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ABSTRACT

The theoretical and 'experimental inéuced field
distributions in simple spherical, cylindrical, and block
models under plane wave irr;aiation arék. studiggbsaﬁar
compared. The practical limitations gnd_calibrafions'éf x
new computer-ﬁased scanning sysﬁem using an elec;fic-field-
probe techniqﬁe are derived from the tbompargd resuits in
simple models for three different frequehcies.. Althoﬁgh
éiose correlations between the calculated and measurgd
results in the sphérical and cylindrical models are found,
large discrepancies- in the compared results for the block
model occurred. These discrepancies are mostly dué to the
nonisotopic response of the probe and the direct pick-up by
the lossy transmission lines 'in the probe. They are also
partly due to the 1inaccurate numerical solutions obtained

from the tensor-integral-equation technique and the moment

" method.
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Chapter 1
INTRODUCTION

1.1 GENERAL

y

Radiowaves ( RW ) ‘and hig;owaves ( Mﬁ ), as part of the
eléctromagnetic ( EM ) 'spegtfgm,f‘havé found numerous and
continuously growing uses in varioué fields. Applications
include communications, transpoftation, domestic; medical,
and industrial ugéé. In some of Ehoée applications, humans
,are exposed to EM radiation '§f varioué'fgtensities. RW and
MW radiations when interacting with biological bodies
undergo complicated changes’dhe to reflection, refraction,
and diffraction. These changes are strongly dependent upon
the electrical properties of the biological body; the
physical properties such as frequency, intensity, and
polarization of the égéosureefield, and the surrounding

-environment of the body such as the presence of a conducting

object and other reflecting surfaces.

In order to study the bio&ogiéél effects of EM radiation,
it.1s 1important-to find thé aistributibn of tﬁe absorbed
energy in the biologiéﬁl body. A Easic universally accepted
parémete;, which specifies the :.rate at which the energy 1s
absorbed 5§ a unit mass of the exposed body (‘E.e. dose rate

¢



f ' ; 2
), is called the Specific Absorption Rate | SAR ) expressed
in watts per kilogram. The value of SAR obtained by
dividing thé total absor@ed pover by the maggrof the; body is
called the average SAR. The notation ( SAR ) ﬁsed in this
thesis is{referred to as the local SAR which is the ratio of
the power‘deposited in a*small ;olume of the absorbing body
to the mass ‘of that volume ( Durney [14] ). For steady-
state sinusoidal fields, the SAR is calculated from the
foellowing equation: -

ld 2 ) e
s = 1R g (1

1

wvhere § 1is the tissue conductivity in S$/m,
] is the density of the tissue in kg/m%
IETfis the square magnitude of the -total electric

. . 2 ¢ ’
field in [v/m]". ~

1.2 STATE OF THE ART

4

There are generally two basic approaches of obtaining.
dosimetric data for biological deies. These are pe-
.theoretical dosimetry and experimental 'aosiﬁetry._ Most of
the work in the theoretical and experimental dosime;ﬁ&es
have concentrated on the plahe wave, far-field irrad?étion
cénditions because of the simplicity of analysi é such

‘exposures .both numerically { Chen and Guru [10]}) and



°
J'l

-

« o 3
experimentally ( Hagmann et al. [21] ). Recently, some

researchers have analysed theoretical models exposed to the

near-field of.simple sources such ‘as short electric and

magnetic dipoles ( Chatterjee et al. [BT & [9],, Hizal &

Baykal [23], Iskander et al. [25], and Lakhtakia et al. [27]
9. L - F

- we

o s

1.2.1  Theoretical Dosimetry T

T

‘The main 'advﬁﬁtage 6f the .theoretical .approach 1is that

the "SAR distribution -,in the. simulated objects with a
] .

nonuniform permittivity distribution can be calculated, .

whereas in the expeﬁ}mental appfoach, experiments can only
be performéd on homogeneous or multilayered'models. Solving
Maxwell's  equations for an actual human body is
prohibitively difficult..ﬂ The earliest calculations of SAR
distribution were performed for simplg models such as a
planar slab, sphere and infinite cylinder, which are easy to
analyse ma%hematically. Later, with the developmént and use

5

of digital computers, several more complexwmodels such as

the prolate sﬁheroid, 'ellipsoid and other irregularkghapé¢  _

models, "'such as a block model of an average .man, were
analysed. A summary of the theoretical methods for
calculating the power absorption in biological models of .the

human body under plane wave irradiation is given in Table 1.

-

-' .
v



1,
There are two major techniqueé whicHi have been used,
namely, ‘anaiytical and numerical. The main difference

between the two technigues 'is that in the analytical

technique, the data 1is obtained by solving Maxg?}l's

-equations analytically, while the numerical technique is
based on solving a large system of simultaneous equations by

‘matrix inversion or other iterative techniques. The major

drawback of the analytical technique:- is that only simple-

-

shaped models, which simulate very approximately the shapes

"of the human body, can be analysed, while the major drawback

of the numerical technique is that it reguires long
computations and a large computer memory size to ealculate'
the numerical results with reasonable accuracy. However,
the electrical properties of humans are so complicated that
even in the numerical technigques, only a feg parameters can -
be taken into account, and only approximate solutions can be

obtained by using the theoretical dosimetry approach.

S
A
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1.2.2 Experimental Dosimetry

Exﬁeriméntal dosimetry is a methéd for obtaining'éata on
the SAR distribltion under any irradiation conditions. Data
is o?tained by measuriﬁg either the average or the local SaAR
values of animals o:‘phantom models. The models are made of
materials that simulate the electrical properties and, in
some cases, the thermal properties of tissues and the shapes
of the test body. Experiments cannot be performed on living
human beings because of 'the invasive nature of the

experiments.

The advantage of the_experimental‘ approach is that the

1

SAR distributions ih complicated human boay shapes, which

cannot -be}.theoretically analysed, can be measured in
simila;ly shaped phantom models, Furthermore, SAR
distribution can be obtained in animal cadavers. EM -
biological fects can be  extrapolated : from the data

measured for )phantom models or animal cadavers... A summary
of the experimental techniques along with their relative

advantages and disadvantages is givén in Table 2.
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1.3 MOTIVATION | RO

The main objective’,of this thesis A5 %0 e#aldate‘ and

determine . the practical limitations -of eipemimental
dosimetry. ) fﬁis. is part of a proiect concerned with the
_mapping of the internal field dlstpibutlon ef 'a full scale
'mdd&l of_ maa.for different i;eQﬂencies u51ng ‘a compUter-
based scanning system. As'a féfst‘step, three 51mple shaped
models are analfsed for plaﬁe:'wave:"1rrad1at10n, boﬁh
theoretlcarly and experimentally. The pract1ca1 11m1tat10ns
of the experlmental d051metry can then be. der}ved frod the .
comparlson between the ﬁéo methods.‘ In addafioﬁ,. the exact;ﬁ
guantitative performance of éhe:"electrlc field-probe
f&chﬁidue can be evaluated ) Kfter the performance ‘0f the
entire experimental d051metry system has been measured the
“internal field distribution. of the full scaled human - model
can be mapped wlthln ‘the; exper1mental errors wh1ch are

1

derived from the results obtalned using 51mple models.-

Vo, [
B! - .
- . . St 1

1.4 DEPINITION OF THE PROBLEM AND PURPOSE’ OF THE ‘THESIS

Several theoretical“’tédhniques ~for solving the SAR
distribution were reviewéd in the prev1ous sectlon. Three o
models are chosen to be analysed here. Two? theorefical
analyses are implemented on a ;dlg1tal cqmpﬁter to calculate
the SAR distributions of_tﬁe"&ylindnicai and block models

L under plane wave irradiation.. - The SAR distributions in the



3

. . oo | | o
- circular cylindrichl model of man from the .analytical
solution in the frequency range of 300 MHz to 1. GHz-have

»

never been compared with expéripents, even.fhough:'it has
been proven by experiments ( Massoudi et al.  [30] &'E34i )
that this method can weli determine the average  SAﬁ of the
requencies-of 400 MHz t6 5 GHz. Thig

1

technique is also believed to be the most efficient way to

e man-size models from

determine the SAR distribution as well as the average SAR in
.. a-frequency ranée of 500 MHz to 1 GHz.

-~

It has been proven by Neuder [36] that theré} are good
- ' - \ . L)
correlations between the theory and experiments dn lossy
\\
W dlelectrlc spheres, therefore the spherical model \s also

-~

analysed here 1n order’ -to calibrate the experlmental syst l [/-‘

- 54)

Finallyrf a numerical technigque in solving the SAR
distribution of the block model 1is studied by comparing the
numerical results with the experimental results. The
advantage in choosing these three models is that the?f molds
can be constructed easily by wusing minimal field'diéturbing

materials.

Irradiations at fre&ﬁencies of 350, 920 and 24SD‘MH2 are
;then to be analysed ?ecausg it has been proven [21] that
head resohapce occurs at a frequency of 350 MHz,wyiile MW at

-“l frequencieg of 915 and 2450 MHz are frequently used for

industrial, scientific and medical applications.
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"This thesis will make the following contributions to the

-

field of RF dosimetry:

-
i S

s
. -

— The experimental verifications of the theoretical
R » r \

.calculations of the SAR distributions in the

cylindrical and block models; ° ~ e

hY

— The derivation of the practical limitations of the

. automated experimental dosimetry system;

— The' calibrations of three triaxial electric field
"
. ]
probes in different materials at frequencies of 350,
920 and 2450 MHz.

"'i.5 OUTLINE

" The theoretical methods used for the calculations of the
- ékR_@istribution for sphere, circular cyiihder, and block
moééls'and\their computational and practical limitations are
Br}éflf degcribed in chapter 2., [The derivgtions for each’
gquéi:érg;éiveﬁ in the appendices. The numerf?gl results of
thé-SAﬁ;distributfon are presented in Chaptéé 5. Chapter 4
descr&Sesfthef_eﬁperimentai’brocedures and materials which
.are usedi "The compar};ons between the theories;and the
Lé;periments are discussed in éhapter 5 with the conclusions

]
and some suggestions for future work.

s

K



Chapter 2
THEORETICAL ANALYSES

2,1  GENERAL

ééygral methods ‘have been developed to calculate the
electric fieid distribution in models of different shapes
that simulate the human body or its 'parts; Three models,
namely cylindricgl, spherical, and bldck model, are analysed
here using threeJ different methods, Inlall cases, plane
wave ierdiatioqfig‘assumed. The main reason for choosing
the thgge-*séecific models 1is that their shapes and plane
wave i;radiatioﬁ' conditions are easy to analyse both
- fheéret{éally and experimentally so that the resulting SAR

‘distributions’can be compared,

Brief descriptions of the numerical analysis fqr‘finding

the éiectric fields induced inside each model irradiated by
‘a plane wave are given in - latter sections, while the
computaf&Gﬁal steps agd,hﬁhéidetailed descriptions of the
derivation of the field disﬁfibution for all three models
are given in the following chapter and the appendices,
respectively. The;steady—state solutioﬁs are assumed to be

14

time dependent a's_"e"'m for all -the cases. All three hodels

are considered in free space.

