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ABSTRACT

THEORETICAL AND EXPERIMENTAL STUDY OF

THE PROXIMITY EFFECTS OF THIN-WIRE

ANTENNA IN PRESENCE OF BIOLOGICAL BODIES.

by

Khalid Karimullah

This research has been conducted to achieve an in—depth knowledge

of the electromagnetic coupling caused by placing a biological body

in the vicinity of a radiating antenna. The thesis presents a numerical

solution to the above mentioned problem and quantifies the current

distribution on the antenna and the induced electric fields inside

the biological body. This study is necessitated due to the widespread

use of high power transmitters, CB radios, etc., where the operator

of such a device is exposed to a possible radiation hazard.

A detailed analysis investigating the problem of electromagnetic

coupling between an antenna and a biological body in the near zone-

of the antenna has been carried out in the introductory chapters.

A.basic theoretical approach assuming a.thin-wire, center-fed linear

dipole antenna as the radiating source has been adopted which leads

to the coupled integral equations. Using the method of moments, these

equations are transformed into a system of consistent simultaneous

equations which are then solved on a computer. In addition, elaborate

instructions for using the computer program are also provided.



Experiments have been conducted using a plexiglass container

of suitable dimensions filled with saline solution to represent the

biological body. Perturbation of input impedance from its free-space

value is plotted as a function of distance of separation between

antenna and the body and is found to be in good agreement with theoretical

values. Also current distribution along the length of the antenna

and the electric fields induced inside the biological body are in

good agreement.

Comparison of fields induced inside a body from a radiating

antenna with those from a plane wave with intensity of 10 mW/cm2

shows that use of high powered transmitters could prove hazardous.
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CHAPTER 1

INTRODUCTION

In recent years the interaction between high frequency electro-

magnetic fields and biological bodies has been extensively investigated.

These studies were motivated by the potential biological hazards

associated with such electromagnetic radiations, (1,2). Chen et.al.,

(3,4) have determined the internal electromagnetic fields induced in

biological bodies of arbitrary shapes excited by a plane electromagnetic

wave. Also extending this technique to any known impressed electric

field was a simple matter. The results of their work provided the

information necessary for a realistic assessment of potential radiation

hazards.

As an immediate consequence of this study scientists were alerted

to another related situation which could prove a potential danger.

Modern technological developments in the field of high frequency trans-

mission/reception of electromagnetic waves have led to CB radios, back

pack transmitters, portable transmitters, etc., which have given new

dimensions to wireless communications. However, these devices have

also exposed their operators to a situation which could be dangerous to

health if high power transmitters are used for long range communications.

This problem attracted considerable attention and the main

objective was to determine the induced electromagnetic field inside

the body of an operator who is using such a device. An approach to

 



this problem was adopted by Nyquist et.a1. (5) who obtained the

impressed fields that excite the biological body, by a "known" current

distribution on the antenna. It is worthwhile to mention that the

presence of a biological body in the vicinity of an antenna will perturb

the current distribution from its "free-space" distribution and.hence

by this approach, substantial inaccuracies are imminent.

Broadly speaking the fundamental aspect of this thesis is to

develop a method by Virtue of which, unknown currents on the antenna

can be determined numerically by computer aided analysis. Once the

induced electric fields are obtained, a comparison with those obtained

when the body is illuminated by a plane wave, with electric field

intensity equal to the maximum intensity allowed by the federal radia-

tion safety standard, can be made. Theory for solving this problem

has been developed for arbitrary shaped,thin—wire antennas, however,

the research is concentrated at center—fed linear dipole antennas (or

base—fed monopole antennas over infinitely extending ground plane).

Since a biological body is usually a heterogeneous finite body with

an irregular shape, the determination of the internal electromagnetic

fields becomes a formidable task. For mathematical simplicity, a body

with simple geometry will be considered (even though the computer

program can successfully deal with the problem of spatially dependent

electrical parameters of the body, uniform conductivity and permittivity

have been used in all experiments and theoretical models).

The theoretical development for calculating the fields induced in

the body and the currents on the antenna is given in Chapter II. This

 



 

chapter also gives a short description of Hallen's integral equation

in "free—space", which helps in determining the free—space impedance

and current distribution of the antenna; and also radiation—zone

fields generated by the antenna-body system are determined.

In Chapter III, method of moments, which is a transformation that

converts the system of integral equations into a set of simultaneous

linear equations, is discussed. Elements of the matrix of coefficients

representing the system are explained in detail and the corresponding

subroutines that evaluate these coefficients are identified. A numerical

test of accuracies of the integration process carried out in the sub—

routines is also explained.

In Chapter IV a basic derivation is given for determining a linearly

scaled version of the biological bodies whose true dimensions are large

and impractical for laboratory experiments. Properties of saline solution

along with the graphs used to obtain a desired effective conductivity are

reproduced.

Chapter V is devoted to the theoretical and experimental results on

the induced electric fields inside the body and the currents maintained

on the antenna. It includes explanation of the experimental techniques

used to measure impedance, current distribution on the antenna and the

electric fields inside the biological body. A short account on possible

sources of errors, that may have been encountered during the experiment,

is also given.

Chapter VI discusses the practical importance and the outcome of

this research. A realistic model (uniform biological body resembling

a human body placed in the vicinity of an antenna) is investigated and



commented. A brief account on solving a problem where arbitrary shaped,

thin—wire antennas are involved is given.

Chapter VII provides a complete description of the computer program.

Definition of input variables, construction of data files and the instruc-

tions for its use are given in detail. In addition, an illustrative

example is worked out to give the user a better understanding of the

computer program. Suggested modifications which a user may want to

make are also mentioned. A listing of the computer program which gives

the free—space impedance and current distribution is also given in this

chapter.



CHAPTER II

THE STUDY OF FIELDS IN A BIOLOGICAL BODY EXPOSED

T0 NEAR-ZONE FIELDS 0F ANTENNA

2.1 Introduction.

In the beginning of the first chapter it was mentioned that

potential radiation hazards may be encountered when working with

highjwwerCB radios, back-pack antennas etc. Simulation of the exact

situation created by such antennas is difficult and solution for fields/

currents is a complicated task especially when the current on the antenna

is not known. It is for this reason the study was restricted to a

situation as shown in Fig. 2.1. Consideration of arbitrarily shaped,

thin-wire antennas was an appropriate choice for most practical purposes.

At a later stage it was necessary to specialize this situation to a linear

dipole antenna to achieve greater mathematical simplicity and system as

depicted in Fig. 2.2 was adopted. This approach could also successfully

represent the case of a base-fed monopole antenna over a ground plane of

infinite extent uSing the image technique. The following major topics are

to be covered.

(a) The quantification of current distribution and input

impedance of the antenna in proximity of a biological body.

(b) Determination of free—space current distribution and input

impedance of the antenna.

(c) Quantification of electromagnetic (EM) fields induced

inside the biological body when it is in the vicinity of

 



the antenna.

(d) The total power deposition inside the biological body

under the exposure of EM radiation from antenna.

(e) The EM fields generated in the far-zone by the antenna—

body coupled system.

2.2 Theoretical Development.

When a biological body, such as a human body, is illuminated by

an EM radiation, EM fields are induced inside the body and an EM wave

is scattered by the body into space. Obviously these EM fiEldS are

dependent on the physiological parameter and geometry, frequency and

polarization of the exciting EM radiation. The total field in the

space containing the body and antenna is therefore different from the

field that would be present in the absence of the body. Field, current

etc. associated with the antenna in the absence of the body are termed

as free—space quantities .

Since currents and charges on the surface of the antenna are

always maintained in such a way as to satisfy the boundary conditions

there; the current and charge distributions on this surface are

expected to be perturbed from their free—space values in the presence of

a biological body in its vicinity. The perturbation however, is dep-

endent upon the distance of separation between the two "sources" namely,

the primary source antenna and the secondary source, excited biological

body. The phenomenon underlying the cause of these perturbations is

called "coupling". Coupling may be strong or weak depending upon the

separation distance between the two sources.



 

It is apparent in the forementioned discussion that EM fields

induced inside the body and the current on the antenna are both unknown

quantities, and as such, it is necessary to determine them simultaneously.

This paragraph gives a brief description of the theoretical analysis of

the problem at hand. Firstly a tensor integral equation for fields

inside the body is derived. The derivation is quite general in that, an

arbitrarily-shaped,thin-wire antenna is used as an exciting source as

shown in Fig. 2.1. Secondly, Hallen's integral equation is derived for

a special case of centerfed linear dipole antenna as shown in Fig. 2.2.

Our analysis is therefore aimed at solving the system excited by a thin-

wire linear dipole antenna. These two equations together are referred to

as coupled-integral—equations (CIEs) throughout this analysis and in the

following chapters. Next, method of moments (using pulse functions) is

utilized to transform the CIEs into a system of simultaneous equations.

These equations yield a matrix bf coefficients which is square with

non-zero diagonal entries. Gauss's elimination process is used to solve

this system once the matrix elements have been computed. The solution

yields the current on antenna, input impedance of antenna, EM fields

inside the body and the power deposition in the body. Lastly,radiation-

zone fields of the antenna—body system are computed.

2.3 Coupled—Integral-Equations.

In this section we aim to derive the coupled-integral-equations

that were mentioned briefly in the previous section. It is emphasized

that time-harmonic analysis is being adopted and a time dependency of

the form exp(jwt) is being assumed. We will first derive a tensor

integral equation for a general case.



 

Input

 

  

Fig. 2.1 A.thin—wire antenna coupled to a biological body of

volume V .This situation is also defined as antenna—

body sysIem.



(a) Tensor integral equation:

+—>

We consider a localized current source with current density J(r)

existing in free-space and occupying a volume V. Maxwell's (curl)

equations can be written for such a system in the following form

v x Em = guinea?) (2.1)

v x fie») = 3G) + jweofié), (2.2)

Using the continuity equation V°3(f) + jwp(f) = O,which gives the

relationship between the current density 3(P) and the free charge density

p(f) we get

v - t6?) = :2— vim. (2.3)

o .

For a system of equations as given above, a solution for the electric

field is obtained by using tensor Green's function. Derivation of

this equation,which enables one to write the electric field in terms of

a tensor integral expression has been carried out elsewhere (61(16).

Electric field is given as

+ ++. +

an ._. m. I new war?» dv'-—->——g§;€'1 ‘2")
O

V
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for all points P interior to volume V. The symbol P.V. denotes the

principal value of the integral meaning that the integral is carried

out by excluding a small volume surrounding the field point first and

then letting this small volume approach zero (7). For_points exterior
 

to V, the field is represented by the tensor integral only. In above

9 O O

I is the identity tensor

‘2 is the tensor Green's function

-qu0

4n

  C
i

$
1

:
1
}

ll ff + :VZ] IIII'I exp(-jko|?-¥'|) (2.5)

r-r

0

where k0 = w Viggg , P and P' are field point and source point radius

vectors respectively.

