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Notation

Roman Letter Symbols

*1a Radius of dipole

T Magnetic vector potential

U Distance from cable to intruder

f Electric field

f Frequency

F n Pulse expansion functions

G( Free space scalar Green's function

ho Transverse wave number

H Scalar Magnetic field, e component

HO ) Hankel function of the first kind

T Line current

S Surface current density

ko Free space propagation constant

K,( Modified Bessel function of the second kind, order
one

L Length of dipole

N Number of sub-dipoles

t Time

v Phase velocity

M avelenths)ctrpteta

D Distance from cable to receiving antenna (12

waelegths)fel

G(Azn Length of each sub-dipole

An
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Notation

Greek Letter Symbols

Angle of incidence on dipole

8 Propagation constant

Yn Angle of incidence on receive antenna, from dipole

Relative permittivity

Eo 0Free space permittivity

no 0Free space characteristic impedence

o Angle of departure from dipole

Wavelength

Relative permeability

11o Free space permeability

p Distance

o Conductivity

* Angle of incidence on receive antenna, from cable

Scalar potent '1

Angular frequency
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AFIT/GE/EE/81D-60

Abstract

The free space interaction of the near zone

electromagnetic fields external to a leaky coaxial cable and

a moving dipole is investigated. The method of moments and

the equivalence principle are used to find the currents on

the dipole and the electromagnetic fields scattered from the

dipole. Finally, the overall interaction between these two

fields is determined by superposition. The theoretically

derived results are then compared with experimental

measurements.

The findings of this report indicate that exact results

are not obtained with a free space analysis; therefore,

further work involving electronic intruder detection

analysis should include the effects of the earth-air

interface.
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FREE SPACE ANALYSIS OF THE SCATTERED

ELECTROMAGNETIC FIELDS AS A DIPOLE

APPROACHES A LEAKY COAXIAL CABLE

I. INTRODUCTION

1.1 Background

The USAF, DOD and many other government agencies are

investigating the use of electronic intruder detection

systems for protection of critical permanent and semi-

permanent areas, such as MX sites, nuclear power plants,

forward located air strips, and other high value i'esources.

One such system is the Single Wire Individual Resource

Protection Sensor (SWIRPS). The SWIRPS system consists of a

single leaky coaxial cable, which encircles the resource to

be protected, and a centrally-located monopole receiving

A antenna. The leaky coaxial cable allows a small portion of

the RF energy travelling inside the cable to "leak" out,

either through gaps in a loose braid or through periodic

slots cut in a solid outer conductor, and propagate along

the outside of the cable. As an intruder approaches the

leaky coaxial cable, which acts as a waveguiding structure,

the Electromagnetic (EM) fields are disturbed, thereby

changing the received signal at the monopole. When the



change in the received signal is sufficiently large a

detection is declared; therefore, it is the interaction of

an intruder with the external EM field that allows

detection.

1.2 Problem

The intent of this thesis is to study the interaction

between a radially approaching intruder and the EM fields

created by the leaky coaxial cable, so that the resulting EM

fields at the receiving antenna can be determined. In order

to scope down the problem to a workable and more general

case, only the plane containing the intruder, the coaxial

cable, and the receiving antenna will be examined.

Before any analysis of the interaction between the EM

fields and the intruder can be made, the propagation

characteristics of a leaky coaxial cable must be known. A

solution for lossless leaky coaxial cables in free space has

been obtained by Fernandes (Ref 4). His solution is based

on the concept of surface transfer impedence and shows the

existance of two propagating modes, the coaxial and the

'Goubau' modes. Fernandes indicates that the coaxial mode

exists when the cable is excited in the normal coaxial

manner; if however, the cable is excited as a solid wire,

the 'Goubau' mode exists. The coaxial mode has the majority

of its energy propagating inside the cable, is little

affected by the outside medium, and thus is of minimal help

2



in intruder detection. The 'Goubau' (or surface attached)

mode however, has a bound, non-radiating, radially

evanescent field with the majority of its energy propagating

outside the cable, and is therefore very dependent upon the

outside environment. The radial decay, or attenuation, of

the 'Goubau' mode, though highly dependent on the frequency

of operation and the inside dielectric permittivity

(Ref 4:259), is also affected by the outside environmental

conditions, such as snow, rain, ice, etc (Ref 13:135), which

are changing conditions that cannot be designed in or

permanently fixed. Future work should investigate the

effect of the cable located on or in an earth model, which

could also be used to predict any detection degradation due

to changing environmental conditions.

Some initial analysis of the intruder/leaky-cable

interaction have been performed (Ref 8:7-17, Ref 10);

wherein the intruder was simply modeled as a scattering

point source, therefore, no effects due to size or

orientation could be seen. As an obvious continuation of

the previous works, this thesis will model the intruder as a

dipole thereby making it possible to determine the effects

of intruder orientation. The vertical or standing intruder

is the only orientation considered herein. The effects of a

non-plane wave incident upon a dipole must be developed

since the intruder-dipole model is located in the near field

region of the leaky coaxial cable.

I I.3



The SWIRPS system being considered has the cable

located on the surface of the earth; thus, the leaky coaxial

cable, the receiving antenna, and the intruder are on the

same base plane. Also, since experimental measurements

indicate that the zone of detection is less than a

wavelength (Ref 11:18), the intruder will only be considered

to move within ±two wavelengths of the coaxial cable.