- 11 -
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The parameters which describe the electrical properties

N

of the tissues-are:

- N

1. A " (H/m) is the tissue lpefheability,_ which
‘déscr%bes t?e magnetic ppopértjes | of the tissue.
For most biologicalu;iSSQe, Tt‘is_assﬁmea Eo be egual
hto/Qg(free_space) (H/m)7. - ' _

f

2. 'E/g°=;8’- jE" is the tissue relative permittivity,
~'where &, (F/m)‘- is_.thé freE' space Dpermittivity,
£

factor:

. Cas ) . . "o
' is the dielectric: constant, "and £ is the loss

LY

3. 0 _:(uEbE,(S/m) is the tissue conductivity, which
‘relates the squafe' of - the:magnitude . of induced
" electric . field ( E-field )  to the absorbed power

im the tissue. -

-

2.2 CYLINDRICAL MODEL

“The inf}ﬂite. circular Cylindef 'cén simulate the middle
section of the tfpnk,‘thighs or arms of the human body, when
the wa#elength.of tﬁe incident "field is small as compared to
the size'éf'ﬁhe_Sody. Due to_the‘étpenuation in tissues, the
field interactions bgtwéén jdifférent parts of the body
become less signffi;an;lsag, the ‘frequency increages.
Therefore the ;esult of“‘the“ simulation by the infinite

cylindrical model will give a precise estimate of the SAR
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distribution as well as the ;verage_SAR in different parts
of the human body, at frequencies above 400 MHz ( Massoudi
et al. [34] ). The SAR distribution and the average SAR in
a cross _section of a finite ciréular cylinder can also be
estimatéd’:from the solution for an infinite circular
cylinder~ﬁfth the same diameter when the cross section is
far from the ends. In the middle section, the SAR
distribution 1is only slightly disturbed by the end
reflecéi;ns.

Tﬁe configﬁ;étion of an infinite circular cylinder
consisting of -multiple layers of lossy dielectrics, under
plane wave irradiation, 1is shown 1in Fig.l. The electric
field distribution in such a model wgs‘analysed “( Bussey &

Richmond [7] ) under the following conditions:

— The direction of the incident plane wave is normal to
+ the cylinder axis. Taking thia_ axis as, a reference,

[

the ‘incident fields can be designated as:

i)« . Transverse ‘Magnetic ( ™ ) mode,. where.the"
incident E-field vector is parallel to the

cylinder axis;

ii) Transverse Electric ( TE ) mode, where
the incident E-field vector is
"% ' perpendicular to the cylinder axis;

i;i)‘ Arbitrary mode, where neither the magnetic.

nor the electric field are parallel to
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the c¥ylinder axis.” The arbitrary mode can

be represented as a vector sum of the ™ and

TE modes;

— . The permittivity in each layer and along the

cylinder axis does.not change; o o

— The induced field vectors follow the direction of
.the incident field vectors, since the cylinder is‘:

Cinfinitely long and the incident E- and H-fields |

electric and magnetic fields') are tangential to

the boundary;

— The field distribution does not change along the :

cylinder axis; Vo

— The limitations on the diameter of the infinite
circular cylihder as compared to the Qavelength have
not been analysed by Bussey and Richmond [7]:

~
L

2.2.1 Transverse Magnetic {(TM) Mode

£

The electric field vector in this mode !s directed along
the cylinder axis. &he mult}layered infinite circulaf”
cylinder is showﬁuin Fig.l. th.E—field outsiég the cylinder
is equal to the sum of the series expansioné’&f the incident
plane wave of unit amplitude (first term) and the scattered

field (second term). Since the incident E-field is along the
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E-field outside. the

cylinder is given by [7]:

fa

o - 5 -
E, = n);o [enj 3 (k) +_Cnl'[n_)(k°r)] cos ¢ (2)
where e, = 1lforn=0 or e, = Zrﬁorrn >/ﬁ’.

-

=
]

o = W/M.E, is the free space wave number
n are thecoefficients of expansion -\

“~is the imaginary unit

L N

Jyn is fhe Bessel function of the 1lst kind
Hy 1is the Hankel function of the 2nd kind
The induced fields in layer m, 'm=1,2,..,M, while M+l is in

free space, are given by [7]: o

Ez,m T Ao [Amnan(kmr) * Esmﬁvn(kmr) ] _cos nﬁ . . (3)

. T = . | :
= ___"L. ' ] *

Hs,m (. J'“'/“m) z [_.Amnj (ko) « B Y'(k r) ] cos ngp (&)

-

. where km = w4H$mis the propagation constant of layer m

-
v n

phtis the permeability of layer m

R 5 My ( free space ) (H/m) is assumed in

this thesis a _
- ) - [ u/ V . -' ‘ ‘ . -
€m is the permittivity of layer m
n is the Bessel function of .the second kind )

-

Ja is-the derivative of the Bessel function of the

1st kind
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-

T, is.-the derivative of the Bessel function of the

- N
[ .

2nd kind

-

The coefficients A, and B_, can be found from the

boundary conditions at the interface between layers m and
“m+l, namely, .that the tangential‘co&ponent; of electric
field E; (Egn.3) and magnetic field‘.H¢ (Egn.4) are
continuous, - The expressions for the .coefficients' were
derived from the recursion equations. The analyses are given

in Appendix A.

'2.2.2 Transverse Electricy (TE) Mode

In this case the magnetic field vector is-directed along'
the cylinder axis. The solution can also be found from.a
similar analysis as in the TM mode.’ It 1is derived in

Appendix A. The H-field outside the cylinder is given by:.

Mg

n

" v

N
=2
1t

o [ enj-?;]n(qu) + CnH(Z)(kor) ] cos n¢ (5)

"~ and the résulting H- and E-fields in layer m are,

respectively, given by:

. oe ST ¥
W = [Amnan(kmr) * Boa¥dlkoe) | cos ng “

TN
—

- K o0 ; | \ )
" E¢,m D(T]Tv%;n) :IL:-O [ AanH(lﬁmr) + BmﬁYn(k;.r) ] cos n¢ ( 7))
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> - -
where M+l is in free space. ;

B

2.2.3 Arbitrary Mode >

When the incident electric field vector is at an angle

¥
with respect to the cylinder axis, the total induced
electric field can be <calculated by considering two
orthogonal components, which can be evaluated wusing

equations derived in the previous two sections.

v
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‘2.3 -~ SPHERICAL MODEL

-
-

A .éompﬁtef program for finding the internal field

distribution for a multilayered sphere irradiated by an EM

plane wave was developed by Neuder [36] using the Mie

method. ; The advantages of this tefhnique are that it
provides an exact analytical solution without any
simplifications on the formulation and it can be used for a

multilayered spherical model of any size. The major

disadvantages of this technigue are that it cannot be used

for thﬁ ttodels with nonhomgeneous properties within the

layer and it is not’a good model of the human body since the

- shape of the human body is very different from a sphere..

The theory is briefly described in‘thié section while the
limitations of the numerical téchnique as ‘specified in the

program are given in the next chapter. The general
. 3

mathematical procedure :for obtaining the wave equations’

inside or outside a sphere uses-a technigue of separation of

variables and series expansions of the incident, internally

1

‘ )
induced and externally scattered fields in terms of

’

spherical vector functions. Field cont{nuity requirements a#
all Lq}erfaces, finiteness‘at..Ehe-origin énd:épﬁropriéte
field behaviour in infinity are uappl£éa io determine
expansion coefficients for the_indgcedlénd scé;tered fiélds;

The configuration = analysed ‘here* is shown . in Fig.2, The

incident - fields for the plané: wave irradiation "in the
rectangular coordinates are [35]:

<
T jlk, z-mwt) . )
Einq - 1xqu ° L (8)

a
.- i

Hipe = 150 £ od(kezewt) | | IS

Yy
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These fields in the spherical coordinates can be expressed .

as: ' : o e

T. - -Jwtz: n 2n+l .[ Eil) Jﬁ(l)]

inc T %% =1d n(n+l) eln - (10)
S F ke -iwtE o 2nel [ & -(1) , |

Hinc }_L.w , nzl‘I n(n+1) meln - JTL C11)

where _ .

E, is the amplitude of the incident E-field

k, is the free space wave number
¥ 1s the angular frequency
M, 1s the free space permeability

— (1) -— - . ] - -
and 7" are the spherical vectors given in Appendix B.
Teotn Mgin 9 PP

The fields in a layer P are: A
. oo
_ g gmdWt T ,n_2n4l [ p=(1) pr(1) | o 7(3) p=(3)
Ep - Eoe %Eij n(n+l) Moln " jbn eln * n oln Jﬂn eln]
H ._-kp . _jth- jn 2n+1 [bp =(1) _ -(l) =(3). . p.n(3) (13 )
wp yupw o " n=1" n(n+l) neln oln * ¥ Me1n’ Fn oln

.

3

Coefficients a, b,n , u;

Appendix B. o : . ' ‘

, and ﬁn are also given in

o
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2.4 BLOCK MODEL

“ .

A general technigue for finding.the‘electric field inside

L. ¢

an arbitrary biological body induced by an :incident .
electromagnetic wave was developed by Livesay &, Chen [29].
The method 1is based on Eorﬁulating a tensor.:integral
. equation for the electric :ié;af Ensidg the body. The
eguation is then sclved nu;érically. Tﬁis‘approaéh is more
general than the two previousﬂigchniques. Electricail§ §mal£#
bodies with nonhomogeneous p;bpﬁrties and irradiated by a

general incident field,, such as a plane wave or “a

combination of plane waves, can be analysed by this method.

In the 4&nalysis, the body is subdivided iﬁib N
homogeneous cells. 7Tﬂe Eaximum'cell size {1) for the mo;eht
method solutionhas derived in, Hagmann et al. [18] is_equal
to 2.45/ |k|, where k is the propagation constant in ﬁge“,{;;j;%
medium of tﬁe‘homogeheous cell, in order to validate tﬁe
assumption that the E-fiedd and.permittivity are co;stant
within the cell. However, this technique ;annot efficiéhtly
detefﬁine the SAR _ distribution when there is a large erosﬁﬁ
section in the ‘body having the rotational symmeiry with
urespect_to the incident H-field, The dimensions of tHis
cross seétioﬁ are comparable to the wavelength in the tissue
(A ) at a certain frequéncy. Tﬁe impressed magnetic‘field

will then excite a magnetic mode ( i.e. an asymmetrical mode -

with respect to the centre and the propagation axis of the
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body- ) of induced E-field in the body from the induction of
eddy currents which flow along the propagation. path of the

incident wave in the body. To avoid this effect, the cross

-

section of the body which is perpendfcular to the H-field,
must be small]l as cappared to A . Due to the cell _§ize
condition ch computétional‘limitations, the practiEal block
model:of man has been numer&cally analysed only up to a

frequency of 500 MHz ( Chen & Guru [10] ).