We now examine the system depicted in Fig. 2.1. In this system,

EM field is originated by a current density 33(P) in the antenna of

volume Va‘ It is termed as "incident-field”. This field excites

conduction and polarization currents inside the biological body of

volume Vb which in turn produces an EM field of its own. The field

produced exclusively by these secondary sources is termed as "scattered-

field". The problem would have been relatively simple had it been

possible to assume- 336;) as an independent known quantity. But due to

the coupling this simplified assumption can not be used; and therefore

both the primary and secondary sources are unknown.

Total EM field {E(P), H(;)} is the sum of the incident and the

scattered field at all points in space. For this field to be a valid
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solution to Maxwell's equations it must satisfy the following

v x E?) = -jwuofi(‘r*) (2.6)

v x fiat) = 3%?) + o(?) E(?) + mama?) (2.7)

-> ->

where C(r) and E(r) are varying and discontinuous functions of space.

This situation will therefore be a very complicated one if an attempt

a ++ . . 1 .

is made to solve for the E(r) field u51ng tensor-Green s-function

+->

approach. Also V'E(r) is not a simple expression when related to the

free charge density. The method of superposition gives a convienient

way out of this situation. We introduce two EM fields as follows.

Ea?)
r Impressed EM fields from the ANTENNA.

+3 -+

H (r)

Eb?) ‘
+1) : Scattered EM fields from the BIOLOGICAL BODY.

H (r)

By superposition

EG) = E86) + EbG) ' (2.8)

+a+

fi(¥) = H (r) + $6). (2.9)

 



12

Electric field Ea(f) is assumed to be produced exclusively by the

current density 33(P) in antenna. Therefore the following expressions

are true .

v x FR?) = -jwuofia(¥) (2.10)

v x fiad’) = 3%?) + jweoiaé) (2.11)

v - tad?) = 6%— v-3a(?). (2.12)

0

Similarly, we can write a set of equations for {Eb(f), Hb(f)} with a

condition that equations (2.6) and (2.7) are satisfied identically.

v x EN?) = -jwuofib(¥) (2.13)

v x EN?) = 3eq(‘r’) + jweoEbG) (2.14)

v - PM?) = 3?:— v-ieqd’), (2.15)

0

Adding (2-10) and (2-13); and using (2.8) and (2.9); the expression for

curl of total electric field in (2.6) is satisfied trivially.

Next, using (2.11) and (2.14); and again using (2.8) and (2.9);

the expression for curl of total magnetic field in (2.7) is satisfied

with 3eq(?) = a?) E6) where a?) 9 0(3) + jw[s(_f)-to] is called

 





13

the complex conductivity, a parameter which completely determines the

conduction and polarization currents induced in the biological body.

A comparison of the set of equations (2.10), (2.11) and (2.12),

and (2.13), (2.14), and (2.15) with the set (2.1), (2.2), and (2.3),

Ea G) and Eb 6)

directly. Since we are assuming the antenna a perfect conductor,points

will enable us to write down the expressions for

inside the antenna will not be included in the following analysis,

therefore the expression (2.16) below is valid for all points outside

the antenna. Therefore

Eh?) =J 336') -‘5(?,¥')dv'. (2.16)

Va

Also,

->b + + -+ -> -> 3 it)?

E (r) = P.V. 3 (r') - G(r,r')dv'- 41—; (2.17)

Vb eq Jweo

for all points P inside the body's volume V Total electric fieldb'

will be given by the following expression (in which thin-wire approxi—

mation has been used) using equation (2.8)

E6) =1 1(s')§'.‘6(¥,z')ds'+p.v.J jeér")fG(-f,_f')dv'

ant V

b

—3 (3?) I

j3me (2.18)
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+

for all points r in Vb' Other quantities are as before and I(s) is

the current on the antenna.

(b) Hallen's Integral Equation:

Before we attempt to derive the Hallen's integral equation it

will be necessary to specialize the general situation of Fig. 2.1,

therefore we now analyze the system shown in Fig. 2.2. Furthermore

the antenna conductor is assumed to be perfect so that the electric

field interior to the antenna is zero.

Using the boundary condition for the tangential component of

electric fields along the entire length of the antenna we get, for

-h:x:h

E:(x).+ E:(x) = —V06(x) (2.19)

where V0 is the impressed voltage (input of the antenna is

situated at the origin).

Subscript ”x" signifies the tangential component and it is the

+ I l

same as x — component of electric field.

The electric field produced exclusively by the antenna satisfies

the relation (on the surface of antenna)

-> -+

Ea(x) = -V¢a(x) - ija(x)

¢a(x) = scalar potential
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+

for all points r in Vb. Other quantities are as before and I(s) is

the current on the antenna.

(b) Hallen's Integral Equation:

Before we attempt to derive the Hallen's integral equation it

will be necessary to specialize the general situation of Fig. 2.1,

therefore we now analyze the system shown in Fig. 2.2. Furthermore

the antenna conductor is assumed to be perfect so that the electric

field interior to the antenna is zero.

Using the boundary condition for the tangential component of

electric fields along the entire length of the antenna we get, for

—h:x:h

E:(x).+ E:(x) = -V06(x) (2.19)

where V0 is the impressed voltage (input of the antenna is

situated at the origin).

Subscript "x" signifies the tangential component and it is the

same as I — component of electric field.

The electric field produced exclusively by the antenna satisfies

the relation (on the surface of antenna)

+

Ea(X) = -V¢a(X) - ija(X)

¢a(x) = scalar potential
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Input “J

  

Fig. 2.2 A thin-wire linear centerfed dipole antenna coupled to

a biological body of volume Vb.

 



l6

 

.+

Aa(x) = vector potential

therefore,

34> (X)
a ‘__ a _.

Ex(x) — 3x 3 ax(x). (2.20)

For points on the surface or outside the antenna a good approximation

is to assume the current flowing along the antenna axis.

Then

h

u

Aax(x) = 2% L1 I(x')Ka(x,x')dx' (2.21)

Ka(x,x') = -% exp(-jkoR), R = [(x-x')2+a2]l/2

where "a" is the radius of the antenna conductor. This is a valid

approximation only for the cases where EM field outside the antenna isreq-

uired. Starting from the basic expression for ¢a(x) in integral form,

using continuity and boundary condition I(h) = I(—h) = 0, it is easy

to arrive at the following expression for

_3

4ne w .3x
0

h

Q (x) J' I(x')K (x,x')dx' (2.22)
a a .

-h

using (2.21), (2.22) in equation (2.20) and substituting these in

equation (2.19) and after some algebra we can arrive at the following

differential equation.





l7

2 —j4'nk
F 2 b

—3ax§—X) + k0 F(x) = —n° [V06(_x)+EX(x)] (2.23)

where

h

F(x) = J I(x') Ka(x,x')dx' and no = Vuo/Eo .

--h

At this point we state without proof that for a differential equation

of the form

2
3

——12’- + 12y = g(x).
3x

a solution, using :the Lagrange variational method,can be obtained as,

y = Cl sin Ax + C2 cos 1x +% g(u) sin A(x—u)du.

o

By inspection of equation (2.23) we arrive at the desired Hallen's

integral formulation for the current distribution on antenna in the '

presence of a biological body. The equation is,

h

J I(x')K (x,x')dx' + A cos k x + B sin k x
—h a o o

x

+ j? J E:(u) sin ko(x-u)du = -j:—TT V0 sin kolx

o

o

 
. (2.24)

o
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The free-space Hallen's integral equation is exactly like the one
 

in (2.24) above except the contributing term due to body effects is

zero, that is E:(u) = O in (2.24) above.

Also reproducing equations (2.18) with the length vetor g

replaced by I as shown in Fig. 2.2, and some rearranging, we have for

+‘V

rinb

[1 +53%] 136?) -P.V. [16?) ET?) °*E(}’,¥')dv'

0

Vb

h " -> +

= J' I(x') sz(r,r')dx'. (2.25)

-h

Equations (2.24) and (2.25) together are referred to as coupled—integral-

enuations (CIEs) and these will be solved numerically on a computer. In

Chapter III a detailed analysis of the numerical methods used for the

computer solution is given.

2.4 Radiation field maintained by antenna-body system.

In this section we aim at obtaining the radiation pattern of

the EM system which is formed by the antenna and the irradiated body.

The far-zone field pattern is greatly dependent on the separating

distance between the body and the antenna. The situation is similar to

an antenna with a parasitic element.

For the system under consideration, we have two sources, namely

 





l9

 

 

 
 
     
Biological

Body 
 

Fig. 2.3 (Zoordinate system chosen to define the far-zone radiation

field pattern.
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the current I(x) on the antenna and current density 3eq(?) = T(;) E(P)

where r(f) is the complex conductivity as defined previously and

{E(P) is the total electric field inside the body. The coordinate

system is chosen as given in Fig. 2.3.

The electric field expression is given as

 

E6?) = -j n k JR?) . fi+ 5737—] c (?,¥')dv' (2.26)
o o k 2 o

v o

+ +, exp (-jkoR) -> +,

G0(r,r) " T— 9 R - lr-r I: no " JUO/Eo.

One approach will be to solve for the above integral numerically since

the current on the antenna and the induced fields inside the body are

obtained (at least at a sufficient number of points) once the CIEs are

numerically solved. A much simpler formula can however be derived (5)

using radiation-zone field approximation. This approximation requires

+ +' +. . _ +' .

that koR>>l and r>>r , where r is the field p01nt and r is the source

point. An outline of the derivation of this formula follows.

+ +! - .ko . A

VGo(r,r ) — “IZFR exp(-JkOR)r (2.27)

also

J(?)~v— J(+')—E’—+J(:')-§—+J(—r")-3—' (2 28)
- x r 8x y‘ 3y z 32 '
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Next,

2

__3__ VC (+ + I ) 1 “k0

3x 0 r,r — 4wR

 

. a-R “
exp(-JkoR) (53-h . (2.29)

Using (2.27), (2.28) and (2.29) above one can easily arrive at the

following expression;

-rk 2

o

4flR

 Whom 9d,?) exp (~jkoR) (9369)).

and consequently using (2.26) and defining

I(F') = er(P') + 616(P‘) + 6J (I')
¢

we get

exp(-JkoR)
1

4nR dv. (2.30)E a —j noko J. [5Je(?') + 61¢(P')]

v

Invoking the far zone approximation and using binomial expansion to

approximate R.we get,

, + +,

Since r >> I .

