Problem setup in
luding a transmitting and an ideally re
eivingaperture antenna.that the sour
e 
urrents J and M radiate in a homogenous medium with
hara
teristi
 impedan
e η. The total re
eived power Pout is given by
Pout = 1

2
Re

{∫

S2

[E(J ,M)×H∗(J ,M)] · n̂2 dS} . (5.1)Similarly, the supplied power Pin is given by
Pin = 1

2
Re

{∫

S1

[E(J ,M)×H∗(J ,M)] · n̂1 dS} . (5.2)Next if we expand J and M in terms of N basis fun
tions as
J =

N∑

n=1

jnfn(r), M =

N∑

m=1

mmgm(r) (5.3)and substitute (5.3) in (5.1) and (5.2), the supplied and re
eived powers 
anbe written after some manipulations as
Pout = 1

2
Re{wHPoutw} (5.4a)

Pin = 1

2
Re{wHPinw} (5.4b)where Pin and Pout are system matri
es for the input and output powers,and where w is the ve
tor 
ontaining the unknown weights jn and mm ofthe basis fun
tions, i.e.,

w =

[
j

m

]
.24



5.2. MaximizationThe derivation of Pin and Pout in (5.4) is explained in detail in Paper 4 ofPart II and is therefore omitted in this 
hapter to avoid repetition. Theobje
tive is to maximize the ratio of the re
eived power to the suppliedinput power, or power transfer ratio (Ptr), whi
h 
an be written as
Ptr = Pout

Pin =
Re

{
wHPoutw}

Re {wHPinw}
=

wH [Pout + PHout]w
wH [Pin + PHin]w (5.5)5.2 MaximizationSin
e wi are 
omplex valued weights, that is, wi = w′

i + jw′′

i for i =

1, 2, . . . , 2N , to �nd the maximum of Ptr (w,wH
), we require that both

∂Ptr
∂w′

i

= 0 and ∂Ptr
∂w′′

i

= 0 (5.6)whi
h on a

ount of the 
hain rule for di�erentiation, are written as
∂Ptr
∂w′

i

=
∂Ptr
∂wi

∂wi

∂w′

i

+
∂Ptr
∂w∗

i

∂w∗

i

∂w′

i

=
∂Ptr
∂wi

+
∂Ptr
∂w∗

i

= 0 (5.7a)
∂Ptr
∂w′′

i

=
∂Ptr
∂wi

∂wi

∂w′′

i

+
∂Ptr
∂w∗

i

∂w∗

i

∂w′′

i

= j

(
∂Ptr
∂wi

−
∂Ptr
∂w∗

i

)
= 0 (5.7b)whi
h implies, (5.6) is satis�ed, if and only if,

∂Ptr
∂wi

= 0 and ∂Ptr
∂w∗

i

= 0. (5.8)By setting A = Pout + PHout and B = Pin + PHin in (5.5), we 
an write Ptr as
Ptr = N

D
=

N∑
n

N∑
m

w∗

nAnmwm

N∑
n

N∑
m

w∗

nBnmwm

(5.9)substituting (5.9) in (5.8) gives
∂Ptr
∂wi

=
1

D2

[
D

N∑

n

w∗

nAni −N

N∑

n

w∗

nBni

]
= 0, ∀i (5.10a)

∂Ptr
∂w∗

i

=
1

D2

[
D

N∑

m

Aimwm −N
N∑

m

Bimwm

]
= 0, ∀i (5.10b)now, by assuming D 6= 0, whi
h means that the supplied power is not zero,equation (5.10b) 
an be written as

Aw = PtrBw (5.11)25



Chapter 5. Optimal Aperture Fields For Maximum Power...and sin
e both A and B are Hermitian matri
es, (5.10a) will also redu
eto (5.11). This is a generalized eigenvalue problem and the largest positivevalue of Ptr is equal to the largest eigenvalue with the 
orresponding prin-
ipal eigenve
tor w = wopt [31, pp:189-193℄. For any given geometry andmedium properties, Pin and Pout 
an be 
omputed and wopt 
an be found.5.3 ResultsThe resulting optimal aperture �eld distributions are observed to have thefollowing general properties:
• The �eld has rotational symmetry around the axis of the aperture,whi
h is to be expe
ted from the geometry of the problem.
• The phase of the �eld on the edge of the aperture is leading relativeto the 
enter of the aperture resulting in a 
onstru
tive interferen
e ofwavefronts originating from di�erent parts of the transmitting aper-ture 
lose to the 
enter of the re
eiver aperture.
• The �eld amplitude is tapered with the highest amplitude in the aper-ture 
enter. Sin
e the propagation distan
e from the aperture edge tothe re
eiver is longer 
ompared to its 
enter, the �eld attenuation ishigher. Hen
e, the power of the optimally synthesized aperture �eldis less 
on
entrated 
lose to the edge.
• The ele
tri
 and magneti
 