= #

When a fiﬁité.rheterogeneous _biological body with a
dielectric constant ”6((r) and a . conductivity O(r) is
irradiated by an EM _Plane wave as shown in Fig.3, an
electric field E(r) }s induced inséde the bedy,and an EM
wave is scattered outside the body. Thzs scattered field can
be represented by replacing the body with an equivalent free
space current density Jeq . which 1is bounded within the

volume of the replaced body [29]: ¥ *

Fa
hd TN

N

]
Using the free-space tensor Green's function G(r,r'), the

Jeq'r) = [ G) + L€ - 1) ] e = ToE) (.

scattered field E S(r) can be expressed in terms of Jeq 23S

9

follows:

E%(r) =PVSJ (r') G(r,r') dv' - Jeq (1) “(
veeo TJ%E; :

15 )
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L

where'P?fis the principal value of the integral as defined

in Appenéix c. The expression for the Green

G(r,r') is also giver in Appendix C.

-,

- A
.

the body is given by:

E(r) = Ei(r§ + Esir)

Substituting Eqn.(15) into (16) results in:
\ T - .":r ) ’
1 +‘J—I..L E{r) - PVET(r’)E(r')G(r,r‘}dV'z E*(r)
BJwto v
The integral equation (17) can be transformed into the
matrix eqﬁation (18) by using the moment method:
r - - " _ -
(¢ ] [c ] [c 1 [E ] [Ei]
XX xy xZ | X X
¢ G [c‘ ' .
yX] [yy] ¥z [EY] = - [Ey (
r '. -.; \‘; i
T (o) Ll [l |12
L I ] ]

s

A

where [G] is a 3Nx3N coefficient matrix relating the three

rectangular components [E,],

[EY ] and [E;] of the total

) } ¥ i . .
field to those [Ex]' [EY]' and [Ez] of the incident field.

The coefficient matrix [G] is defined in Appendix C. The

formulas for finding

the coefficient matrix as given in

Appendix C were originally developed by“'Liﬁesay and Chen

{29]. The method employs a pﬂ;se function for expansion:

~ .

- N _
E=2 EP
n=1l n n

function

The total field inside

(17)

18 )

(19 )
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where -

P, = 1 inside the cell n
- {0- elsewhere

and an impulse function for testing or by collocation method

as shown in Appghdix C: e

S(X"xm_:Y'ym1z‘Zn,")

.

-.W-.ﬁhere the subscript-'m indicates the point at which the field
o . r
isito‘be‘calcula;ed,.

-y

: ;LThé :puige‘funcfion basis results in a constant value
Hreprgsentipg”lE within each homogeneous cell, while the
impﬁlsefiégting function enforces the integral at the centre
of each cell so that the calculated E values are
representative of the cell centres. The volume integral in
[G] is calculated approximately by integrating the function
over the volume of a sphere. The volume and the centre of
the sphere are equivalent to those of _the cell, thefefore
the solutién is ;alid o%ly if the cell shape is not very
different from a sphere. ‘The cubical cell shape is used in
this thesis for computéfional- Eonveﬁience. The derivation

is given in Appendix A.
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 ILLUMINATED BY A PLANE WAVE IN -THE RECTANGULAR COORDINATES



Chapter 3
THEORETICAL RESULTS

e

3.1 CYLINDRICAL MODEL -

The numerical calculations of the total induced fields

inside the cylindér in both TM and TE modes were implemented
on a'ﬁi@;tal;éohppger using the Fortran language and double

'ﬁrecisiqn with. the following steps to perform the

‘calculationss

+

1. Definition of the problem:

. i)~ the number of layers:;
i1) the outer radius of each layer;
iii) the relative complex permittivity of each

layer;

-

=iv) the number of desired observation points:in the

ks

radial directidn;
v) the number of desired observation points in the
angylar direction ; R
Lo .
2. Initiation: , .
A . . - '
- The wunnormalized amplitudes- 1in the;~firsE layer

-

"from [7] are:

A'(1,n) = (1.,0.)

Y



S B'(1,n) = (0.;0.) .

ks >

3. Computation:

i) . Find the denormalization constants from.

Eqn.A-11 for TM mode or Egn.A-14 for the TE

/ mode;
: . , :
) ~ i1}  Find theB unnormalized amplitudes 1in  the

N

outermost layer from the recursion equations
1
Egn.A-6 ), and from Egns.A-9 and A-10;
4. solution:

-~

1) Use Egns.3 or 6 to find the tofal indhcedg
electric field for the given observation
» points for the ™ - or TE modes,
. respectively; L5ﬁ5 e
ii) Calculate E or H fields in the outermost

boundary both from the inner layer and the
outer space - for TM or TE modes, respectively;

in order to check if they are equal.

.L

Limitations on the calculation for double layér models: ”

— kiR < 22.8, to avoid the large -values of the

Bessel functions; where R is the outermost radius:

L]

— ]kﬁ"i'> 1.87, td aveid divergence of the Bessel

.

functions 1in the zone near the cylinder origin; where

‘r is the radius of the observation point;
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—JL'Sjnce' the field;\distribukiqn “inside the éylinder
is symmetrical with respect ﬁo.éhe ;propagatién‘axis,
'Effields: are' -céléhlétéd oplyu for observaticn
points-  in } one. sémitiréular ~ section of the

e

cylinder;

N -
N

— “Maximum number of ﬂéybr§’is five. However, this limit
e can be expanded by changing the array size (n) of
. the relative permittivity ET(n), as defined 1in ‘the

computer program;

— Maximum “bﬁ twelve terms in the sum of the
series of Bessel functions are used. Usually the
sum of four or}fivé terms of the Bessel series .
' will converge Qith the displacement norm:

Al = jar/1F) < 207,

" where ' n
|aF| is the modulus of the difference between
the o¥d and the new sclutions,

[F| is the modulus of the old solution.

v

The average SAR of- the “infiniteé circular cylindrical
models of an average man and a rat have been numerically
analysed by Massoudi et al. [30]. The results have been
compared - with expériméntg. Theyfhave proven that the

numerical and experimental results agree very well when the
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diameter -of the models is larger than 0.31, and the diameter

‘to length ratio: of the models is smaller than 0.13, where

is the free space wavelength. These limits are derived from
the results on [30]. The sizes of 24.8cm in diameter and
1.83m 1in length correéponding to 0.29l°in diameter at a

frequency of 350 MHz and diameter to length ratio of 0.14 of

a finite circular cylinder are chosén to be analysed using

“the above conditions. These dimensions can also represent a

cylindrical model of a man. The field distributions in some
sections of this finite cylinder, including the middle
section, should be very close ﬁo that of an 1infinite
cylinder since the dimensions of this finite cylinder are
close to the limits specified above. J |

L

The SAR and E-field'distriputions inside the circular
cylinder, which has a permittigity equal to that of the
average tissue, -were calchlated.at a frequency of 350 MHz
and for an incident power density of 1 mw/cmz. TQe effect o%

the Smm acrylic wall of the cylinder was also accounted for.

The electrical properties of the cylinder are &= .2.6 for

’ ¥
the wall, & = 38.9 and £ = 53.5 for the tissue phantom

inside the cylinder.

The electric field intensities along and pefBenditular to
'Y

the propagation axis 1inside the cylinder are shown in

Figs.4-7. Even though the field intensities in the regioﬁ

near the centre ( i.e. radius r is less than 1.87/ |k|)
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cannot be calculated, the result 1in that region can be
extrapolatéd because of the field céntinuity condition. The
field intens;ties must be decreasing towards the centre
since the field intensities in both the TM and TE modes are
decreasiné from the sides towards the centre of the cylinder
in the dire&tfon along and perpendicular to the direction of
propagation. Comparing the field distributions for the T™
and TE modes for the same irradiaton conditions one can
conclude that the power absorbed for the TM mode is'greater
than that for the TE mode at a frequency of 350 MHz. The
calculations on the SAR distribution in the cylinder having
the same diameter but filled with muscle saline phantom
cannot be performed since |klIR > 22.8, which causes

computational instability.
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Diameterllb = 0.29; where the double arrow indicates the
direction of incidence of the EM wave.
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3.2  SPHERICAL MODELS

'(

The computer program developed by Neuder [36] was

provided courtesy of the Bureau of Radiological Health.
Restrictions of the program are as follows:
— Maximum number of layers is 10;

— Each layer is homogeneous;

*

— |klr < 90.83, as derived from a homogeneous sphere;

where r 1s the radius of the homogenecus sphere.

The computer program provides the results of induced
electric and magnetic fields, lpcal SAR, total power
absorbed in the whole sphere and fractional power absorption

by each layer of the sphere.

The local SAR and electric field intensity for three
different sizes of hbmogeneous sphere having the following
diameters: 16, 12, and 6.6 cm, and average and muscle tissue
p;operties were calculated here at different freguencies.
The reason for choosing these specific sizes 1is that l6-cm
and 12-cm diameter spheres can simulate the human head (
adult and child ) while a 6.6-cm diameter sphere can
simulate the hamster head. The results are shown in
Figs.8-14 for an incident power density of 1 mW/cm . The

SAR and E-field distribution along the Z axis of the 12-cm
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diameter sphere at 2450 MHz for two values of the

permittivity differing by 5% are shown in Fig.is.
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The results of the calculations can be summarized as

follows:
— For all frequencies, the total E-field along
the propagation axis ( Z-axis ) and the axis

parallel ° to the incident H-field  ( Y-aiis )
;onsists only of the component E, that is parallel
to the incident E-field vector, while the total
field along the axis parallel to the incident E-

field ( X-axis ) contains Ex‘and Ez components;

There is less energy dissipated 'along the
incident H-field axis ( Y-axis ) of the sphere

as compared to that along the incident E-field ( X-

axis ) and the propagation axis ( 2-axis ) where
most energy ls dissipated élong the propagation
axis;

At.a frequency of 350 MHz, peak SARs' occur at -the
edge of the 16-cm ( 9.5 4 ) and 12-em ( 7.2 1)
spheres along the propagation axis, while at
frequencies of 920 MHz and above, strong peak SARs
occur near the centre of the 12-cm ( greater than
214 ) and 6.6-cm ( greater than 12 ,{ )} diameter
spheres. The results shown 1in Fig.l4 1indicate that
the E-field intensity near the centre of the
6.6-cm ( 304 ) diameter sphere at‘ a frequency of
2450 MHz is greater than the intensity of the

incident field;
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The spheres of 16-cm ( 28,1 ) and 12-cm ( 21 4 )

diameter absorb ‘more power ' at a freguency of 920

MHz than at a frequency of 350 MHz. The sphere
of 6.6-cm ( greater than 12 ] ) diameter absorbs
approximately the same amount = of power at

frequencies. of 920 MHz and 2450 MHz;

A relatively small change ( +5% ) in the
permittivity of the phanfom tissue causes a
significant qpange ( -5.2% in the peak SAR ) in
the field distribution inside the sphere as shown in

Fig.15.