Nexttransferring J and J into linear combinations of JK , Jy and J2

9 ¢
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r = O O '. " ”*1

E ——_41rr exp( Jkor)J [9{Jx(r ) cos 6 cos ¢

V

+ Jy(?') cos 6 sin ¢ - Jz(¥') sin 8} + d{-Jx(r') sin ¢

 
+ Jy(?') cos ¢}] exp'{-jko (x' sin 6 cos ¢ + y' sin 6 sin ¢

 

+ 2' cos 6)}dv' , (2.31)

Equation (2.31) gives the radiation—zone electric field. Volume

Integration is carried out over all sources thus, for antenna 3(¥')dv '

will reduce to I(x')Kx' and for body 3(1'") = Ema") where r' is inside

Vb.



 

CHAPTER III

NUMERICAL ANALYSIS

3.1 Introduction.

The integrals obtained for the electric field E(;) at any point

inside the biological body and the current distribution on the antenna

are, in general, very difficult to evaluate. A simple way to obtain

an approximate solution is to require that equation (2.24) and (2.25)

be satisfied at certain discrete points in the region of interest.

This procedure is called point matching. In the moment method, the

total volume of the biological body is partitioned into N subvolumes

B

or "cells"; and the antenna length into NA partitions or "segments".

We must have NA an odd integer because we are interested in knowing

the current at the central segment, which will be frequently referred

to as the input segment. It is worthwhile to mention that method of

moments is a generalized technique and the method outlined above is a

special case which utilizes ”pulse—function-expansion" to approximate

the unknown fields/currents . The cells in the body are assumed to

be regular cubes. electrically small and in each cell electrical

parameters and unknown fields are assumed to be constant. Similarly

the current in each segment of the antenna is assumed to be constant.

Also recalling from past experience, it has been found that the cell

edge should be smaller than one tenth of the wavelength of radiation

inside the biological body. This requirement can however, be

23
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relaxed in some cases. An upper limit on the size of the antenna

segment is Ao/4O where 10 is the free-space wavelength. Information

supporting this choice is also experimental. Finally, point matching

is done at the central coordinate of each cell and segment.

 3.2 Pulse Function Expansion and Point Matching.

At this point we introduce a new notation to replace the conven—

tional rectangular coordinate system variables x,y,z.  
x1 = x

yl-Y

21:2

The pulse function approximation for current distribution on the antenna

is

NA 1,x1 in (Axl)L

I(x ) = E I p (x ). p (x ) = (3.1)
1 1 l l l 1 .

l=l 0 otherwise .

The pulse function expansion for the electric field inside the body is

52%?) = z'finpn<¥), pn<¥> =
n=l

(3.2)

NB [ l,r in (AV)n

0 otherwise .

In equations (3.1) and (3.2) above,

0 0 th

It is the current in the l segment of the antenna,

th

(Ax represents the span of l segment of the antenna,
1)l

(AV)n represents the volume enclosed by nth cell of the body,

and E? is the total electric field in the nth cell of the body.
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+>++

The matrix representation of tensor Green's function G(r,r') can be

conventiently written in terms of the new notation for coordinates.

For simplicity, arguments are not specified in the matrix expression.

n
¢

= G G G (3.3)

  

where the matrix elements have been evaluated by Livesay and Chen (8).

 

-j mu (oz 6G = . k exp(-jd){ —l-ja)
xpxq 4fla3 o pq

2 l
+ - ' - ' 3-0 +3'a —-(xp x p) (xq x q)( J ) R2}

A -> ->

a = kOR and R = 'r-r'l (3.4)

6 = 1, if p = q, otherwise zero.

PG

The pulse function expansion for the current is then used in the

L.H.S. term of equation (2.24) to yield a sum of integrals over each

segment. This gives

l

h NA a-+

I x' K x ,x' dx I( l) a( 1 l) l l n’ I Ka(Xl,X'l)dX'l

a

II

M

-h

where
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- 1 ' o

h §_xl :_h and x l in (Axl)L.

Also

1.x a. i
a_ — x1 - 2 (Ax1)L

L A L l

a+ - x1 + 2 (Axl)l

where x% is the central location of LFgegment.

Next the pulse function expansion for the electric field will give

us the following expression for field at ; outside the body produced

by the currents and charges induced inside the body

N

B

EN?) = 2: 1 E“
'("f + “+' ' +1 .

(AV)n

. . . +b
This can be uSed to determine the tangential component of E at the

+ + _

surface of the antenna where r = x1 and -h §_xl j_h. This can be

assumed for the surface of the antenna when thin-wire approximation is

made or when the diameter of the antenna conductor is very small

compared to the wavelength. To a first order approximation, this

component is written as,

b NB

Ex (x1) = Z

1 n=

"
M
U
D

n + +

Tn(AV)n Ex Gx x (Xl,rn), where

l p l p p l

:n is the central coordinate of nth cell inside the body. The integrand

of the 4th term in the L.H.S. of (2.25) can be written at some vector
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_)

location u on the antenna as

2

B + +n

Integrand = ( (u,r ))sin ko(xl-u)

I1

3

Z Tn(Av)n E: Gx X

1 p=1 P P l

I
I
M

A
..)

where u = ux1 and represents the dummy variable introduced to perform

}.the integration in the interval {0,x1

We are now in a position to transform the equation (2.24) into the

”sum-of—integral" form of Hallen's equation- It is

L

NA 1 a+

o l

A Cos kox1 + B Sin koxl + E It Ka(xl,x 1)dxl

l—Z L

a-

N x

B 3 l

+jfiz-Z Z T (Av) EnI G (3,?“) Sin k (x -u)du

n n n X x x o 1

0 n=1 p=1 p o l

= -jng-V Sin k Ix | (3.5)
o o o l

where currents in the outermost segments of the antenna have been

assumed to be zero. Similarly the right hand side of equation (2.25)

is transformed as follows by using pulse function expansion for the

current on the antenna. It is

I(x'l)xl~ G(r,x'l)dx'l = Z x {Z 11 G x(r,x'l)dx'l}

p=1 P 1‘1 1
-h at

where
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.+

r is the field point inside the body, of the central

coordinate of any cell, and

xp represents the unit vectors for p = 1,2,3.

Next, the L.H.S. of equation (2.25) is represented by the following

expression (except for polarity) for the field point ?,

P.V.I r(}")'€(¥') . E(¥,?v)de{1+—-T—Lr-l} E(E’)

v
B 3Jw€o

3 A NB 3 n +i+ T

= Z x { 2 2 Ex (T P.V. Gx x (r,r')dv'-5 6++n(1+ n ))}

p=1 p n=1 q=l q (Av)n p q pq rr j3w€o

where

1 if p = q 1 if I = r

.{ gm:
pq 0 otherwise , rr 0 otherwise, and

;n is the central coordinate of nth cell. Tn will be the complex

conductivity of the cell in which ;n lies.

These two expressions replaced into equation (2.25) will yield the

"sum-of—integral" form of tensor integral equation. Subscripted unit

vector along with the summation over p = 1,2,3 yield a set of 3 scalar

equations for each point.

 

N a1

3 A A + + +

Z x [ 2 IL Gx x (r,x'1)dx'l

NB 3 n

n=1 an. n I GxX (nr'mv'
(Av) P q

n

Tn +

- 5pq§+n (1 + ije )}1 = o (3.6)

rr 0
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where the component terms and variables have already been defined in

previous pages.

Equation (3.5) is point matched at the central location of each

segment of the antenna. This is done by substituting {x11} in place

1 in that equation, thereby generating NA

Since currents I1 = IN = 0 because of the boundary conditions, there

A

are exactly [NA + 3N3] terms in each of the NA

equation (3.6) is point matched at the central location of each cell

of field point x equations.

equations. Similarly,

 
of the body. This will be accomplished by substituting the central

co-ordinates {;m} of each cell in place of field point ; of equation

(3.6). This will generate 3NB equations (NB equations for each vector

component) and each will contain (NA + 3NB) -2 terms, two terms less

because the boundary condition I1 = INA = 0 is imposed.

The two groups of equations thus developed by point matching, form

a system of (3NB+NA) equations and the same number of unknowns. The

matrix of coefficients is therefore square and since each equation has

a distinct matching point, we expect the matrix to be full rank with a

unique inverse. The matrix is depicted in Fig. 3.1.

Submatrix AA is NA x NA matrix,

submatrix AB is NA x 3NB matrix,

submatrix BA is 3NBX‘NA. matrix,

submatrix BB is 3NBx 3NB matrix.

Since I1 = INA = 0 are already known the tOp and bottom current

positions in.; are replaced by A and B, the unknown constants of

Hallen's equation.

.2H . i ,_
-Jfir-VO Sin kolxll, i- 1,2,..N

0

Vector yA has yi A
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NA

r-—“”‘——-\

I

I

A I

A l

I

I

I

I

B I

I

A I

I

I

I

l

h-

Fig. 3.1
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Ax = y where A is the matrix of coefficients.

 

Representation_of the system of equations defined by
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3.3 Computer Program.

This section is devoted to the explanation of the major subroutines

that are used to evaluate the matrix developed in the preceeding section.

Also included is a brief description of computing processes involved in

computation of these elements, which will enable the reader to have an

overall understanding of the computer program.

In the computer program four subroutines are assigned to compute

the elements of the coefficient matrix (one for each submatrix) and are

named accordingly: for example, subroutine "MATAB" computes the elements

of submatrix AB of Fig. 3.1. Another subroutine "CMATP" then solves the

system of equations by Gauss's elimination process. Finally, sub-

routine "RAD" is used to determine the normalized far-zone radiation

fields using the discrete numerical data obtained from the solution of

equations. This section deals only with the four subroutines that are

used to evaluate matrix elements. Following is the computational

assignment of each subroutine.

 

  

SUBROUTINE NAME SUBMATRIX ELEMENT I COMPUTATION

8‘+ i
t V

l. MATAA (AA)il n, K.a(x1 ,xl)dx1

a—

. _ . 1

‘1 - l to NA Sin koxl

or i

l = l to NA cos koxl
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SUBROUTINE SUBMATRIX COMPUTATION

'NAME. ELEMENTS

i

x

2 MATAB ( ) '4" (Av) 16 (I w)’ k (xi d
° AB ik JE—Tn n x x u,r Sln o l-u) u

o o p 1

i = l to NA

k = (p-1)NB+n

where n = l to NB

p = 1,2,3

3. MATBA (B )

A rl

I = l to N

A am

r = (p-1)NB + m + +m +

I Gx x (r ,xi)dx '

where m = l to N a p l 1

p = 1,2,3

4. MATBB (BB)rk

r = (q-1)NB + m 4m +n T

{r P.V. G x (r ,r )dv'- 5 a (1-I—-m——)}

(k = (p-l)NB +‘n Av)n xp q pq;n¥m 3J(”go

where m,n = l to NB

p,q = 1,2,3

The diagonal entries of the matrix of the entire system are the dia-

gonal entries of submatrix A and B of Fig. 3.1. These entries

A B

correspond to the situation in which the field point lies in the same

cell (segment) of the body (antenna) over which the integration has to
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be performed.