urrents appear to be 
losely related through

M(r) = η∗n̂1 × J(r).This means that the optimal aperture �eld distribution requires thatthe ele
tri
 and magneti
 
urrents 
ontribute by the same amount tothe total �eld.The normalized magnitude and phase of J for di�erent transmitter aper-ture sizes are plotted in Fig. 5.2, where the assumed re
eiver aperture sizeis 1λ × 1λ and where the apertures are separated by 4λ in mus
ule tissue(ǫr = 57, σ = 1.2 S/m at 1 GHz [32℄). Note that the value of x along thehorizontal axis in this �gure is normalized to its largest value for ea
h trans-mitting aperture size. This means that the [−1, 1] span on the horizontalaxis 
overs the whole length of the aperture and thus shows di�erent lengthsfor di�erent aperture sizes. It is observed that as the aperture size be
omeslarger, the tapering in amplitude and phase also in
reases.26



5.3. Results
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6λ × 6λ are 
ompared to those obtained for the uniform apertures of thesame size. The results are shown in Fig. 5.3 assuming a λ × λ re
eiveraperture and a 8λ distan
e between the two apertures embedded in mus
letissue. A uniform aperture is 
hosen as a referen
e for the 
omparisonssin
e it is the aperture distribution whi
h is known to provide the highestdire
tivity in the far-�eld. It 
an be observed that the Ptr for a uniformaperture �eld de
reases when the aperture ex
eeds a 
ertain size due to thespreading of the power over a larger area in the near-�eld. However, theoptimal aperture 
an maintain the level of the power transfer ratio even forlarger sizes. It should be noted that the Ptr value of the optimal aperturewill saturate beyond a 
ertain size due to the attenuation of the �eld as aresult of whi
h it 
annot in
rease further. The saturation size depends onthe size of the re
eiving aperture, the distan
e between the transmitting and27



Chapter 5. Optimal Aperture Fields For Maximum Power...

2 3 4 5 6 7 8
2

3

4

5

6

7

8

9

10

d [λ]

T
op

t [λ
]

 

 

0.5λ×0.5λ receiver, muscle tissue
1λ×1λ receiver, muscle tissue
0.5λ×0.5λ receiver, fat
1λ×1λ receiver, fat

Figure 5.4: Topt vs. distan
e for di�erent re
eiver sizes in two media.
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1λ×1λ receiver, fatFigure 5.5: PA vs. distan
e for di�erent re
eiver sizes in two media.re
eiving apertures, and the loss in the medium. This saturation furtherimplies that there is an optimal size for the optimal aperture �led beyondwhi
h the in
rease in Ptr is insigni�
ant.Plots of the optimal aperture size for the optimal aperture �eld (Topt)andthe amount of Ptr advantage (PA) relative to the Ptr of the best uniformaperture vs. the distan
e between the two apertures, 
an be generatedfor di�erent re
eiver aperture sizes and for di�erent media. These plotsare useful in system design phases where the re
eiver size and distan
e arealready �xed and where the medium properties are known. In su
h 
ases,we 
an readily determine the optimal aperture size in 
ombination withan optimal aperture �eld distribution providing the maximum a
hievableimprovement in power transfer ratio. Figures 5.4 and 5.5 show Topt and PAvs. distan
e (d) for di�erent re
eiver aperture sizes in mus
le tissue and fat(ǫr = 4.6, σ = 0.02 S/m at 1 GHz). It is observed that the in
rease in loss
alls for smaller optimal apertures. However, it should be noted that theamount of Ptr advantage over a uniform aperture will also de
rease with anin
rease in medium loss.28