BLOCK MODELS

The total fields in a block model in the matrix egquation

(18}

were solved numerically by a computer program written

in Fortran. The program consisted of the main program and

five subprograms with the following steps:

1.°

Definition ¢f the problem:

i) the number of cells (n)
ii)  the array sizes of G(3n,3n), E{(3n), and WA{3n)
iii) the incident field "

iv) the frequency



v)

vi)

vii)
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thé dielectric constant and conductivity for
each cell .
the dimensions of the block
the number of divisiont on each side of the

block;

Computation:

i)

ii)

y

N
Calculate the rectangular coor?inates of

the c¢ell centres;

Check for the limit if |klI1l < 2.45; wherguﬁ is

-

- the cell size;

iii)

iv)

Calculate the <coefficients for the matrix
[G] from Eqns.C-14 and C-16;

Compute the decomposition of a rowwise
permutation of matrix [G] and solve the
system of matrix equations [G][E] = —[Eil
by row equilibration and  partial pivoting.
This 1s done by calling an IMSL Library

subroutine;

Solution:

The

output provides the magnitudes of E in its

complex form, and the sum of the square magnitudes of
\

E in each cell:

Limitatipns on the numerical calculations:
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— Cell shape must be cubical: V -
— Cell size 1 < 2.45/]k|l as derived, by Hagmann et
al., [18]; '
— EBach cell must be homogeneous;
N — For a 2 Mbyte computer memory storage, the maximum

number of cells 'is 512, /F

-

The accuracy of the numerical results can be improved by

épplying:

— The symmetry of the model with respect to the
incident field which can reduce the matrix size and
therefore allow an increase in the number of cells
of the block by a factor of two or four depending on

the type of symmetry;

— The number of cells can alsc be increased by
subdividing the cells one at a time into eight
subcells and. solving the 1induced field of the
subcells which have been excluded from the body. The
equivalent incident field of the subcell is the
sum of the incident field of the subcell and

its scattered field from the originai N-1 cells.
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In order to verify the accuracy of the  calculated SAR
distribution inside the block model by using the tensor-l
integral-equation technigue and different number of cell
subdivisions, l6-cm and 12-cm cubical blocks, and a
12cﬁ X 12cm X 6cm block are chosen to be analysed. The sizes
l6écm and 12cm are slightly larger than one wavelength ( A =
10.5cm )} in the average tissue phantom at a frequency of 350
MHz. The results from these thigk block models, as the

thicknesses are comparable tol , can also demonstrate that

‘the accuracy of the solution can be affected by the

impressed magnetic field. This is observed from the
inconsistency of the célculated local SAR in the nearby cell
regions arising. from different number of cell subdivisions
of the same block model, The SAR distributions for the

above models and an incident power density of 1 mW/cm? at a

" frequency of 350 MHz are shown in Figs.16-18. Due to the

symmetry with respect to the incident E-field vector, only
one quarter of the sections of the SAR distributipns are
shown in the figures.- For comparison, only the SAR
distributions in a half of the cubes are shown 1in
Figs.16-17. By comparing the values as shown 1in the
darkened boxes of these figures, the calculated local SARs
in one region deviate quite significantly f{g@ those 'in the
nearby regions of different number of cellv subdivisions.
These results also show that the field distributions for the

larger number of cell subdivisions deviate significantly
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from those of the smaller number of cell subdivisions even
when the cell size condition Jk|1l < 2.45 is satisfied. The
main cause of these ‘resulfé in thick 'models is that they
both have aA large <cross section perpendicular to the
incident H-field, thgrefore eddy currenté are induced and
flow aleng the long path in the blocks. This effect can be
eliminated by subdividing the block into a very large number
of cells. This has been shown using the same comparison on
a thinner block as seen in the darkened boxes of Fig.18,
There is some degree of consistency in the nearby regions of
k]l = 0.895 and (ki1 = 0.716 wheﬁ the number of subdividing

cells increases from 256 to 500.

In order to eliminate the eddy current effect, somé
thinner blocks of thicknesses of 3.0cm, ﬁ.Ocm and 4.8Bcm, and
cross section of 12%12 cm? are evaluated. = The SAR
distributions inside those thinner block models are given in

Fig.20. The result using this technique with different cell

sizes will be justified later by experiments.

The general comments resulting from the numerical

calculations of the block models are as follows:

— The effect of induced eddy current on the thick (as
compared to 1 ) block model can be eliminated by
increasing the number of cell subdivisions. The
product of the cell size and the thickness of the

blocﬁ/ps derived from the last result in Fig.18 must
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be smaller than 0.065 ‘12" provided that 1 <
'2545/1kl, so that a good result will be obtained by
the tensor-integral-eqguation technigque and the moment

method;

— The strongest component of the total E-field is along

the direction of the incident E-field { Ex );

2 2 2
. — .
— The ratio of ]EY[+ |Ezl  to |EL| increases from
the centre to the edge of the block, as skown in

Fig.20 for the block sizes considered.
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obtaining the decsimetric data was presented in the firss

chapter. The technigue used in this thesis employs an

4 probe t¢ measure the E-field- distribution.

pos

electric fie

This metheod has the folleowing advantages:

— The actual fleld intensity can be acquired =hreough

real time measurements;

-~ Due to the high sensitivity of the probe, thé phantom
is exposed to low power irradiation-so that heating
effects are eliminated. This is important as an
increase in the phantcm temperature can alter the
electric properties of the simulated tissue, whose
permittivity is temperature dependent. A change in
the elegtrical properties of the phantom can result
in a change of the field distribution. The rate of
temperature increase can be <calculated using the

following formula: "

dT _ P _ SAR
dt ~ g5 775

20



where,

S = 3%75 J,/kg-"C, 1s bthe specific heat cf,the phantcm

mater:ial

L
5 is <he ab : e~ . . oo
P 1s the absorbec power densizy in the medium Iin W/m

7]

o example, the rate of temperature increase Ior a
L]

-6-cm ‘dliameter sphere having the average tissue

. . . . o2 .
permitTivity at 350 MHz with a 3-mW/cm inc:ident
cower Zensity, which corresponds tc the local

SAR at the centre of C0.036 W/ kg, is egual =c 0.04
L]

C.'hr., therefore temperature change due =tc a

. s S . . : .

3-mW, cm :nc.dent power density s ins:ignificant

and dces not affect the measurement of ~he SAR

A larcge amount o¢f gata can be acguirec in a
relatively short time periocd by using a computer

based scanning system;

Fields at the point of measurement are only
minimally perturbed by the 1insertion of the probe,
1f the probe 1is small compared with the wavelength

in tissue { A ) and the measured object.
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4.2 COMPUTER-BASED SCANNING SYSTEM

The measuremeﬁts of the electri field distributions

inside cdifferent models can be done relatively £fast by use

of

™
a computer-based scanning system, which was designed and
built at the Universicy of QOttawa. The biock diagram of the

system ancd a gart of the system inside the anecholic chamber
-

are shown in Fi1gs.2l and 22, respectively. The automatic
scanning system ( Barsk: et al [4] ) which can acguire,
store, g2isplay, and reccréd the field intensity and 1its

grientaticns consists of:

— An anechecic chamber with reflection of about -208b

for freguencies greater -zthan 300 MHz;

— Electromagnetic radiators for selected freguencies,

‘

a) 350 MHz
-»

-- a half wavelength slot antenna with gain
of 4.87 or a half wavelength dipole with
gain of 3.B2 both fec from a HPBGESGA
signal generator and a AlADK power

amplifier

' b} 920 MHz
-- a half wavelength slot antenna with gain

of 6.1

c} 2450 MHz
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-- a horn antenna with gain of 26.7 fed
from an HP8690b generator and a SINGERS5120

power amplifier;

A phantom model undec test;

by

A miniature triaxial E-fielé probe;

a telemetry transmitter mounted on the scanning unit
and is used ¢to amplify and convert <the detected 560
Hz ( which has been chosen from the optimal S/N of
the system and sensitivities of the electric field
probes [38] ) or DC signal into a freguency mecdulated
pulse signal. The conversion is done by a Voltage to
Freguency <converter, which drives an infrared
LED and transmits the 1informaticn on an optical
fiber into the telemetry receiver outside the
chamber., This eliminates scattering by metallic
cdbles, minimizes RF ( Radio-freguency ) interference
in the system electronics, and reduces the cfoss-talk

between the channels;

A mechanical structure for supporting and positioning
the probe with an uncertainty of £+ 0.05mm along all

three axes [4].
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A computer system consisting of an Intel 8085 used
to control the experiﬁent and a PDP11/34 for

data acquistion, storage, display, and

recording.
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Fig.22: AN AUTOMATED SCAKNING SYSTEM INSIDE THE AMECHOIC CHAMBER
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4.3 ELECTRIC FIELD PROBE

.

Three triaxial E-field probes: a Narda Model 2608 {( 3mm
in diamg;er }, a EIT Model 979 ( 1l.lcm in diameter }, anéd a
Holaday Model IME-01 ( 2cm in diameter ), which are all

insulated by a dielectric tu

o

yae

a
0

are used to measure the

electric £field Intensity 1inside the phan:com. The basic

elements ci the probe are:

— Three orthogonal miniature &ipoles each on lts
own substrate arranged in three mutually
perpencicular planes. For the = EIT probe, the
dipocles are arranged in an "I" configuration sc
that the <three planar substrates can be placed
very closely together and st:ill provide minimal
lnteraction between the orthogeonal dJdipcles. The

dipoles in the Narda and Holaday probes are arranged
2

at an angle of. 54 with respect to the long probe

axlis so that the single dipole can be oriented in

three mutually perpendicular directlions by

success.ve rotations of the probe about 1ts  axis
- o) . . . - . - - . -

by 120 . Their simplified structures and dimensions

are shown in Fig.23;
Y
— The center gap of each dipole is shunted by~ a
zero-bias { low barrier ) beam lead Schottky dicde.

It has been verified [22] that the output DC voltage

1s propertional to the square of

L7

-field
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intensity within a' certain range of E-field
S

intensities, therefore the square of the total

5 .
E-field 1intensity, 1ETI is given by the following
expression:

2

|Eql = BV (21)

where,

. V. is the sum of all three voltages
|

B 1s the calibration factor for the probe at a

given freguency and for a gi:ven phantom material;

~— High-resistance- thin-film leads =~ with a low-pass,
distributed f:i:lter composed of a highly lossy
series inductance with distributed intérload

capacitance { Bassen et al. [3] };

In general, all three probes have: higher response ( i.e.
appreximactely two to four <times higher in the detected
voltage for the same E-field intensity [22] ) in the tissue

eguivalent material than in air and the response at a fixed

frequency changes very slightly 1in = tissue eqgquivalent
materials of different dielectric properties. Due tc the
low-pass filtering effect of the probe, the sensitivity of

the probe decreases when the modulation freguency increases

{ Stuchly et al. [38] ). »This is shown in Fig.24
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4.4 PHANTCOM MATERIALS

To simulate electrical properties of biclogical tissues,
speclal phantom materials were developed. The phantom
materials with average tissue properties at a freguency of

350 MHz are prepared using-a recipe given in Appendix D. The

B

relative permittivities of the phantom were measured using

an automatic measurement SysStem. The system consists cf an
open-ended coaxial line senscr and an automatic . network
analyser under computer control, This system, when

calibrated with well-known dielectric materials such as
water or saline solution, can measure the permittivity with

an uncertainty less than 3% ( Kraszewski et al. [26] ).