The diagonal elements of submatrix AA are obtained by the following

approximation.

Integrand = ex é-.kR) é-%

1/2
where R = {(xi-xi)2 + a2}

= a? and the upper limit a'1L ofIntegrating between the lower limit x' +
1

th .. . .1
the L partition, whose central coordinate is x we get

1,

(xll¥af) +-/lel—af)2 + a2}

 
(A ) = log
A ll e l l I 1 2 2

(x1 -a+) +,/{(xl —a+) + a }

"a" being the radius of the antenna conductor.

The diagonal elements of BB are obtained by an involved process

which yields an analytic expression (8). The expression thus obtained

is given by

_ :2 . . _. _ l
(BB)nn — 3 quoTnK1+Jkoan) exp( Jkoan) l}-—§

o

T

3Jw€

o

where

3(Av)
a g ( n 1/3

n An '



 

Subroutines MATAA, MATAB and MATBA make use of Simpson's method for

numerical integration. Subroutine MATBB processes volume integration

over each cell of the body subdividing the cell into sufficiently small

subdivisions and summing up the contribution from each subcell. Accuracy

and the cost of computations are the factors which govern the choice of

the number of subdivisions and has been discussed elsewhere (9).

We shall now discuss the accuracy of the Simpson's integration

processes that were used in the above mentioned subroutines: Our

objective is to come up with an optimum number of subdivisions of the

span of integration so that reasonable accuracy is achieved with min—

imum computational cost. A separate computer program is written to

determine the appropriate number of subdivisions to meet the prescribed

accuracy limit. In this program the worst possible situation, meaning,

that the case in which integrand's behavior is not smooth, is chosen

for integration. An arbitrary number (usually 4) of subdivisions are

used as a starting point and the integral evaluated. The number of

subdivisions is doubled and the integral is reevaluated. This new

value is compared with the previous value. If the percent difference

is less than 0.1% the current number of subdivisions are accepted

otherwise the process is repeated. This method was tested by evaluating

the diagpmfl element by equation (3.7) and from the above process. The

error was found to be less than 0.01%. The separate program for Simpson's

integration is used, so that the user can test the accuracy before he

actually starts solving the problem. Once the required number of
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subdivisions are determined the corresponding adjustment can he made

in the main program by changing just one card. Due to the simplicity

of the test program its details have not been mentioned herein. In

Chapter V the computed values of impedance and current distribution etc.

have been found to agree reasonably well with the experiment and we are

encouraged to assume a satisfactory convergence of the numerical

techniques employed in this program.



 

CHAPTER IV

FREQUENCY SCALING

4.1 Introduction.

This study is devised to understand the EM coupling effects inside

a biological body. The practical aspect however, is to study EM inter-

action between a human body and a radiating antenna. Theoretically

there is no limitation on the size of body as long as the cells are

sufficiently small compared to the wavelength; and the number of cells

remain under the maximum that can be handled by the computer. As we

approach the experimental aspect of this research we find that it would

be almost impossible in many cases, to work with the actual dimensions.To

illustrate this by an example, consider a system with operating fre—

quency of 30 MHz (wavelength = 10m) and a body of height 1.7 meters

with appropriate width and depth. Apart from the fact that the body

would be large, a ground plane. that might be considered as being

infinite in extent, would be practically impossible to realize for

laboratory work. It is possible to cope with this problem by, what

is called the "frequency scaling" discussed in the next section.The later

part of the chapter deals with the conductivity and dielectric constant

of salt solution since a plexiglass container filled with salt solution

has been used to replicate biological systems.

4.2 Frequency Scaling.

In order to achieve a geometrical configuration suitable for

36
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Fig. 4.1. Illustration of frequency scaling.
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laboratory purposes and yet retain identical situation as posed by the

actual problem, it is necessary to transform the actual coordinate

system into a scaled version, such that the field quantities and there—

fore, the absorbed power remains the same. The following analysis will

provide the answer to this problem. It is possible to replicate an EM

field configuration in a scaled space by frequency scaling.

Consider the actual system represented by unprimed coordinates

and the scaled version by primed coordinates as shown in Fig. 4.1.

For a scaling factor d as defined by f = d?‘ the Operator V in the

unprimed system is related to the operator V' in the primed system by

the relation .

V = -V'. (4.1)

In the actual (unprimed coordinate) system the vector Helmholtz

equation for the configuration shown in Fig. 4.1, and for points

interior to the body

v x \7 x E6?) - wzuoEEG) = o (4.2)

where

_. '0'

e = (€115)

is the complex permittivity. The spatial dependence of E'is determined

by that of o and e of the biological system. Using the relationship of

V operators from (4.1) and substituting in equation (4.2) we get
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v' x v' x Em?) - wzazpoE'ém?) = o (4.3)

Let

w' = am, 0' = a0 and E' = E,

then

V' x V' x Em?) - w'ZuOEE(a1-*') = o (4.4)

_ oJ

where e = (S -jap).

Now equation (4.4) is exactly the vector Helmholtz equation that would

be obtained in the primed coordinate system with w' and 0' as the

angular frequency and conductivity respectively. This means that we

can use the scaled version of the true problem with appropriate w' and

0' for our analysis. Later on the true field quantities may be obtained

by using the fact that

$56?) = [E(oE'H

f’ = flu

where E(df') will be the solution to equation (4.4). In the experiments

performed in Chapter V it has been found apprOpriate to choose a suitable

size of the container and work with 600 MHz frequency, since at that

stage, we are primarily interested in comparing the theoretical and

experimental results.
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4.3 Frequency Dependence of Electrical Parameters.

To carry out the experiments with salt solution it is necessary

to know its electrical prOperties which are defined by the conductivity

and permittivity. These quantities exhibit strong frequency dependence

at frequencies above 1 GHz and hence it is essential to know the values

of these parameters at the Operating frequency. The details of the

molecular theory used to explain the frequency dependence is given in

(10), (11), and (12). We have found it sufficient to incorporate the

emperical results given by those sources and have used their experimental

data to our advantage.

Total or effective conductivity which determines the dissipation of

energy in salt solution is composed of two parts, namely, the ionic

conductivity and the dipolar or dielectric conductivity. Ionic con—

ductiVitVis;.caused by a lateral flow of ions and is the dominant part

of the total conductivity at frequencies below 300 MHz. At higher

frequencies the dielectric conductivity, which is an apparent conductivity

arising from viscous retardation of induced rotation of the modecular

water dipole, also becomes a contributing part. In all such cases,

total conductivity will be the sum of ionic and the dielectric conductivity.

The method for determining the total conductivity and complex permittivity

of salt solution is given below.

Let 8w denote the complex permittivity of distilled water. If this

quantity is defined by its real and imaginary parts as 8W = 6' -j€"

N

then, s' = s s' and s" = e s
O I‘ O I'

where
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eS—4°9

' =

8 r W + 4'9 (4'5)

(ES-4°9)wr

E" = ’

r l+(wr)2 (4.6)

as and T are obtained from the Figs. 4.2 and 4.3. The former is

called the static-dielectric-constant and the later is called relaxation

time parameter.

When salt is added to distilled water, sodium and chloride ions

produce what is called the ionic conductivity. The real permittivity

of salt solution remains the same as that of water. The complex

permittivity s of salt solution is therefore

a = e' -js -j——- : (4.7)

Ci is the ionic conductivity and is obtained from Fig. 4.4.

We can rewrite E, to identify the total conductivity explicitly

in equation (4.7) as follows

= I i, n
s s - w (aims ). (4.8)

Total conductivity at is identified by the expression in parenthesis.

... H _ H

ot - q1 + we - oi + wsoe.r. (4.9)

The frequency dependence of E' and at can be determined from equations
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Fig. 4.2. Static-dielectric-constant ES

versus
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772.5 at 0°C

 

  

 

7' at 40°C

5 - 1 ' J 1. I
0 0.5 1.0 1.5 2.0 2.5 3.0

——* Normality N

Fig. 4.3. Relaxation time parameter 1-(secs)

versus

normality of saline solution.
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20°C .

( For other temperatures

use 2.1% rise per degree C )

—-—>% NaCl in H O 
 

2
I 1 L I

1 ' 1 I l

1.0 2.0 3.0 4.0 5.0 6.0

Fig.4.4. Ionic conductivity of the saline solution 0:

vs.

percentage of NaCl in distilled water by wt.
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(4.5) and (4.9). Whenever conductivity is referred to, it is understood

that we are referring to total conductivity at of the medium. Care

must be taken to enter proper parameter into the computer program when

working with such mediums. As a final remark, graphs shown in Figs.

4.2, 4.3 and 4.4 have been obtained by the experimental data given by

Saxton and Lane (12).



CHAPTER V

EXPERIMENTAL VERIFICATION

OF THEORETICAL RESULTS

5.1 Introduction.

In this chapter experimental evidence to support the theoretical

development given in Chapters II and III is given. The first step in this

connection is to choose a suitable laboratory model. A monopole

antenna over an infinite conducting ground plane is undoubtedly the

best choice since not only the terminal zone effects are reduced but

also feeding transmission lines do not interfere with the measuring

apparatus. It must be kept in mind that this model when transformed

to some actual situation by frequency scaling, must represent a realis-

tic case. The model can not be too small because of practical diffi-

culties encountered, especially when making electric field measurements

inside the body. The model is of plexiglass and has a 2.0 - 2.5 mm

thick copper plate base so that once filled with salt solution and

sealed, it can be moved from point to point on the conducting plane.

Use of copper plate however restricts us to the use of lower frequen-

cies since at very high frequencies the plate thickness will become a

source of disturbance. On the other hand use of lower frequencies will

require a large ground plane which will become impractical for laboratory

work. All these factors are to be kept in mind when.making a choice
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of frequency, size of container and the conductivity.

There are essentially three aspects-to be verified experimentally.

Firstly, we attempt to verify the perturbation in the input impedance

of the antenna from the free—space value; secondly, we want to verify the

current distribution inside the body; thirdly, we want to verify the in-

duced electric field distribution. In each of the above experiments

performance of the apparatus is tested by first doing experiments in

free-space and later on with the body. The three aspects above have

been discussed in seperate sections however the antenna-body system,

unless specified, is the same for all experiments and is discussed next.