5.4. Summary and Con
lusions5.4 Summary and Con
lusionsA novel numeri
al optimization method to determine the optimal aperture�eld distribution for maximum power transfer between two idealized aper-ture antennas through a lossy medium is presented. The optimal aperture�eld 
an be used as a referen
e �eld in the system design of di�erent ap-pli
ations dealing with the problems of wireless power transfer to implants,near-�eld 
ommuni
ations with implants, and dete
tion of foreign obje
tsin lossy media. The e�e
t of the size of the apertures and the separa-tion distan
e between the two antennas have been investigated for di�erentdiele
tri
 properties of the medium. More details on the optimization pro-
edure and its results are presented in Paper 4 in Part II of the thesis.
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Chapter 6Contributions and Future WorkResear
h into near-�eld mi
rowave systems, for sensing and dete
tion, wire-less power transfer, and near-�eld 
ommuni
ation appli
ations, have in-
reased in re
ent years. An essential part of these mi
rowave systems isthe antenna whi
h has to be designed in order to meet spe
i�
 near-�eld
riteria. Furthermore, and as opposed to the far-�eld, near-�eld antenna
hara
teristi
s and design 
riteria are not as well de�ned and established,in parti
ular when the medium surrounding the antenna is lossy, as is the
ase in many of the aforementioned near-�eld mi
rowave appli
ations.The penetration ability is introdu
ed in Chapter 3 and Paper 1 as aparameter to 
hara
terize antennas in the near-�eld, whi
h is parti
ularlyuseful when the medium is lossy. For instan
e, by investigating the pen-etration ability, it has been shown that the far-�eld 
hara
teristi
s, su
has dire
tivity, 
annot be used to estimate the amount of power an antennaradiates in a given dire
tion in the near-�eld.In Chapter 4, and both the Papers 2 and 3, the 3dB near-�eld beamradius is introdu
ed and used as a parameter to 
hara
terize the antenna'snear-�eld fo
using ability in lossy media, sin
e the 
ommonly studied axialpattern is no longer an adequate quantity when medium loss is present. The3dB near-�eld beam radius has been exploited to determine the optimal sizeof a uniform aperture �eld for the near-�eld dete
tion of foreign obje
ts inlossy media.A generi
 numeri
al method for determining the optimal aperture �elddistribution that maximizes the near-�eld power transfer through lossy me-dia is developed and des
ribed in Chapter 5, as well as in Paper 4. Theoptimal apertures, whi
h are determined by applying array signal pro
essingte
hniques to aperture �eld modes, 
an be used to: (i) explore fundamentallimits of near-�eld antenna systems; (ii) derive a referen
e �eld distributionthat 
an be used to design transmitting and re
eiving antennas with the aidof aperture �eld mat
hing te
hniques; (iii) develop optimal design 
urves,31



Chapter 6. Contributions and Future Workthereby alleviating the initial design problem. In this 
hapter spe
i�
ally,the performan
e of the optimal aperture �elds are 
ompared to the uniformone, the latter of whi
h is known to provide the highest far-�eld dire
tivity,and pra
ti
al design 
urves for the estimation of the a
hievable advantagein terms of the power transfer ratio for di�erent re
eiver sizes and mediaare examined and presented.6.1 Future WorkSin
e the numeri
al method that is presented in Chapter 5 is generi
 and�exible, it 
an be applied to apertures of di�erent sizes and shapes in
ludingthose that are not planar. Sin
e the analysis is 
urrently limited to homoge-nous media � due to the employed Green's fun
tion � one of the aspe
ts forfurther development is to use algorithms su
h as G1DMULT [33℄ in orderto extend the modeling 
apabilities to multi-layered symmetri
 geometrieslike spheri
al or 
ylindri
al stru
tures. Another interesting possibility is toimport the optimal sour
e referen
e �eld distribution into a 
ommer
ial EMsolver, introdu
e a foreign obje
t in the medium, and estimate the dete
-tion probability. In this respe
t, the array-signal-pro
essing-based method,as proposed in Chapter 5 and Paper 4, forms an ex
ellent basis to furtherexamine and develop sensitive dete
tion methods, in
luding those that 
ande
ide whether a tissue is 
an
erous or not.The present work explores some of the fundamental limits of transfer-ring power in lossy media and provides initial design 
urves, however, the�nal obje
tive in the realization pro
ess is to a
tually generate an aperture�eld that is as 
lose as possible to the optimal one. Hen
e, another futureresear
h dire
tion is to design and realize a dete
tion system employingoptimal �eld-mat
hing transmitting and re
eiving antennas.
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