Different batches of the 350-MHz average-tissue phantom
made following the same recipe are consistent and their:
differences in permittivity are within 3%. The average
dielectric constant and conductivity bf the 350-MHz average-
tissue phantom as measured at a r§§h temﬁerature of 23°C are
equal to 38.86 = 1.17 and 1.04 + 0.02 (S/m), respectively.
Average-tissue phantom is used at 350 MHz because it has

lower viscosity than the muscle-tissue phantom.

Knowledge of accurate values of. the permittivity Iis
important for the comparison of .the measured E-field

intensities with the calculated ones.
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At frequencies of 520 and 2450 MHz, saline solutions are
used as phantom materials because of their loﬁ viscosity and
simplicity of preparation. The advantage of wusing low
viscesity material is that it can avoid sustained air
bubbles caused by the movement of the probe. These air
bubbles, especially when their sizes are comparable to A |,
may perturb the field in the phantom and ~therefore affect
the accuracy of Fhe measurement. The saline solution at 920
MHz contains 1 percent of salt by weight, while distilled
water is used at 2450 MHz. The electrical properties of
these saline phantoms as measured-ét a room temperature of
23°C are &€'= 76.5 and T = 1.58 (S/m) at 920 MHz, and £ =
77.9 and 0= 1.021 (S/m) at 2450 MHz. The conductivities of
these saline solutions are very close to those of the muscle

tissue.

4.5 ;SPHERICAL, BLOCK, AND CYLINDRICAL MODEL MOLDS

Molds for the 'spherical and block models are made of
2.5-cm and 5-cm radio-frequency transparent polystyréne
foam. . The mold for the cylindrical model is made of 0.32-cm
thick acrylic -having a dielectric constant of 2.6. All
model dimensions are exactly the same as the ones used in

the numerical analysis with the details shown in Fig.25.

4
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4.6 EXPOSURE CONDITIONS OF THE MODELS

Due to the small ( as compared t& la ) sizes of the

~
.

spherical and biock models, -they are exposed to the
approximate plane wave in the far field region ( 1i.e.
distance from the source > ZDE’LQ , @as derived from the
-parallel ray éppfoximaéion which creates a phasé error
smaller than 45 [39]; where D is the lengrh of the source )
of the radiator. The 1incident power density for the'far
field exposure 1is inversely proporticnal to thé square of

the separation between the phantom and the source.

Since the length of the cylinder is compaczable to )w' the
éylinder is exposed to a large portion of the spherical
wave. In this case, only the middle section of the cylinder
satisfies the far field ‘exposure conditicns. - The incident
power density at different sections in the cylinder can be
.evéluated by multiplying the incident power density at the
center section by a factor. This factor is the square of the
product of the £field bpattern and the electric £field
intensity calculated at the point of incidence of the wave
in that particular section, due to the dipole-antenna source

(39].
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i) EXTERIOR OF THE SPHERE AND BLOCK MODELS

r N

DIAMETERS

6.3 cm
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I

123cm
167cm

L L

ii.) SECTIONAL VIEWS OF THE SPHERE AND BLOCK MODELS
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iii.) SIDE VIEW OF THE-
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o 24.8 cm

iv.) SECTIONAL VIEW OF THE CYLINDRICAL MODEL

» ﬁ "

' Fig.zs: SHAPES OF THREE DIFFERENT MODELS
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4.7 UNCERTAINTY ANALYSES

o
The sources of experimental errors are summarized in

Table 3. They are also described as follows:
—~ Non-isotopic response of the electric field probe

i) The motational symmetry of the probes and
the orthogonality of the dipoles ‘in the probes,
such as the EIT prcbe, whose rotational
symmetry is within #12% and one. of its
dipoles is coupled to another one by 12% of
powér' as shown in Fig.26;

ii) Direct pick-up from the lossy tra%imission'

lines in the @probe was measured Wwhen the

incident E-field was directed along the long
gxis of  the probe. . The signal measured frbm

“this direct pick-up is more than ten times that

detected by the dipcles;
L= ﬁeﬁlections from the column of the dgcanning unit

i) The minimal reflection region is located at a
distance of more than 0.37 A, away from the
column Hhen the antenna 1is located on the
ground. "This /' is = obtained fro% results of

- the .field meagurement in air as shown in

- . ‘ . JA
) ) Fig.27; . /



74
ii) Minimal * reflections also occur. when the
antenna 1s radiating from the side and

behind the absorbing tiles on the column;

Reference direction of tHe incident field vector

with respect to the axis of the test body
p A

i) . A nonuniform incident field can result from the
radiator and test model snot being leveled. &s
shown in Fig,28, the uniformity of the
incident field can be. improved 1% by leveling
the radiatiﬁg element and the test model;

ii) Misalignment of the inéident field' vector
with the reference axis of the test 'model
can cause cross polarization effécts in the
measured results. A rotation of 5° from the
reference axis will result 1in a 9% change in

the cross polarization of the incident field;

Nonlinear characteristics of the amplifiers ang

probe detectors:

This can be prevented by operating the measuring
system within the linear range as shown in Fig.29;

4

Decrease in detected output voltage:

. T
This is caused by the drifting of the output power

level from the -unstable power amplifier or by
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the battery discharge in the transmitter
amplifier after é long switch-on period. This
¢can be corrected by momentary adjustment to
maintain the outpu£ power at a constant level

throughout the experiment and checking the battery

voltage before the measurement;
Uncertainty in distance measurements

i) The map of the required measured points 1is
created manually;
11) Distance between the source and- the test
model is measured by a meter-stick with an

“accuracy of =2 mm;
A
iii) The molds of the phantom . models were
constructed with a dimensional accuracy of +1

mm 3

N

‘Nonhomogeneous phantom materials

"After the phantom has been stored for a périod of
time, some ingredients may settle in the phantom and
some water may have evaporated. ‘All these factors
will change the pefmittivity of the phantom.
Thﬁs can be avoidedr by well mixing and testing the
phantom permittivity before the field measurement.
From the caIculation on the variations of Ythe

permittivity in spherical models, a 3% change in

-
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permittivity will result in a difference of 2.2% in

the péak SAR.



S . -
’ v
%GUFT F 10137 Teiuswiaadxy feza]
‘ UAWIINSEBW pPi{at4 2yl 2Jojaq worueyd buraraodeaa STeTJa3R| Wojuryd
%22 ¥ ayy Jo sarjaadoad ayy 1531 pue xqw Jajem pue HuT(iIlas AanMIXTW -- snoausbowoyuot)
[opow ps3sa) ayy jo SUOTSUBUWIP --
butddew- Tenuew fey3ITUT --
) . ATIngoaed _ s1utod 3dusasyaa _
%G ¥ A19A 2uop 2q 031 SIUSWIINSPAW I pur 32JN0S A1 UIIMIAQ IOUEISTP -- SIUAWIINSED} 3OUPISTQ
Jamod ndino sy3 | I933Twsuray ayy ul abaeyosip Aaarjeq --
Jo quawysnfpe Adejuawow pue abejfoa - : 1371 1dwe abeaTop
%e ¥ A1o3yyeq ayy jo Buyisay Aaeuywygoaad Jamod 21qaPIsSuUn Ayl Jo bugygtap --, Inding UT 95e3103()
s1a7)711dWE juswdinby ‘ay)
abup My pue aqoad ayy Uy J10303313p JO SOT1STIa0RIRY)
e T JrAUTT ST UT wasds ayy aredado 0] apoTp 3yl jo sajiradoxd aeauypuou -- JE3UTTUON
: ) I20Q10SqP |[ITM
waasAs Huruueds go siyaed pye bBujiaaono
1o say1y bBuiqrosqe ayl Aq paiarod
N ST YITYM 2IN12NnI11S STTIRYAW AY) i
Jo ap1s ajtrsoddo oyl woly uctivIprrIf S3TT3
J0 3Tun m:q::aumo 3yl jo jaed woijoq Buyqiosqge ayy £q palaAod ou ST a7un Butuueos
oy woay Aeme Y00 ueyy Jabary YoTym Trun Buguuesns ayqy Jo uorydod 2yl JOo uunyoo
%[ ¥ 20URISTP B 1P JUOP A 07 SIUAWAINSEFAW |{OY[TPIaw M) woly Hutwoo suoyloaryea -- Sy} Wol} SUOT3D3T3IoY
o o ) aqoad ayy uo SauTq E
uoTssTwsuply a1} woay dn-yo1d q03171p -- > .9q0Jd PT9T14
321 ¥ . pPa1991100 3q 10UURD satodip aeynatpuadiaduou -- 01330a13 21dojosTuON
NOT 1LI3HHOD
HA1 4y HOHYA HOT LD 1HH0D ) S3A2HNOS SITINTVLIHIONN 40 3dAL
TINIWTH X

™

SIATIHTYLHIOHUN WEHIHTHIAX T 40 STIOHNNS THL 40 AHVHHNS ¥V

£ 1Navl



cmmeley U STAIDAND DEVIATION )
- _r..,lz { AVERACE }

15 F < |Coreon 1|? *| Groue z|2 * |Eoreece 3[2

— z '
“‘—itmpm.: 1l —‘—"EDIPDLE z[z ,—-——l[:upmt Jiz

of * ! Y\ ' ¢
06" ~e o/ ' lk
- Y ’\h K
} Na /O/ 1 ) ' )
AN SN N A0
[ ]
/ T . / °§*-,._:.-:—A-A“6 \
U “\ [+} AY J = / \.
S, o, o’ Sor o » -
o T S . S U S TN S SR SN S I B R NP S S A SR SR

0 20 0 &0 80 100 120 180 140 )50 [OG 220 2e0 a0 I60 350 320 %0 280
’ B In SICREL

Fig.26: Tik ROTATIONAL SYMULTRY OF THE L11479 PHRODD 1L ASUHED IHSIDD THL TEM CPLL

B
L

16001
- [r_rﬁzq cp _
. o r . g
4 d° f
1400 — — = — nmeasured d
~ -~ - i .
€ ar
~e
-
iy
12000
|
| .
1000 i o
l
|
| 1
1 ] .
800 3 ) 1 ¥ L 1 r 2 ] r 1 1 Il | t i R
54 55 56 57 sg 59 &0 61 62 | 63 [0 65 66 67 &8 6§i d ( cm )
d' = 31.5 cm ¢ 0.37Ao ) d* =25 cm

I . { 0.29,\0 }
Fig.27: THE ELECTRIC FIELD MEASUREMENTY IN AIR ( P_ = 3W, G = 4.87, f = 350 iHz,

SENSITIVITY OF THE E171979 PROBE IN AIR: C = 0.31/,\\/,’(\'2/m2) )
d+d'z294cn '



| |
o T S
.9 | % | 95 a5 gg | o
.9 .97 .98 .95 .95 o
.95 .99 1 1 - 1.01 i.ol
I
1 1.0l .02 1.02 1.02 il.OB
| | - |
(1.0201.02, 1,02 1.3 1 1.03 | 1.03
T } |
~ ll.OZ 1.03 1 1.06 1.04 | 1.05 {1.05

UHLEVELED RADIATING SOURCE
STANDARD DEVIATICM = 3% )