5.2 The Antenna—Body System

The antenna—body system chosen for the experimental verification

of theoretical analysis is given in Fig. 5.1. The dimensions of the

container are to be kept as (12.5 x 6.25 x 1.5625) cms. The operating

frequency has been chosen to be 600 MHz giving a free-space wavelength

of 50 cms. A 0.5 N sodium cholride solution has been used throughout

these experiments. Using the graphs of Chapter IV, the conductivity

is obtained as 4.4 S/m and the dielectric constant (real) of 71.00 at

a temperature of 20° C. If this model is assumed to be a scaled

version of an actual problem, then a scale factor of d = 10 gives a

situation at least of the same order as that given by a radiating

antenna of 60 MHz. The actual height of an operator is usually 1.7 m

and conductivity at 60 MHz is approximately 0.7 S/m, assuming it is a

homogeneous system. By the above system we get a height of 1.25 m and,

a conductivity of 0.44 S/m which are of the same order of magnitude.
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The computer model for this system is obtained by using image

theory. The situation is shown in Fig. 5.1 and has a 4-quadrant

symmetry. It is necessary to maintain this kind of symmetry while the

experiments are being performed. Also the upper right quadrant is

divided into 16 cells, each cell being 1.5625 cm. cube. The antenna

height "h" is divided into 10 segments plus the input segment, for

h < Ao/4 and into 20 segments plus the input segment for h > 10/4.

Even thougha higher number of cells and segments could have been chosen

this would have become an uneconomical choice. The results of theory

and experiment have shown that these values do provide a satisfactory

convergence of the solution. In all experiments, with the exception

of final\part of section 5.5, the body model described above has been

used.

5.3 Input Impedance Measurements.

In this section experimental techniques used for the measurement

of input impedance of the antenna are first discussed. Following this,

is a brief discussion regarding the free-space impedance measurement,

and then the experiment with the body, is explained.

5.3.1 Experimental Setup,

The apparatus comprise of a microwave Cbcillator, E-H probe

guide, vector voltmeter and anechoic chamber. The roof of the chamber

contains sheet aluminum plate while other sides are completely covered

by microwave absorbers which prevent back scattering. The antenna is

formed by extending the central conductor of the 50 0 characteristic

impedance co-axial waveguide (WG), which terminates at the ground plane
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Fig. 5.2. Experimental setup for measurement of the inPUt

impedance of the antenna by using vector voltmeter.
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of the chamber. The schematic diagram is depicted in Fig. 5.2 (a).

Extension of the central conductor is made by making a threaded hole

along the axis of the conductor where a copper rod can be screwed into,

to form the linear mon0pole antenna over ground plane.

The vector voltmeter in conjunction with the E-H probe guide

gives an extremely efficient method of impedance measurement. This

meter is a very sensitive device which can measure the voltages at two

input ports labeled "A" and "B" and simultaneously measures the phase

of the signal at B with respect to A. Details of the E—H probe guide

are given elsewhere (13). The probe guide is inserted between the WC

system feeding the load and becomes a part of the 50 0 wave guide

system. We will call the location along the WG at which the E and H

field probes are located as probe-section. Signal proportional to the

voltage at probe-section appears at the terminal marked B. Signal

proportional to the current appears on the terminal marked A. The ratio

of these two signals, their phase and the "calibration factor" of the

E-H probe guide will give the impedance at the probe-section. Calibration

factor Riis a complex number. It is a constant at a given frequency and

is determined experimentally. Effects of probes' geometries, their

sensitivities, etc. are contained implicitly in this constant. The

impedance at the probe-section is transformed to the load point by

using transmission line theory. A brief description of determining an

unknown load impedance is given in the following paragraph.

5.3.2 Method of Measurement of Load Impedance-

1. Impedance at probe-section (Zp): Assume that the calibration

factor R'is known and the following measurements recorded on the vector
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Voltmeter.

Va = Voltage amplitude recorded at port A (volts)

Vb = Voltage amplitude recorded at port B (volts)

Ob = Phase angle of B with respect to A recorded on

the phase meter (degrees).

Let V£ = VB I32 9 V5 is a real number. The impedance at the probe-

section is

V

2 = (i)'f<‘ohms. (5.1)
p Va

2. Impedance at load point (ZL): Assuming that the electrical

length from the probe-section to the load is known equal to L cms then

ZL = ZC(Zp-jzctankL)/(ZC-jZp tankL) ohms (5.2)

where

k = %g, A = wavelength in the guide (cms) and

Zc = Characteristic Impedance = 50 ohms.

In (5.2) knowledge of tan kL is sufficient and electrical length L need

not be computed exclusively.

3. Steps to determine an unknown Load impedance:

(i) First we check the amplitude and phase measurement

capability of the Vector Voltmeter. For this see Fig. 5.2(blgBy this
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arrangement the amplitude measured at A and B must be equal and the

phase difference should be zero.

(ii) Determination of R} The end of the E-H probe guide marked

LOAD is terminated by a 50 0 load. E-H probe guide is thus matched.

Va’ V and 0b are recorded. Assuming that a perfect match exists, the

b

impedance Zp should be 50 0. Hence letting Zp = 50 0 in (5.1) we get

V

E = 50 (i)|:_@_b_ (5.3)
V
b

(iii) Determination of tan kL: The E—H probe guide is placed in

the system and a perfect short is made at the load end. (In case of

the antenna as load, a c0pper plate was screwed at the end of the

feeding WC and care was taken to ensure a perfect contact between the

inner and outer conductor). Va’ Vb and Ob are recorded. Then

.—P (5.4)tan kL

where'Zp is obtained from (5.1) and must come out as a purely imaginary

number in this case.

(iv) Any unknown impedance at the load end can now be determined

by recording Va’ V and Ob, computing Zp from (5.1) andtfiufilfinding Z
b L

from (5.2).

5.3.3 Free-space Impedance Measurement.

Before doing measurements in presence of the body, it was necessary

to test the performance of the entire System at the operating frequency

of 600 MHz. This was accomplished by comparing the theoretical and
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experimental input impedances of the antenna. By virtue of this process

the extent of errors, if any occured due to the use of a finite ground

plane, could be determined. The program ZFREE discussed in Chapter VII

was employed to determine the theoretical input impedances of antennas

of various heights. The graphs of Fig. 5.3 and 5.4 were obtained.

There was a good agreement between the theory and experiment over a

wide range of the heights of the antennas. Our next step was to measure

the input impedance in presence of the saline container.

5.3.4 Input Impedance in Presence of the Body,

The container was placed in front of the antenna at various

locations and corresponding input impedances of the antenna were det-

ermined. Care was taken to ensure that the system under consideration

maintains a four quadrant symmetry as required by the computer model.

Perturbations in the input impedance are plotted as a function of the

spacing between the antenna and the container. The observations were

made ndth four antennas of different heights and the spacing was

varied from 3 cms. to about 60 cms in each case. The comparison

between the theoretical and experimental results is shown in Fig. 5.5

to 5.8.

Fairly good agreement is obtained at spacings beyond 10 cms

which is a fifth of the wavelength. In the immediate neighborhood

theoretical values may not be very accurate since the field distribution

in that region is quite complicated and a rapidly varying function of

the spacing. In this region the order of magnitude and the trend in

variations are in agreement. A short account on the possible sources

of errors is given at the end of this chapter. It is emphasized at
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this point that E-H probe guide in conjunctionwith Vector voltmeter has

proven to be the most reliable apparatus for such measurements.

5.4 Measurement of Current Distribution.

In this section we are to determine the theoretical and experi-

mental current distributions on the antenna. Current distribution on

the antenna is best determined by using a magnetic field probe (H-probe).

The signal sent to the measurement device is preportional to the magnetic

field on the surface of the antenna and therefore, to the current at

that location.

5.4.1 Experimental Setup

In this experiment the apparatus comprise of the microwave

Oscillator, the vector voltmeter and a specially designed antenna

which carries the H-probe. The setup is shown in Fig. 5.9 (a) and

the waveguide, the antenna and the H-probe are shown in Fig. 5.9 (b).

The antenna is made out of a hollow conductor with a slot running along

the entire length of its surface. The rod can be moved back and forth

to get different antenna heights. The probe moves in the slot and it

is kept from touching the antenna conductor by a plastic spacer. This

spacer also keeps the probe at a fixed level from the surface of the

antenna which is extremely important. An unstable probe will cause

errors. The H-probe is a very delicate device and care should be

taken when moving it back and forth. The adjustable shorting ring,

even though moveable between the inner and outer conductor of the guide,

maintains perfect contact with these Conductors and insures a perfect

short. This ring is used for tuning purposes. The probe signal is
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  to Vector Voltmeter
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(a) (b)

Fig. 5.9. Experimental setup for measurement of the current

distribution along the antenna.
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Fig. 5.10. Free—space current distribution on the antenna of height
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been normaIized by their respective maximum values.
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taken to the vector voltmeter at port—B and a reference signal after

being attenuated, is applied to port A. The attenuator is a pre-

cautionary measure.

5.4.2 Free-space Current Distribution.

As in the previous experiments it was found essential to compare

the theory and experiment regarding current distribution on the antenna.

These measurements were made with three different lengths of the antenna.

The theoretical distributions were determined from ZFREE. The results

are shown in Fig. 5.10 to 5.12 and agree quite well. The values given

in these figures are normalized values I(x)/Imax.

\5.4.3 Current Distribution in Presence of Body.

Our next step was to determine the current distribution on the

antenna when the container is placed in its near—zone. The body was

placed at a distance of 4.0 cms and the currents recorded for each of

the three cases. The graphs for these are given in Fig. 5.13 to 5.15.

The free—space current distribution has been redrawn to show the marked

difference in the current distribution on the antenna in free-space and

when a volume conductor is placed in its near-zone. The current values

have been normalized with the maximum value of the corresponding free-

space distribution. In this way even though the role of input impedance

perturbation is emphasized, the curves are spread apart and easily

discernable. The theoretical andexperimental results are in very good

agreement. A brief discussion on the sources of errors that may have

been encountered is given in the last section of this chapter.
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5.5 Measurement of Induced Electric Fields Inside the Body,

In this part of the experiment we attempt to verify the induced

electric field distribution inside the biological model. A few changes

have to be incorporated in the container before it can be used for this

experiment. Firstly salt solution is replaced by a synthetic thick

jelly like substance called phantom matter. This is prepared by mixing

the synthetic powder of a specified prOportion into the saline solution.

Next.two slots are cut on one face of the container so that the fields

at the central location of each cell (Ref. Fig.‘5.l) can be probed.

Antenna of height h = Ao/4 has been used throughout this experiment.

5.5.1 Experimental Setup.

The schematic diagram of the experimental setup is shown in

Fig. 5.l6(a). Details of the basic construction of the probe has been

discussed in (17) and are not included here. The basic requirements

for such a probe include: 1. relatively small size; 2. sufficient

sensitivity; 3. polarization independence; 4. minimum interference

due to the lead lines and; 5. no direct contact with the biological

substance. The polarization problem is not of a major concern since

the horizontal components (y,z) of the induced electric fields are

anticipated to be small as compared to the vertical (x) component.In-

terference from the lead lines has been minimized as an improvement

over the design of (9). This has been accomplished by inserting six

resistor symmetrically and in series with the probe. The probe designed

in this manner is found to havea high signal to noise ratio-,- and as

evident in the following experiments, its performance at 600 MHz carrier

frequency has been extremely satisfactory. The probe is shown in
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Fig. 5.16 (b).