(

I —
| ! + i
1l.02 1.021 1,027 1.02 ' 1.02 "1.02
11.02 1.02 | 1.02 1.06 1 1.02 1.02
| ; -
. | |
1.02 1 :l.02 1 1.0l L.0L
— 1
S T D S S U 1 .99
. | | ?
! z
Loz} 1 jroz: 1 ¢ .99
981 1 | 98| 1 1| .98

AY

s

LEVELED RADIATION SOURCE
( STANDARD DEVIATION = 2% )

Fig.28: NORMALIZED MEASURED VOLTAGE WITH RESPECT TO
OVER AN AREA OF .14X.14 ls AT A DISTANCE OF
THE RADIATIMG ELEMEMNT ( 1/2 ln SLOT )

ITS AVERAGE
.sal.o FROﬂ

~1J

3

0



0

7
— 3
> -
E
-
-
g 1.0
= _ -
=)
= .600M
>
:. .
o
=
d
=0
ol L
2 |
-
—
: |
>
= .00
— L r
- - |
5 I
I Pt
3 .060 ] [
R >._ » |
q | [
| '
s ' l
T |
.010 | | |
NCISE - ! ! : — %
LEVEL 005 1 1 ' ! ] 1 [ | Nt 1 :
30 : 60 - 100 . 600 1000 o o o) 600 iCoco
NONLINEAR RANGE. OF {E7] m ' POWER
| THE TRANSMITTER - LINEAR OPERATINGC RAMGE - [AHPLIFIER
I AMPLIFIER AND THE [smumrso

| 'DIODE DETECTOR l
F1g.29: THE DYMAMIC RAMNCE OF THE EIT979 PROBE, TRAHSMITTER ANPLIFIER,
AND AIADK POWER AMPLIFIER ( CAIN OF THE TRAMSMITTER AMPLIFIER
= 4000 + 80 )



Chapter 5 )

COMPARISONS OF EXPERIMENTAL AND THEORETICAL
RESULTS

5.1 GENERAL

All experimental results presented here are normalized to
1 mW/cm? incident power density in order to pdmpare them
with the theoretical results. All three models are exposed
to the far field of the radiator. The error bars shown on
the experimental curves represent absolute uncertainties
and d5 not include the effect of imperfect shape of the
model. The absolute uncerféinties are estimated by taking
the root mean sguare of the following factors:

4

— Uncertainty of the power meter and. directional

coupler ( 12% as specified by the :manufacturer };

— Uncertainty of the voltmeter ( 1.2% as specified by
the manufacturer ); -

— Uncertainty of the sensitivity of the probe ( as
. ; : . \

shown in Table § ):

— Reproductability of the measured results ( random

variations ) ( 5% as estimated );
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— Uncertainty .0f the 'gain of the=mgésurement  system (

4% as measured ):

'

The response ofl the probes’ isr calibrated uéing the
" measured results in-épheres ana‘cylinder. The sensitivity
of the probe is e?alulatéd by . dividing the .sﬁm'of the
detected voltages from the three dipoles by the:calculéted
field intensity at selécted poiqts " and éve;agiqé over a few
matched points. The sensitivities of the probes at three
different frequencies and ih differeﬁt'mgteriais are given
in Table 4. For comparison, 'thqse>va1u¢s'obtained from a
large { as compared to A ) flat layer of muscle phantom are
aléo; given in Tablé 4. ‘lE;celleﬁ£ agfeemeﬁt between
sehsitivities _in diffefently:shaped phantoms gives

confidence in.both théoretical and;experiﬁental methodsz

—
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5.2 SPHERICAL MODELS' -

In general, the experimental -results obtained for the -
spherical models of different sizes and at different
'freduencies agree well with the theoretical results, both
gualitatively and quantitatively. The details are shown in

Figs.30-36.

Figure 30 shows the effecti@f the imperfect shape of the
model at the entrance point of the probe ( formation of the
neck )}, the smearing and perturbation effects of the Holaday

probe near the bottom part of the sphere at 350 MHz.

The shépe of the sphere was distorted by inserting the
probe thuéﬁraising ghe level of the phantom material in the
sphere., "This 'happened in ail other measurements in
spﬁeriéal ﬁodels with a similar structure. The smearing
effect of the probe is due to the physical separation of the
' dibﬁles in the ';rcbe, while the pérturbation is mainly

because of the siié of the probe. -

The measurement results obtained along different axis of
a sphere is shown in Fig.3l, Unfortunately, correct
measurement resﬁlts along the axis parallel to the incident
electric field cannot beTOBtained due to the direct pick-up

by the lossy transmission lines in the probe.

Figures 32-34 show the results for the spheres with

different diameter to wavelength ratios. These figures

e
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indicate the excellent .:'spatial resolution and consistent

response of the Narda probe at 920 MHz.

A good example to show -.the smearing and cross couﬁling
effé&ts of . the EIT prbbe is given in Fig.35.  The
discrepancies between the calculated gnd meésuredh results
using the Narda probe as shown in Figs.35-36 are mainly due
to the perturbation of theﬁprobe at that frequency, the
uncertainties in the- perﬁittivity of the phantom, and the
uncertainty in the-éff-axis field measurement.

2
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Fig.30- COMPARISON OF THE CALCULATED AND MEASURED SAR AND ELECTRIC FIELD OF
THE AVERAGE TISSUE PHANTOM SPHERE ( %= 38.9, O = 1.04 S/m,
= 350 MHz, Incident Power Density = 1 mW/ca¥, Diameter = 16 cm,
D.lameterl). = 0. 19, and Sensitivity = 2.9 ¢+ .BﬂV/(Vzlmz) ( EIT ),
25 + 2 HVI(V Im ( Holaday ); where the double arrow indicates the
s direction of anldcncc of the EM wave and the dark arrow shows where

the measurement started. Absolute unccrtainties of the measured values

are s12% ( EIT ) and :11% ( Holaday ).
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THE AVERACE TISSUE PHANTOM' ‘SPHERE ( €' = 38.9, 0 = 1.04.S/m,

= 350 MHz, Incident Pow'er Pensity = 1 mwlcmz, Diameter = 16 cm,
mamtera = 0.19, and  Sensitivity = 2.9 s SRV véim?) ( EIT )5
where the double arrow indicates the direction of incldence of the EM ave and
the dark arrow shons where the measurement started. Absolute unccrtainty of )
the measurcd values is «19 % ( EIT ).
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Incident Power Denslty =1 lecmz, Diameter = 16 cm, Dlamcter/)_ = 0.49,
* and Sensitlvity = 0 62 3 .05/(\!/(\! /m ) { Narda ), where the double
arrow Indicates-the direction of incidence of the EM wave and the dark arrow

shows where the. measurement started, Absolute uncertainty of the measured
values {s :11% ( Narda ).
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-arrow indicates the directlon of incidence of the EM wave and the dark
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. measured values is :14% ( Marda ).



ls

N

SAR ( W/Kg)

.2

1

Fig.34:

‘91

. — Calculated values
= = — Measured values ( Nirda )

L I i L

-3 2 1 0 -1 -2 -3
DISTANCE ALONG THE Z-AXIS (cm )

COHPARISON OF THE CALCULATED AND MEASURED SAR AMD ELECTRIC FIELD oF
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In;ident Power Dcnsity“ lmwfcm Diameter ='6;6 cm, Diameter/lo = 0.2,
and  sénsitivity = 0.67 t_o.onquwzlmz);
indicates the direction of Incidence of the EM wave and the dark arrow .
shows where the measurement started. Absolute uncertainty of the measured
values 1s 9% ( Narda ). ' '
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Fig.35: COMPA.RISON OF THE CALCULATED AND HEASURED SAR AND ELECTRIC FIELD OF

THE MUSCLE SALINE SPHERE ( £'= 77.9, § =.1.02 S/m, f = 2650 HHz,

"‘-Incidcnt'l?ower Censity = 1 mW/cmz, Diameter = 12 cm, Dlameter/)o = 0.98,

and  Sensitivity = 0.07 + .Ol’qyl(vzlm ) { Marda ),
0.14 + .0} Pvf(vzlm ) { EIT ); where the double arrow indicates the direction
of lncidence of the EM wave and the dark arrow shows where ;he measurement

startcd . Absclute uncertainties of the measured- values are +16% { Narda )
and +10% ( EIT ).
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Fig.36: COMPARISON OF THE CALCULATED AND MEASURED SAR AND ELECTRIC FIELD OF
THE MUSCLE SACIN[ SPHERé.( E'= 77.9, 6 = 1.02 S/m, f = 2450 MHz,
Incident Power Density = 1 m\V/cmZ, Diameter = 6.6 cm, Diamctcrl}LD = 0.54,
and Scnsltivity. : 0.08.+ .OZﬂVf(Vzlmz) {(-Harda ); where the double
Indicates the direction of incidence of t tH wave and the dark arrow
shows where the measurement started. Absolute uncertainty of the measured

values is +26% ( Narda ).
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- 5.3 CYLINDER MODEL

The, theoretical SAR distribution acrbss an infinite
" circular cylinder also agree well with the e#perimental SAR
distributions at the middle section of a finite circular
cylinder with 0.2923 in diameter and 2.1423 in length at a-
frequency of 350 MHz. "The comparisons of the calculated énd
measured results at different sections are gi?eﬁ in

Figs.37-40 for TM and TE modes.
f.""\\‘_

Figures‘ 37-38 show that there are good correlations
between th@ calculated and measured results at the center
section, The discrepancies occurring at the top part-bf the -
cylinder‘afe.due to the iﬁcomplete circular cyliﬁder which
was not completely filled t¢ aveid spilling ffom the
openings at the measurement locat%dné. fhesg figures also
show the comparison gf: the measufgd results at different
locations for T™ and TE ﬁodes. The éompared fesults indicaﬁe
that reflections-féémﬁ;ﬁhe metallic part of the s@anning
stpuct&re are visipié, §hen'the incident wave' is irradiated
towafaswit.-'jbé;gef:aéscﬁbpancies occurred in thé TM mode,
as}éb@éaréd{tb;pyoéq_iﬁ the TE mode;  are p;;bably caused by
'ffhe&hﬁéﬁér“eﬁd %g;}éctiong_inithis_mgde,u o -

Similar 4compéfi§ons are shown én ‘Fi§§.39-40. These
figufes éhoéi an excellen; matching between the calﬁulated
and measured results wusing the ﬁIT probe, except some
measuggd values which are close to the threshold of the

sensitivity of the probe.

RV '
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P
It was found that the measured results obtajned along the
direction perpendicular to the propagatlon axis js» more
than ten timeg the maximum of calculated results® when the
source is positioned on the side of the cylinder. It seems

to result from the direct pick-up. in the probe and

reflections from the scanning unit.
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Flg.37: COMPARISON OF THE CALCULATED AND MEA3SURED SAR AND ELECTRIC
FIELD ACROSS A CIRCULAR CYLINDER FILLED WITH THE AVERACE TISSUC
PHANTOM ( €'= 38.9, £"= 53.5 ) TH Mode, f = 350 MHz,
Inéldent Power Dénsity =1 mwicmz, L =0.62]b, L = O.QQAb,
d = 0.292b, Sensitivity = 20 E/HVf(Vzlmz) { Holaday );
where the double arrow indicates the directfon of incidence of
the Eﬁ wave and the dark arrow shows where the mcasurcmqnt

started. Absolute uncertainty of the measured values

is 8% ( Holaday }.
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Incident Power Density =

d = 0.29)3, Sensitvity
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.