5.5.2 Free—Space Field Measurement.

As in all previous experiments, free-space measurements were

made(before getting involved in the actual problem) using a quarter

wavelength antenna. The free-space impedance program ZFREE was used

to determine the electric fields at the locations which would be the

central coordinates of the cells in the right quadrant of Fig. 5.1.

The results of measurement of the components of electric field are

given in Fig.5.17/18.There is an excellent agreement between the

theoretical and experimental results. Fields were measured in two

(imaginary) columns of cells. The inner column exhibits stronger

fields than the outer column. This is a trivial point but it must be

kept in mind when a similar comparison is made for the above in presence

of the body model.

5.5.3 Induced Electric Field Measurements.

The x-components of the induced electric fields inside the body

were measured at each cell location. Extreme care was taken to ensure

proper alignment and penetration of the probe. Considerable amount of

time was spent in this process. The theoretical and experimental

results seem to be in fair agreement. The results are shown in Fig.

5.19. As mentioned in the previous paragraph the fields in the outer

column are nOW‘greater than the fields in the inner column, an important

contrast with the free-space case.

Theoretical error due to non-convergence was believed to exist at

this stage. Agnew model was recOnstructed with (8x8xl) cm container
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and the computer model of 32 cells in first quadrant was realized.

Height of antenna, operating frequenCy and conductivity of the model

were kept the same as before. Results obtained were not in total

agreement. The reasons given in the next section, have ascertained

that the model chosen in this case was not a reliable experimental

choice. The results are given in Fig. 5.20, and are presented merely

to emphasize the major drawback in choosing a body of smaller dimensions.

5.6 Sources of errors.

5.6.1 Errors in Impedance Measurements.

As evident from the theoretical and experimental results of Fig.

5.3 and 5.4, experimental errors are practically non-existing. There

are three basic errors that may be encountered during such measurements.

These are the terminal zone capacitance effect, the effect of dielectric

support and the effect due to finite ground plane. From the tables

given in (14) for co-axial waveguide and for b/a = 2.3, where b is the

radius of the outer conductor and a is the radius of the inner conductor,

we get terminal zone capacitance of 0.048 pico-farad. The:susceptance

due to this capacitance will be 0.180 millinfluxs at 600 MHz, which is

negligible. Effects of the other two types are minimal.

5.6.2 Errors in Measurement of Current Distribution.

The major source of error is the unstability of the H—probe during

its movement inside the antenna rod. A perfect H—probe must extend out

equally at all positions along the length of the antenna. This will

provide a constant multiplier for the probe due to its gemoetrical shape
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and thus the induced voltage will be proportional to the current

distribution on the antenna and independent of the location along its

length. Extreme care was taken to meet this requirement and the results

of Section 5.4 show that the H—probe has worked satisfactorily.

5.6.3 Errors in Electric Fields Measurement Inside the Body.

Electric field probe has been designed to meet the requirements

as mentioned in the beginning of Section 5.5. However the major source

of error is not in the design of the probe but it is dependent upon the

location of the probe. A detailed analysis of this problem has been

carried out by Smith (15). A summary of the results are given below.

(i) The error in response is decreased if the load admittance is

very small compared to the input admittance of the probe.

(ii) An increase in the attenuation constant of the medium surr-

ounding the probe will increase the error when probe is near the surface.

(iii) The error is further reduced by the use of insulated probe

such that the permittivity of the medium Em and that of the insulation

61 satisfy the condition Em/ei >> 1.

(iv) The error is reduced by the use of probe with short receiving

conductors.

In the experiment all requirements except the one in (ii) above

have been met by the design of Fig. 5.16 (b). In this way the main

sources of errors are the noise collected by the transmission line

connecting the probe to the measurement apparatus and the nearness of

the interface from the probe. The later may have been a dominant error
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in case of the 32 cell model of Fig. 5.20 where the size of each cell

was (l‘x l x 1) cm. During the experiment the transmission line from

the probe was surrounded by microwave absorbers and thus the conductors

of the lines were shielded from the electromagnetic fields in the

surrounding space.



CHAPTER’VI

THEORETICAL STUDY OF VARIOUS MODELS

OF ANTENNA’BODY SYSTEM

6.1 Introduction

This chapter is devoted to theoretical studies based on the results

obtained from the computer program. In Chapter V, theoretical results

have been verified by the experiments and a high degree of confidence in

the accuracy of this method has been established. The container model

chosen in the previous chapter is merely a model for laboratory work

and as such does not resemble a realistic situation. In this chapter

we have formulated computer models of situations involving biological

bodies of the size of a human adult and studied the various electro-

magnetic effects due to the coupling phenomena.

The study is broken into three main categories each has a signifi-

cance of its own. Work has been done with operating frequencies that

are being used by various transmitter sets that have their operator in

the near-zone of the radiating antenna. Situations given in the follow-

ing study are not an exact representation of the true ones encountered

by the operators, but their practical significance can not be over-

looked.' The results of this study conclude that radiation from the

antenna is a potential radiation hazard especially when high power

transmitters are used for communication. Effects of the presence of a

biOlogical body in the near-zone of the antenna upon the radiation

pattern are given in this chapter. Furthermore, the effects on field
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distribution inside the body of an operator and the power absorbed

when he is in direct contact with the ground are compared to the case

when he is isolated from the ground.

6.2 Antenna-Body System Operating At 80 MHz.

This system is shown in Fig. 6.1. The shape of the body has the

basic look of a human adult. Permittivity and conductivity of this

model are assumed uniform within the entire volume. This system rea-

lizes a situation of an isolated system with a radiating dipole antenna

and a biological body in its near—zone. The system has a symmetry

about the vertical plane passing through the axis of the body and this

reduces the number of unknowns of this system. The number of cells

chosen to model the adult frame is 56. Using the symmetry of the

problem the effective number of cells is only 28 i.e. electric fields

in only the right half of the body need to be determined ( see Chapter

VII). For economical reasons, a trade off has to be made between the

shape of the body and the number of cells. Since in this case the

program has to be utilized many times we have found it satisfactory to

choose the model of Fig. 6.1, even though its weight is not realistic.

The dielectric constant (real) at 80 MHz is taken as 80.00 and the

conductivity at the same frequency, as 0.84 S/m. The current distri-

bution on the antenna can not be assumed symmetric in general, however,

as proven in the following paragraph, it is nearly so for antennas of

height h s Ao/4.

The first case is an antenna of height 0.125 10. The current

distribution on the antenna and the electric fields induced in the

body are given in Fig. 6.2 (b) and 6.3 (a) respectively. These
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electric field values are based on 1 amp-current input and the center

of the antenna is located at neck-level‘(xo=34 cm) spaced at 20 cms from

the body. Next the current distribution and the electric fields are

specified for h = 0.25 lo in Figs. 6.2(a) and 6.3(b) respectively.

Even though non—symmetric current on the antenna has been anticipated,

these results have shown that to a first approximation, current may be

assumed symmetric. This information supports the assumption made by

Nyquist et. al.(5) who assumed a known current distribution for ellectrically

short dipoles or monopoles for such a case.

An interesting observation was made by using h = 0.382 KO which is

close to the anti-resonant length. The antenna was centered at t0p of

the head (xo =0.cm) at a spacing of 20 cms in between the two. Other

parameters were kept the same as in previous cases. The current distri-

bution for this case was non-symmetric. This evidence is illustrated

in Fig. 6.4. Other results of this study are given in Fig. 6.5 and the

Tables 6.1, 6.2 and 6.3. The far-zone radiation fields in the H-plane

are quite different from the free—space case. Moreover these curves

are dependent on the level along the vertical axis. The radiation fields

are greatly perturbed from their free-space distribution when the

antenna is placed around the center of the body. Table 6.1 shows the

effects of placing the body at various locations along the horizontal

axis. The ratio of the power dissipated to the power input (Pd/Pin)

goes on reducing as we move the body away from the antenna. Table 6.2

gives an interesting piece of information. The ratio Pd/Pin changes

as the body is moved vertically. The maximum is attained when the

antenna is positioned at the neck level. This effect does not seem to
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f = 80 MHz

h = 0.382 A0; anti—resonant height

x = 0.0 cm
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(a)l§’|field induced in human body

by an input current of 1.0 Amp

when placed near an antenna.
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01.2 0.4 /’
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body

effect

(b) Current distribution on antenna

in presence of body and in free

space when h is near anti-reso

-nant length.

Fig. 6.4. Induced body field and antenna current for antenna of

near anti-resonant length in proximity to human body

(geometry, dimensions and parameters are specified in

in Fig. 6.1).
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exist for the quarter-wave dipole whose results are tabulated in

Table 6.3.

6.3 Antenna—Body System Operating at 27 MHz.

This system is fairly simple in its appearance and does not quite

resemble a human frame. However its size and its weight (68 kg) are

those of an average adult. This model was used to compare the power

dissipated inside the body exposed to the radiation from a CB radio

antenna or a similar device, to the power dissipated when exposed to

lOmW/cm2 plane wave radiation. The body model is shown in Fig. 6.6.

It consists of 68 cells, however fields are to be determined in the

cells forming the right half of the model. The antenna is of height

h = 0.25 A0. The height of the human body model is 170 cm, and uniform

permittivity and conductivity has been assumed inside the body. Fig. 6.6

defines an isolated system with symmetry about the vertical plane, as

in the model of section 6.2. Other relevant data are given in the figure.

Fig. 6.7 depicts the case of this body being illuminated by radiation

from a monopole antenna above infinite ground plane. In Fig. 6.8 the

same body has been illuminated by 10 mW/cm2 plane wave, the maximum

.value set by the Radiation Safety Standards. In the first case the

total power dissipated inside the body, when the antenna is fed by

1 watt , is 6.44 mW. In the second case the power dissipated is

0.084 W, more than ten times increase over the previous case. In both

cases spacing between the antenna and the body has been kept as 20 cms.

In the third case with 10 mW/cm2 inCident wave intensity, the power

dissipated is 11.14 watts. Comparing it with the grounded system,

antenna input power of about 140 watts will dissipate the same amount of
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2 .
power in the body as will a plane wave of 10 mW/cm . By this study we

are able to conclude that unrestricted use of high power transmitter

may prove hazardous. A similar result is derived in the next section

where a more realistic situation is presented.