29% { Holaday ). ’

1 mi/ems, L = 0.62, L' = 0.44},
= 17 :glfaylfvzlmz) ( Holaday };
Indicates the direction of incidence of

Y the EM wave and the dark arrow shows where the measurement”
r

t started. Absolute uncertainty of the measured values is
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started. Absolute uncertainty of the measured values is

5 .#8% ( EIT ). T . ’
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started. Absolute uncertainty of the measured values is W
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5.4 . BLOCK MODELS

Iﬁ'general, large discrepancies in the comparedrfésults
for the block models occurred. These are due to the

i

incorrect cailculated -.results in some cases ..and the

Honisotqpic fespodse of the EIT probe in most caseétgw
‘Figﬁres 41-42 show the compared results for two cubes
with different sizes and numbers’.of cell subdivisions. The
results for a block model with the smaller thickness and
. cell size are shown in Fig.43. Aside from the fact that the

calculated results in ‘these models are not accurate ( i.e.

2 - :
l.t > 0.065 X ), the calculated SARs. are symmetrical with

respect to the incident Ew and H;fielé axes while the
measu;ed reéﬁits génerally do not show these symmetries.
The léck of symmetry is mainly due.to’ the nonisotopic
f;sponse of the probe in mappihg a cross-polarized induced-
field distribution and cross polarization of -the inéident

field.

e

Figure-44 shows the results for the.blpcks with diffefent x

cell size and thickness products. Reas&nable agreement of;

the experimental and theoretical results is visible in the%

section of the block with the $mallest g%ell size and
thickness product as ‘shown in the darken box in Fig.44.
This may be; beéaungan accﬁraté- numerical solution is
obtained from a cell size and thickness product smaller than

s -
0.065 l . The large discrepapcies shown in the other

"

. s,

L
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sections of this figure are probably caused by.the two

factors mentioned before ( errors in calculations and probe
T

response ). ~—
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5.5 EFFECTS OF CROSS POLARLZATION |

Due to the shape and symmef;y of the gpherical model, the
cross polarization of the incia;nt-field does not affect the R
SAR distribution along the propagation axis of the sphere
sincé the induced electric field 1is polarized in the same
direcﬁiph as the incident electric field vector. This cross
polarization effect -caaéés a slight change in the SAR
distributiod ih the othér two axes of the sphefé, since the
induced electri€ field is cross-polarized along the
direction of the incident electric field in the sphere. This
mayrexplain some'bfg;he digc;epancies of the experimeﬁtal

results shown in Fig.3l.

Since the induced electric field in the cylindrical model
is polarized in the same direction as the incident electric
field vector, the cross polarization effect also causes a

slight change in the measured field intensities.

The cross polarization of the incident field can change
both the intensities and the symmetry of the measured field

in the block model. These effects are shown in Fig.45.
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Flg.s5: COMPARISON OF THE CALCULATED SAR DISTRIBUTION IN mW/kg IN A LT
BLOCK WITH AND WITHOUT 10% OF CROSS POLARIZATION,
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5.6 CONCLUSIONS | | | ‘

e

LR
. o + L

In this thesis, the numerical and experimental SAR
distributions in simple spherical, cylihd:icél, and block

models,‘under plane wave irradiation were compared. The

-

'1f-numerrcal SAR distributions in' the spherical and cylindrical

ggdels_ were - obtalned by solving Maxwell's equatlons
enalyfically, while those in the block model were obtained
by solving the formulated tensor 1integral equation

numerically. The SAR dlstrlbutlons were also measured using

s

an automated scannzng SYstem and the electrlc-fleld-probe

R

technique.

P . ' ‘
The .apalytical results for the sphere and cylinder agreed
véry  well witﬁﬁipﬁe experiments. The cylindrical model

analysed here can. - simulate an infinite cylinder 1in the

middle section, while at a distancefof'0.44,lofrom the end,

.the SAR distributions are‘slightl§"§isto;téd :by the end

reflectlons. . The condltlons fo?jeeﬁ accurate numerical
solutlon in the block model: by the tensor-integral- equatlon
technique - and the momeq; methode~were derived from the
comparison of the calculezed SA# distribution in the block{
with different cell sizes. It’ﬁeé found that the product'of
the cell size and thlckness along the propagatlon_ axls of

the block must be smaller than 0. 065.2, . Due. to fthe

-inherent propertles of the electrlc fleld"probes, . large

discrepancies vinffﬂjthe. c:OSSrpolariZed induced—field
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measurement, such. as those 1n the block model occurred.
~Therefore, ‘the results for the block model canqot be

‘compared and . the coﬁditions fof';thé accurate _huﬁerical
solut1on cannot‘be verxfled by experlments_ Tf:fr.
: POTR ‘ :

The maiﬁfsource " of the overall system S . experimental
- vl . 3
errors comes:. from the fleld measurements u51ng a nonideal

electric freld probe.‘ The perturbatlon of the ~probe in the

.__\ .

field measurement of a glven model uasnproven’to be minimal
below a certa1n frequency. Good repeatability in the field

measufement of the same measuremeht-set—up was found using

-

t.the automated 5canning systeﬁ. _"ﬁlt“is suggested ‘for all
‘-other £uture phantom measurements, in wh1ch the induced

electrlc fleld 15 polarlzed at a certein angle with respect

to the 1nc1dent fleld a morelisotoﬁlc,.triaxial electric
‘Eield probe-should be used. |
L In. this study, the followinglwasfecooﬁplished: Lo

-

,: . ~.- o .:w .' . . ’ . -_,". P
- The‘preparat1on ~and }mplementatlon of two computer
programs ‘for solufhg the SAR d15tr1but1ons in _ the

e ¢
cxl1ndr1cal and block models;jm

- ’The electric f1eld measurements in three simple
‘shaped models under ?the' far - field irradiation

-

conditions:

= The determination-Q%?the practical limitations of the
theoretical and experimental analyses of three simple

shaped models under plane wave irradiation;



110
The evaluation of a part of the automated

experimental dosimetric systein;

The calibration of three electric field probes in the
tissue egquivalent materials and in air at different

frequencies;

. The verification of the analytical solution for the

SAR distribution in the cylindrical model.



APPENDIX A

DERIVATION OF THE RECURSION EQUATIONS
_ TN Mode: ‘ FOR THE - INFINITE CIRCULAR CYLINDER v

By applyiﬁg the boundary conditions, Ez and H,evaluatéd In the lay_erst;m and rr!+-1, as

expressed in Egns.3 and 4 on P.15, can be hquated respectively as:

//»f
J :

Am+l m+1 + 8

m+1Ym+l

:A:’ +BY
m m m m

=AJ +BY -8B —e- (A1)

Am+13m+l m+1Ym+l ' o

S N k
m+1 ' - t __m ' §
/“m+l ( Am+lJm+l +_Bm+lYm+l ) ’/um ( Amam * BmYé ) i v

® km+-Uum ( Am+lJr;|+l * Bm+lY6+l.) = bmﬁm+l r,émjé ¥ BmY$ ;“" --- (A-2)

and

MGltiplying A-2 by 3m+l gives:

v
km+lﬂm ( Am+13r;:+13m+l +_Bm+lYm+lJm+1 )

kmkm+l ( AmJn"IJm-rl * BmYéJm+l L . S { A-37)

Substituting A-1 into A-3 gives: - R | ﬁjﬁ

B }

‘ ' - ' 1
km+l}“m ( AmeJr;Hl +’$mym3m+l Bm+lYm+13m+l * m+lYm+lgm+l

_ v )

B km)"m+1 ( Am3$3m+l ¥ BmYm3m+1 )
] t

( Jm+1Ym+l "_3m+1Ym+l ) B

5m+b"m m+1

¢ km“m+13m+ljt;1_:/Km+b"lm3m+lam ) Am A

+ (K Y'3

mim+1 ' m mel "~ km#l“mym3$+1 ) Bm --- ( A-t )

Similarly by isolating B in A-1 and repeating'the'é;me

m+lYm+l :

procedures as above, we get:

Bne1Ymel = Andm * BmYﬁ " A1 Ime e

- 111 - -
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1 ]
and. koeifn (In1Yme) - Jm+lvm+l ) Anel
= km+ mamY B l":nu‘(mﬂ, mmel ) Am ' i
* K LA mome 1 Kmﬂm+l mJ" )1?m - o= (A5
The recursion equations are obtained by setting.
mel = Fmetim ( Jm+l m+l m+lvm+l,) Amfl"m
Bne1 = K lkm ¢ 3;=:+1 ml ~ Jme1Ymel ) By o
Al = A . '
m m | |
Bé,- f'Bm o '3" '”£T: in Egns. A-4 & A’?ﬁn
The recursion equations are then given as follow; -
( - ) (u W ) Al : ‘
m+l,n} fmn “mn m,n| - Lot
B! =\ X Br o
m+l,n mn T mn m,n -
where, - : s
Unn “AmKms lJn(kmrm)Yn(kmlr § - M"H_lk Il ro )Ytk )
]
an “Hne1¥m J (km+lrm)3n(kmr ) - Hmkm+l AL lrm)an(kmrm)
Won =g Ko, lY (k T )Y (k - Hme lk Y'(g r )Y (km+1 )
Xan Hme1¥m's (kmrm)an(km+ Fm me1 ' KaTn) 30K, m+l o)
Now equating coefficients of Eqns. 2 and 3 on P.15 in the
outermost boundary of the cylinder, we have:. .
“n 81,0 ' S A
Ca = -n :
Aeryn = Bui1,n 73 e, : L (A8
" Lets define a normalization constant K. for A’ and-B',. such ;hatf?" .
A = K AL and "B = KB' '
m,n nom,n m,n nTm,n
* Therefore Eqn. A-8 becomes:
-n
Kn! ﬁhln 'jQHln) =1 ®a L
B n / ( AM+l n ,JBﬁ+l,n )
and now we have' ' - .
AM,n = j e N /-4 H+1 no jBﬁ+l;ﬁ ) . ' ‘: ’ ) —o- GA-9 )

-N - ) ;
-'BM,n =1 .Fnsﬁ n [ ( AM+l,n'— JBQ+1;n ) CoL =--{ A-10)

7



o

113

To denormalf zz2 the amplitudes, ﬁﬁltiply AM and BM by a factor:
. " !
: *(R] LI A-
Mo Jn(R)Yn(R) - Jn(R)Yn(R) } ( A 11.)

where R = radius of the outermost boundary

) 1 v
To find‘the unnormalized amplitudes AM+l,n and BM+l,n in the outer
space of the cylinder, lets define the unnormalized amplitudes in the

first layer:

' -
l, (l 0) and Bl,n = (0,0? f?r all ﬁ
and’ then step through the layers to the outer space from ‘the recursion

_equations ( A-6 ).