6.3.1 Test of Numerical Ability of Our Program.

A test was made at this stage to determine the computational

ability of the program FIELDS given in Chapter VII. The body under

study is placed at a distance of 100 meters from the antenna which is

nearly ten times the wavelength. This case is the same as the isolated

system of Fig. 6.6 except for the spacing between antenna and the body.

We have thus created a situation in which antenna and the body, to a

first approximation, can be considered uncoupled. The body can there-

fore be considered as being irradiated by a far-zone EM field of the

antenna with known current distribtuion (free-space). Far-zone electric

fields from an antenna of height h = 0.25 A0 are given by

jn I <0)
——ng:—— exp(-jkor) F(e)

(6.1)

C
D
1
1

where E(G) = cos (g-cos 0)/sin 6 and 0 is the inclination from the

vertical. In the region of space formed by the body; and by the manner

in which the antenna and body are located; electric field can be con-

sidered of constant amplitude, transverse and vertically polarized in

6 = 900 plane. Also 274.6 V/m are produced by a current of 457.67

amps. using equation (6.1) for 6 = 900. Therefore, the power dissipated

in the body spaced 100 m from the antenna when the antenna is driven by

457.67 amps.of current, must be approximately equal to 11.14 watts
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dissipation caused by plane wave of 10 m'W/cm2 intensity. Program FIELDS

is used to determine the former while the latter has been determined

by using Guru's program (9). The program FIELUSgave 0.55632 x 10-4 W

with l amp.input current. 457.67 amps.input current will therfore

dissipate (457.67)2 x 0.55632 x 10.4 = 11.65 W in the body. This value

is also close to the 12 watts predicted by Massoudi et.al. (18) for a body

of similar dimensions.

Effects of isolation from ground are shown by using a different

model and working with the same frequency. This situation is shown in

Fig. 6.9 and Fig. 6.10. The dissipated power in the body, when it is

in direct contact with,ground, is nearly ten times higher than the case

when it is isolated from the ground by an insulator. By this evidence

an operator of a transmitter should feel much safer when he is wearing

shoes that are preventing him from a direct contact with the ground.

6.11 Antenna-Body System With Operating Frequency of 90 MHz.

The human body model chosen in this case is the best representation

so far of the true situation. The height of the model is 1.7 m and the

weight is 1791bs, An antenna ofheight h = 0.25 AC has been used for this

study. The effective number of cells are the cells in which induced electric

fields have to be determined from the use of computer program. In this

way there are 47 cells, and unlike the previous cases, all of them are

not of the same size. The objective here is to study the induced

electric fields inside the body, the power density and the total

dissipated power at 90 MHz. The conductivity is 0.85 S/m and the

dielectric constant is 75.00 at 90 MHz. The coupling problem based on

quarter—wave monopole over infinite ground plane is formulated and the
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results are given in Fig. 6.11 and 6.12. The spacing between the

antenna and the body has been kept at 20 cms. Absorbed power is now

0.521610atts. Exposure to 10mW/cm2 plane wave dissipate 14.2 watts in

the body, thus, the input power to the antenna must be kept below

30 Watts for safe Operation.

6.5 Problem of Arbitrarily ShapedrThin-wire Antennas.

A brief outline is given to explain the problem of antenna-body

system of Fig. 2.1. In this case equation (2.18) remains the same.

However equation (2.19) which is written exclusively for linear antenna

directed along the X—axis, is now written in its generalized form

6 . 133(3) +13, . 1313(3) = -V00(s)

Integrals for Ea and Eb are given in equations (2.16) and (2.17)

respectively. In principle , a numerical solution to this problem using

pulse function expansion and point matching is possible. However

difficulties may arise in modeling an approximate delta function and

coping with the size of the resultant matrix; since in this case the

currents on the antenna are not uni-directional. Feasibility of this

method is questionable. This problem does have considerable practical

significance and a wider range of problems could be handled once this

problem is solved.

 





CHAPTER VII

A USER'S GUIDE TO COMPUTER PROGRAM

7.1 Introduction.

This chapter explains the computer program "FIELDS” that provides

 

a numerical solution to the coupled—integral-equations given in

equations (2.24) and (2.25) of Chapter II. A major part of this

chapter has been devoted to explain in detail, the formulation of a

given problem. In this formulation, the antenna-body system as given

by the existing situtation of the problem is reduced to a theoretical

computer model; this can later be used on the computer to quantify the

electric fields in the body and the current distribution on the antenna.

In addition to the listing of the program, an example has been worked

out to help the user understand the sequential order of data files and

the results on printout. A listing of the program "ZFREE", which

determines the free-space current distribution and the input impedance

of an antenna has also been provided. The listing of FIELDS is valid

for the problem given in the example and therefore a brief description

of the alteration for implementation of other problems is also given.

7.2 Formulation Of The Problem.

This program finds its true application to problems dealing with

linear antennas. More specifically, problems involving interaction of

102
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a center-fed,linear dipole antenna with some simple biological systems

can be solved successfully. By using image method in EM theory the

problems involving base-fed monopole antennas over a conducting plane

of infinite extent can also be solved.

The very first step in the numerical formulation of the problem

is to visualize a theoretical model of the system which accurately

represents the actual physical problem that needs to be solved. This

model is obtained as follows. The body is carefully divided into

(imaginary) cubic cells not necessarily of the same size. The size of

the cells should be sufficiently small. One approximation requires

that the edge of the largest cube should not exceed(l/1091where A is

the wavelength of the radiation inside the body. However, in many

cases this requirement can be relaxed. The coordinate system is '

chosen such that the origin is the feed-point of the antenna and the

x-axis lies along the antenna axis. Finally the antenna is assumed to

be partitioned into an appropriate number of equal segments. Problems

involving monopole antenna over ground plane are first transformed

into equivalent dipole arrangement using method of images. See Fig.

7.1.

The maximum size of the coefficient matrix the program can handle

is limited by the capacity of the computer system. This restriction

imposes an upper limit on the number of cells in the body and the

number of partitions on the antenna. This also means that the size of

body will have to be smaller as frequency gets larger. "Symmetry of
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the system" will help us cope with this problem to a great degree. A

system will have a "2-quadrant vertical plane symmetry" (2-QUAD VPS)

if in the model, a plane passing through the x-axis divides the body

in halves one being the mirror image of the other. Again a system will

have a "2—quadrant horizontal plane symmetry" (2-QUAD HPS) if the y-z

plane divides the body in similar way as above. A system with both

types of symmetry existing is said to have a ”4—quadrant symmetry"

(4-QUAD SYM). Figs. 7.2 and 7.3 demonstrate these definitions more

clearly. In case of 2-QUAD VPS the field in cells forming the right

half of the body need to be determined; in case of 2-QUAD HPS the

fields in cells forming the upper half of the body need only to be

determined; and in case of 4—QUAD SYM fields in cells forming the upper

right quadrant need to be determined. Furthermore in case of 4-QUAD SYM

or Z-QUAD'HPS the current distribution is symmetric and hence currents

in the segments forming the upper half of the antenna and the input—

segment of the antenna need only to be determined. Once the unknowns

have been found, the fields in other cells (shaded in Fig. 7.2/3)

can be obtained by the field relationships as given in those figures.

The order in which the antenna segments are numbered is extremely

important i.e. segments are numbered starting from bottom most segment

in which current is to be determined, and ending at the top segment.

Ab/40 is a suitable upper limit on the length of a segment, 30 being

the free-space wavelength.

Referring to Fig. 7.2/3 the fields/(currents) in unshaded
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cells/(segments) are to be solved only by the execution of computer

program thereby reducing the size of matrix. The size of matrix is

. _ . . + +
given by the expre331on (3Nb Na) x (3Nb Na) where Nb and Na are

the "effective number of cells" in body and "effective number of

segments" on antenna. In case of symmetry, N will be the number of
b

unshaded cells and Na will be the number of unshaded segments on the

antenna.

The next step in numerical formulation of the program is the

specification of the location of each cell of the body. This location

is specified by its central coordinates. The body may not be homogeneous

and hence the electrical parameters of all cells may not be alike.

These parameters are therefore specified for each cell too. The central

coordinates of antenna segments are obtained by the program itself

(once the height h and Na are specified) and the right hand side

of the system of equations is automatically computed. The program

assumes input voltage to antenna as 1 volt (peak value) at the central

segment or input segment.

7.2.1 Description of Program.

The computer program is coded in FORTRAN - IV and can be compiled

on any FTN compiler. The main program is symbolically named FIELDS. It

has a number of subroutines for the numerical evaluation of induced

fields in the biological body, unknown antenna current and the radia-

tion pattern in the far-zone. The coefficient matrix obtained by the
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system of equations generated by the coupled-integral-equations (2.24)

and (2.25) is shown below.

"MATAAH

HMATABH

"MATBA"

"MATBB"

"GMAT?"

"PAD"

  

is a subroutine that computes the elements of

matrix A.

is a subroutine that computes the elements of

matrix B.

is a subroutine that computes the elements of

matrix C.

is a subroutine that computes the elements of

matrix D.

is a subroutine that solves the system of

equations by Gauss's — elimination process to

determine the unknown fields induced in the

body and the currents on the antenna.

is a subroutine that computes the far zone

radiation fields produced by the antenna and

900 plane (see Fig. 2.3)body currents at 0

10°.at intervals of A6
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Input to the program contains numerical information about the frequency,

antenna height, cell location, electrical parameters etc. as well as

logical information to enable the program to make decisions with respect

to symmetry conditions. These will be discussed in the following

section in details. A listing of the entire program is provided in

the end of the chapter. The listing for subroutines appears in the

order they are called by the main program.

7.3 Data Structure and Input Variables.

The data deck is composed of three files. The first two files

have one card. The third file has exactly Nb cards where Nb is the

"effective number" of body cells. These files are read by the program,

the data being thereby transferred to its corresponding variable names

or array names. We will adopt a convention as follows: "for any

variable name ‘xxx, (xxx) will represent the data stored under that

name, needless to mention that this data will be provided by the user".

We will now discuss the data files in detail. The example given in

the next section will clarify any ambiguity that may be encountered

in this section.

 

 



 

 

Data File No. l

FIELD

ALLOCATED

Col. 1 & 2

Col. 3 & 4

Col. 5 & 6

Col. 7 & 8

Col. 9 & 10

Col. 11

NDIV

NA

NB

111

This file has one card.

FORMAT VARIABLE

CODE NAME

I2 NDIV

12 NA

12 NB

I2 ‘NQD

I2 NSYM

II CRNT

Specifies the number of subdivisions an edge

of each cell will undergo in integration process

in subprogram "MATBB". A suitable choice is

(NDIV)=02.

(NA) will be equal to the total number of segments

on antenna ii31usymmetric current distribution

is anticipated and it must be an "odd integer".