As the denormalized amplitudes AM & BM n in the outermost layer are
J
found from Eqns. A- 9 & A- 10, the amplitudes in the subsequent layers

.can be found by equating coefficients of Eqn. 3 on each boundary:

-

Jn(kam)
An-1,n = An — --- ( A-12)
- ’ , : 0
- Jn(km-lRm) '
Y (k R ) ‘ '
B = . -—= ( A-13 ) -
m=1,n 1Ny (k .R.)
ntm-lm’
TE MODE:
Amplitudés Am n and B in this case can be obtained from the same
H P \“"\
procedures as in the TM Mode by interchanging j(& £, such thft the
denormalization factor becomes : ’
] o3 ’ .
tm‘f I (RIVIR) - 3 (R)Y_(R) ) ! ~--7( A-14 )



APPENDIX B
SPHERICAL VECTOR FUNCTIONS FOR THE SPHERICAL MODEL

Spherical vector functions for the spherical models are expressed as:

T = + _m_1(8) FR(cosh) g},g m @ f, '

sing <
- Z.(8) )Pfff; g"g m ¢ J¢ --- { B-1
38 '
1-:'ﬁmn = n{n+l) Z (§) PM{cos@) §97 m @ idr """
a : A
+1 _}_ Z (?) 3 PP (cosf) §93 w i :
¥ )g[g ]% SER =g 94 o
m _)_[gz (g)] PP(cos @) ggg ¢ Ly --- (B-2)
3’5 e

where, ¢ =kr , k Juf‘s*-ju/uﬂ’
Z (9) is the Spherical Bessel Function

th

Superscripts 1l and 3 on i and i indicate whether ‘the Spherical Bessel
‘Function is the first kind J n(§) or the third kind H(l)(g)
P‘“(cose) is the Associabpd Legendre Polynomials with m,n>0, 1, 2,

A
Unit rectangular vectors 1 and iy’ when they are transformed into

spherical coordinates, are given by
A
h-sin9c05¢ i + cosfeos@ “8 - sing iﬂ ' --- { B-3.)
A .
1y = sinesin¢ i[. + cosﬁsinqﬂg + cos¢ i s . --- ( B-4")

b} The coefficients for Eqns.12 and 13 on P.20in region p in terms of
" the coefficients 1n the adjacent p+1 region are given as follows:

P [ p;,p+l PPl p+l . ( pHp+l PHPEP+L p+1 ]
an"—— } ' nn i ngn dn

p_ r‘ppp+l PP+l \ P+l apop,p+l  apprl \ spel ]
o = L (T34 - 1090 ?an +(L,~Jn§n:‘-’)lan Y,

of

- 1y -

-t



’ e 28, 4

2 a3y ’ % 115
P _ P p+1 p‘%‘%d ‘iifi:+1 PP+l pep+l '..:;:Pfl‘
by, = __1? [( 't'pi 3, - HALTT )BT . ('tjnH’; - Hodn 2B 5H -
ot z
1 1) .
2 [ P A v
AP )
n : -
& -=- ( B-5)
where, s

>
2w
1l
O
20
Yy
=2 O
%o
—
50
1]
Foul
h=)
+
—
=]
ll)

kP /u.p
P _ Py . P _ P
J Jn(g) H Hn = Hn(g)

) are:

°(n :Pn =0 {( finiteness at the origin )
aN = bN 1



APPENDIX C

FORMULATION OF THE TENSOR INTECRAL EQUATION
FOR THE BLOCK MODEL -

e g

il

Principal vald& of an integral is defined as:

B

-£ . )
P'va f(x)dx = lim [Lf(;)dx . l f(x)dx] ,
AR £-+0 (-

where f(x) is not cpntinuous at x=0.

From Eqn.l17 oqutzu » the inner product of the integral is given by:

By
-

Cex(F28?) G (r,r) G (ryrt)] [E (1)

E{(r'")G(r,r') = ny(r,r )_quy(r,r')r Gyz(r,r') . Ey(rl) -—= ( C-1)

sz(r,r') ”sz(r,r') Gzz(r,rf{!f hFz(r')-

where the free space tensor Green's function is given by:

Glr,r') = -juom [}l +V_§7] qr(’_x.-,r') ' | a— 9_2 )
! . k§ : _

%r!r') = exp ( -jkolr -r'l) 3 r#r . L C-'3‘ )
i} Ubowr - ')

o = Wkt

To simplify the symbols, lets change the rectangydlar coqrdinates :

X, ¥, and z to X1y X5 and Xqs respectively; so that

X=X 1y = X5 and z = X3 3 then Egn.C-2 ?écqmes:

prxq(r,rl) = —J(J/,b [épq + 1 32 ]\Hr,r').; p’q =1, 2, 3 ---( C-4)

4

The Kronecker Delta function 6quis defined as:

5 =l ifp=gq
pq-~{0 ifptgqg

- lle.
.J-_G/
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>

Since the matrix in C-1 is symmetric each component of Eqn.17
may be written as: E

1+ Hr) (r) -PVLT(!' )[%G (rr)E (r ) fdv!
o) | |

ﬁ"By applying the mofient method, Eqn.C-5.can be transformed into

a matrix equation.
G4 "

The total field is expanded using a- pulse function as follows: S -

L
Kl

N ¢l 1nside the cell n .
[ Enpn H Pn :{ == { C=6 )
n= 0 elsewhere '
Now the body is divided into N cells.
Assume £ andT does not vary inside the cell, therefore Eqn.C-5
becomes;
. 3 ,
[1 + Te) | € (o) - Zl 'Z’(r E, (r) ij G (r,r')dv
] x A n X X
IE, P q= *q? Vo P9 .
- q j .
=& (r) ; p=1,2,3 Ly == CR7 )
*p : S :

1)

Usiﬁg 5( X =Xy ¥ = ¥, 25 Zp ) for testing or by Collocation

Method ( 1.en-to replace all the terms which are functions of X,
¥y, and 'z by the values of the terms evaluated at the point m,
which is the centre of the cell ), Eqn.C-7 becomes:

1 :'Z'(rm) £ (r) - ;1 gl (r) Pva cx ) (rm,r')d'v'}r—:x (r)
3Ju£b P 1 -::q;. R n, —? | . 4 L
=Ei {r,) ; m=1, 2, 3:,..A:...,l*l._,.p=l-,32-, 3 7._((:_s)

LI e | . \

Lets define :

X X .

mn . e * R 7 ‘
e, =Tir,) vy L (9
. - n : L )



so that Eqn.C—B can be rewritren as:

5 5B

A

BJui

sbqgm1< L+ Y, ))]

. m=1, 2,...54, N5 p=1,2,3

Let [Gx x ] be a NXN matrix, whose elements;qre given by:
"7pTq g T e

.1

&

n

o

i
ET (r,)]-
xp 1

“ mn _ mmn )
prxqffgxp¥q ) Squmm [1 * Z(Em)]
;v,f‘- ‘ " JEJQ?O o o
and let [kx ] and [Ei ] be NX1 matricesiés definéﬁ by:
pl p
Ex (yl) ‘ T -
[Ex J: . . and ‘Ex J =
e - P
r A
N
*p
p-=1, 2,3 -

m and p over all possible values:

¢ ¢ ¢ 1fe gl
XX Xy oxz x x
C 6 G E = -|gt
Cyx Cyy Cyzl bty y
6. ¢ E gl

ix Zy ZZ r4 -Z

Symbolic representation of Eqn.C-lB is given as:

(el - 21

Size of the Matrix [GJ equals 3NX3N and size of the matrices

[£] anafe'fequals an.

- gl
X

-

B 1]
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~== ( C-10 )

--- ( C-11}

——- ( C-12 )

The matrix representation of Eqn.17 can mow be obtained by ranging

—e- (C-13 )

—em ( Ca14 ) .

In the calculation of the off- diagonal coefficients of the Matrix [GJ
we can omit the PV operation in the volumefintegral, since r Q V_ and

Gx x (rm,r ) is continuous throughout Vn.

Pq
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J "_"j:_ / Therefore from Eqn.C-9 and C-11, we obtain the off-diagonal coefficients
B of the matrix G expressed as: ‘

X. X

¢ mn T(r)&G (r_,r')av" , min . eee ((Ce:if)
p™q

-

-

As a first approximation, we have:
me:.‘?'t(rn)c (r T )AV e m # n oo eem { Ca15
Pq P'q
where z;vn = J dv' 1is the volume of the cell n.
v _ .

n

Evaluating G {r ,rn) from Eqn.C-4 gives
o *p™q

¢ :nq = - J“/'okournmvne"p('jdmn)
' “x 1&r?m | e S
(o <1 - 2y ) B+ cosefeostT (3 a2 v 33y, 0] T

mn
P q
mZn;
" R R G .
where Linn = Kolmn ' Ron = |r :rnI ) _ :
cosO‘;m = (x" -2y cosB':n = (X"
p p ) =1 %q q
R 9 =
mn -+ 'mn
L4 t -
- m m om _¢-.n .n n
ST = ( X1y X1 Xg ) and T, = (.:_xl, X3s X3 ) . ]
--- { C-17)
For ‘the diagonal matrix toefficients, Eqn €-15 becomes: .
- (- s o : —— _18" -
"y .=Te) ij (rn,r')dV § g {L_-»’I(rn) ¥ ( C-18")
p g’ | plg " Sl s - :

a

-The volume integral in Eqn.C-18 can be evaluated analytically by
: replacing Vn of the cell n with a sphere of equal volume centered R

- at r .
n
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»

where a_ :(BANH YJB is the equivalent radius of a sphere

~———
-4 .
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The‘gxpre;sion for the diagonal coeffigients, as derivédlby Livesay

and Chen [Zél;is given by:

2
3ko

Gx::q ?gpqi‘-_zj“‘/"o([("n) [exp('Jkoan)( 1w kg2, ) - IJ- [l ’ t“fn)]}

g,

-

centered at cell n.

&1




Appendix D )
RECIPE FOR PREPARING 350 MHZ AVERAGE TISSUE _
x PHANTOM _ 4
Phantom material simulating the:.eiectrical prqurties of
‘average. human tissue at 350 MHz can be prepared as follows:
Composition in percentage by weight:

b

water salt sugar Tx150

37.04% ~ B8.33% 50.93% 3.70%

Electrical parameters:

H

€' =38.86, &€ =53.46, and O = 1.04 S/m.
Physical parameter:
'”.ﬁensity ? = l.355'g/ct?

Direction for Preparation:

Dissolve the proper amount of salt and sugar in water at
60-65°C} while continuous stirring, until the solution is
"clear. Turn the heat off and add the correct amount of
Tx150, while stirring. Let the solutioﬁ §6o1 down to room
temperature, and then measure the permitfivity of the

phantom. If the dielectric conétant and conductivity are too
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v l”ow,‘add a slight amount of water and mix well before
repeating the permittivity measurement. The . drop .in
,.*’-’-f’;‘ permittivity is mainly due to -the water evaporatéd in ‘the
- mixing process. | ) . o -
= AR
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