(NA) will be one less than the effective number

of segments Na on antenna in case current

distribution on the antenna is considered

symmetric.

(NB) will be equal to the effective number of

cells of the body model if symmetry exists

otherwise equal to the total number of cells in

the body model.



NQD

NSYM

CRNT

Data Eile No. 2
 

FIELD

ALLOCATED
 

Col. 1 to 10

Col. 11 to 20

Col. 21 to 30

FMEG

112

Specifies the number of identical volumes

generated by the symmetry conditions. (NQD)=01

for no symmetry.

(NQD)=02 for 2—QUAD VPS or 2-QUAD HPS.

(NQD)=04 for A-QUAD SYM.

Specifies the type of symmetry.

(NSYM)=OO symmetry code for A-QUAD SYM, 2-QUAD

HPS or no symmetry.

(NSYM)=01 symmetry code for 2-QUAD VPS.

signifies the symmetry condition for the current

distribution on the antenna.

(CRNT)=8 for symmetric current assumption.

(CRNT)=9 for non-symmetric current.

This file has one card.

FORMAT VARIABLE

CODE NAME

F 10.1 FMEG

F 10.1 H

F 10.1 ANTRD

(FMEG) is equal to the frequency of the system

in MEGA HERTZ.

(H) is equal to the height "h" of antenna in
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ANTRD (ANTRD) is equal to the radius of antenna "a"

in meters. The h/a value ranges between 40-125

for best results.

Data File No. 3 This file has exactly Nb cards. To every cell
 

there must be one card and the cells must be numbered in the same

sequence as the cards are arranged in the file. In the following

description, details are for the "nth" array element of XB, SIGIA,

EPRA and DBXA and will contain the data from the nth card of file

No. 3.

FIELD ARRAY FORMAT

ALLOCATED ELEMENT CODE

Col. 1 to 10 XB(n,l) F 10.1

Col. 11 to 20 XB(n,2) F 10.1

Col. 21 to 30 XB(n,3) F 10.1

Col. 31 to 40 DBXA(n) F 10.1

Col. 41 to 50 EPRA(n) F 10.1

Col. 51 to 60 SIGIA(n) F 10.1

. th

XB(n,l) Its contents are the x- coordinate of n

cell in meters.

. th

XB(n,2) Its contents are the y— coordinate of n

cell in meters.

. th

XB(n,3) Its contents are the z- coordinate of n

cell in meters.

DBXA(n) Edge size of nth (cubic) cell in meters.
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I 0.10 m

1r-'

_— $.02}.

_ _ m

2 4

1 3 5 6
h d—Ib -

I—" homogeneous

__" biological body

' Y

h = 0.15 m

a = 0.0015 m

f = 600 MHz

2a __I E Cré 5.00 S/m

E = 80.00
f‘

N = 11

a

Nb= 6  
Fig. 7.4. Theoretical model of the system given in the example of

section 7.4.



115

EPRA(n) Relative permittivity (real constant) at the

th .

n cell 13 stored here.

SIGIA(n) Effective conductivity (S/m) at the-nth cell

is stored here.

7.4 Example.

Let us assume that a theoretical model of a physical problem has

been obtained as discussed in section 7.1, where symmetric current

distribtuion and a 2-QUAD HPS is anticipated. This situation is

shown in the Fig. 7.4. The body is homogeneous and all cells are of

the same size and reasonably small. All input information is listed

in Fig. 7.4.

Preparation of Data Deck:

Data File No. l
 

Following is the list of numbers and the corresponding variable

names that the user should provide in File No. l.

VARIABLE

NUMBERS NAME FIELD REMARKS

02 NDIV Col. 1 & 2 Economical choice

10 NA Col. 3 & 4 Since Na=1l

06 NB Col. 5 & 6 Since N =6

02 NQD Col. 7 & 8 Two identical parts

00 (blank) NSYM Col. 9 & 10 Symmetry code for

2-QUAD HPS.

8 CRNT Col. 11 Code for symmetric

current distribution.
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Data File No. 2
 

Following is the list of numbers and corresponding variable

names that the user must provide in File No. 2.

VARIABLE

NUMBERS NAME FIELD REMARKS

600.00 FMEG Col. 1 to 10 Frequency in MHz.

0.1500 H Col. 11 to 20 Height "h" in meters

0.0015 ANTRD Col. 21 to 30 Radius of antenna in

meters.

File No. 3
 

This file will contain exactly 6 data cards, with information

entered as follows. Card numbers in Table 7.1 correspond to the cell

numbers in Fig. 7.4.

7.5 Free—Space Program "ZFREE".

This program is used in cases where free—space input impedance

of the antenna under consideration is needed. It also gives the current

distribution on the antenna at an excitation voltage of 1 volt peak

value. In this program an additional feature is incorporated by the

use of subroutine "EIMP" and it is an optional. By virtue of this

subroutine, electric fields at any location or various locations in

space, can be computed. Even though this is an independent program,

it is suggested that the same effective number of segments Na be

used in this program as were used in FIELDS. The following data file

is prepared to determine the free-space current distribution and input

impedance of the antenna. A listing of this program appears after the
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Data File No. 1 It has one card only.

VARIABLE FIELD

NUMBER ' NAME ALLOCATED REMARKS

600.00 FMEG Co. 1 to 10 Frequency (MHz)

0.1500 H Col. 11 to 20 Antenna of height "h" (m)

0.00150 ANTRAD Col. 21 to 30 Antenna of radius "a" (m)

10 NA Col. 31 to 32 Ilsegments

O EFIELD Col. 40 Electric field is not

desired.

 

When electric field is required, Col. 40 of Data File No. 1 must be

filled by any integer other than 0; furthermore, following data files

must be inserted after File No. 1.

Data File No. 2 Comprise of one card. It contains the number of
 

locations (at which the electric fields are desired) in first two

columns.

Data File No. 3 The number of cards in this file is equal to the
 

number of locations specified in File No. 2.

 

FIELD LOCATIONS '

ALLOCATED COORDINATES

Col. 1 to 10 x—coordinate. (m)

Col. 11 to 20 y-coordinate. (m)

Col. 21 to 30 z—coordinate (m)

7.6 The Printout of Results.

The printed output shown in the following pages contains the

results of the example problem. Major part of this is self explanatory.
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Page 1 provides a check of the input data supplied by the user, page 2

gives the currents in the segments of antenna, page 3 gives the induced

electric fields, power density and power absorbed in upper half of the

body and page 4 gives the normalized absolute value of the radiation—

zone fields. We will now discuss some points which need extra attention.

On page 2 the current values are in amperes based on 1 volt peak driv-

ing voltage and are printed in exactly the same order as the segments

 

are numbered in Fig. 7.4. In general the current values are printed in

the same order as that shown in Fig. 7.2. Similarly on page 3 the serial

number identifying the fields, power density etc. is also the cell

number to which that field value belongs, recalling that the cells have

been numbered in the same sequence as their representative data cards

in File No. 3. Finally electric fields are given in volts/m, power

density in watts/meter3 and power in upper half in watts all based

upon an assumed voltage of 1 volt peak at the driving point of antenna.

For a dipole system, to get total absorbed power, the value referred

to by "power in quadrant 1" is to be multiplied by 1 if no symmetry,

by 2 if 2—QUAD VPS or 2—QUAD HPS and by 4 if 4—QUAD SYM exists. On

page 4 the normalized absolute values of electric fields are the

fields at 100 interval, first value corresponding to 6 = 00 and the

last to 6 = 180°, on a 6 = 9daplane according to the Fig. (2.3).

Printout for ZFREE is similar and details need not be repeated. Current

in amps.is based on 1 volt peak driving voltage at the input as before.

ALComplete FORTRAN~IV listing of FIELDS and ZFREE for this sample
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problem has been provided following the printout of results. Dis-

cussion that follows is for FIELDS. To save on the storage space of

computer, the dimensions of array G and A in the main program and the

subroutine CMATP respectively, must be kept equal to the dimension of

the augumented matrix of the problem. These adjustments can be easily

made on card 009 and 423, (see the listing). 0n CDC6500 this minor

difficulty can be completely eliminated by the use of SETFL, a system

subroutine. In this case the following changes must be incorporated.

(1) Card 009 should be "COMMON G(120,l)"

(2) Card 423 should be ”DIMENSION A(120,1)"

(3) Insert card "CALL SETFL(G(MA,MAP1))" between card 029 & 030.

The program will then automatically dimension these arrays to the

required size. The matrix size must not exceed (117x118) since this is

the maximum that can be handled by the above mentioned system. In cases

where radiation fields are of no importance, cards 131-148 in the main

program and subroutine "RAD" can be removed to improve efficiency of

the program. As a final word, for large matrix size "MERIT" system

has proven more efficient than CDC6500. The FIELDS listing given here

is compatible with both systems and except for changes in control cards,

no other changes are required in the program.
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CHAPTER VIII

SUMMARY

The objective of this thesis was to solve the problem of Electro-

magnetic coupling between an antenna and a biological body. This thesis

has verified experimentally the theoretical results that were obtained

by computer aided numerical analysis. The study was necessary to under-

stand the nature of the coupling problem and to make an assessment of

the potential radiation hazard to Operators exposed to high power

radiation from thin-wire antennas.

As an introduction a rigorous mathematical analysis was carried

out for linear dipole antenna having a biological body in its vicinity.

Integral equations which have been named as coupled-integral-equations

were obtained and later transformed by the method of moments into a

system of consistent equations for the unknown electric fields in the

body and the currents on the antenna. These were solved by standard

numerical techniques on a computer.

Experiments were conducted to verify the theoretical results

obtained for an antenna-body coupled system. These results were verified

for (a) the input impedance of the antenna; (b) the induced electric

field distribution inside the body; (c) the current distribution on the

antenna.

The experimental verification of the theory developed earlier gave

us enough confidence to get additional information about various
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practical situations. This information was gathered by the computer

program "FIELDS". The prominent features resulting from this were

the effect on the radiation pattern due to coupling, the effect on the

current distribution on antenna, and the effect on induced fields in

the body due to direct contact with ground and isolation from the ground.

Ratios of the power dissipated to the power radiated and power input to

antennas,were also determined. It was concluded that quarter wave

monopole antennas with input powers of about 140 Watts at 27 MHz or

30 watts at 90 MHz would dissipate the same amount of power in the body

of an operator in the near-zone of antenna. as would a plane electro—

magnetic wave of intensity 10 mW/cmz.

In addition the computer program FIELDS which furnishes all the

required quantitative information regarding a coupling problem has

been explained by working out an example. This program is compatible

for all FORTRAN IV systems.

The problem of a linear dipole antenna or a monopole antenna over

infinite ground plane has been dealt with success in this thesis. As

a next step it would be interesting to attempt solving a problem

involving thin-wire antenna of arbitrary shape.
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