1.3 Assumptions

An analysis of this effort will be made making the

following assumptions:

1. All analysis will be performed in free space. This

assumption is being made since the only form available for

the external EM fields from a leaky coaxial cable are for

the cable located in free space, or for the cable located

within a mine shaft. It was decided that the free space

analysis would be more appropriate to this study. In

addition, the skin depth for dry clay soil at 10 MHz (Ref

16:314) was calculated to be in the range of 85 meters, thus

indicating minimal effect of the earth-air interface since

the radial electric field normally decays at a much faster

rate.

2. The leaky coaxial cable is considered to be

lossless, infinitely long, and straight.

3. The intruder will be modeled as a perfectly

conducting thin cylinder (approaching a dipole). The

4



intruder dipole model will be 0.355 wavelengths in length

with the radius being much less than a wavelength; since the

operating frequency is 60MHz (X=5 meters), this corresponds

to a 5'-10" intruder.

1.4 Approach and Presentation.

The theory is developed in Chapter II using the

following approach to determine the interaction of a moving

intruder with the EM fields created by the leaky coaxial

cable. First, the field induced currents on the intruder

must be determined; this will be accomplished via the method

of moments. The method of moments being a technique for

solving an integral equation, which can be readily

implemented on a computer. Once an algorithm is developed

to determine the field induced currents on the intruder, the

electric field at the receiving antenna can be determined by

summing the source field and the intruder scattered field.

Finally, the interaction of the leaky coaxial Ell fields and

I the intruder (with position) can then be obtained. Chapter

* II also contains sample numerical results giving the

incident field along the dipole and the resulting currents

induced on the dipole for two selected positions.

Chapter III presents the results obtained from the

developed computer program (Appendix A) using the approach

given in Chapter II. The received power at the receiving

antenna as a function of intruder distance from the cable is

5



given for two ambient power levels. These results are then

compared to those calculated and experimentally obtained by
Poirier (Ref 8).

The conclusions and recommendations are presented in

Chapter IV.

6



II. DEVELOPMENT OF THEORY

Loose braid or 'leaky' coaxial cables have been studied

primarily for the purposes of communications within mine

shafts. The theory developed in these cases is not

applicable to this study because the mine shaft problem

imposes a different boundary condition on the field

development; that is, for the case of the mine shaft, the

fields are such that they must go to zero at the tunnel

walls, as opposed to going to zero at infinity.

The propagation characteristics for the special case of

a loose braid coaxial cable in free space has been

determined by Fernandes. His solution, which is based on

the surface transfer impedence concept, shows the existence

of two propagating modes, the coaxial mode, and the 'Goubau'

mode. Fernandes describes the fields external to the leaky

cable, for either mode, as

E = AoHO)(jhop)exp(-jz)exp(jwt) (2.1)

E o (2.2)

p

He AowiT H')(jhp)exp(-jz)exp(jwt)

k 0

7
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where H(')( ) are ankel functions of the first kind for

order zero and one, B is the propagation constant kwhich

is determined by the mode selected), ko is the free space

propagation constant, ho is the transverse wave number

defined as ho 2= 2 -k 0 2, and Ao is a constant assumed to be

unity hereafter kRef 4:256).

Since the problem analyzed in this study is only for a

particular cut of an infinitely long, lossless, and straight

cable, the phase variation arising from the e-jz term is

constant for any particular 'z', and thus can be ignored.

Also, realize that for the case of a lossless line, as

considered herein, ho is always a real number, and

therefore by using the relations between solutions for

Hankel functions and the Modified Bessel functions of tne

second kind, (Ref 1:375), the expressions for Ep and He

become

Ep : h " K (hop) (2.4)
p h0  TT

He = k - T K,(hop) (2.5)

Experimental measurements indicate the existence of two

* Iinterfering waves, propagating in the z direction, external

8



to the leaky cable (Ref 9); this implies that a form of the

'Goubau' mode is excited by the coaxial mode fields that
have 'leaked' to the outside. Based on the above

assumption, the field structure used in this study is of the

form

E = Ep (a ) + C Ep (2) (2.6)

where i is the propagation constant for the coaxial mode,

2 is the propagation constant for the 'Goubau' mode, and

C is a constant assumed to be unity hereafter. The values

for j and 2 are calculated using the relationship

=2-f , where v is the phase velocity and f is the
v

frequency of operation. Experimental measurements of j

and a2 have been made at 75 MHz (Ref 8:23); thus, the

values of 0, and B2 at 60 MHz can be calculated as

a, =1.72 rads/m and a2=1.32 rads/m

2.1 Non-Plane Wave Incidence on a Dipole

The moving dipole, as shown in Figure 2.1, will

A interact with the vertical component of the electric field

described by equation 2.6. The close proximity of the

dipole to the leaky coaxial cable results in a significant

variation of the electric field across the length of the

dipole. In order to determine the excitation of the dipole,

we must consider the dipole as being broken into N equal

4 sub-dipoles, or segments, where the length of each segment,

9
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L/N, is such that the electric field variation across it is

minimal. Also, assume that the electric field present at

the center of each segment is also the electric field that

exists over the entire segment. The dipole is now being

viewed as an array of N dipoles, each being excited by an

incident electric field which can be described as

En = [E (a,) + E ( 2)]sin(an) (2.7)

i
where En is the vertical component of the incident

electric field at the nt h element and an is the angle

of incidence at the nth element, n being 1 at the bottom

and N at the top of the dipole. The angle of

incidence, an , is a function of the dipoles horizontal

distance from the cable, D, as well as the segment being

excited, n , and is given by

an = arc tan (2.8)

Thus, the amount of coupling at each sub-dipole or segment

is seen to be dependent upon the location of the dipole and

also the location of the segment being excited. Figure 2.2

is a plot of the magnitude of the incident electric field by

11
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Figure 2.2 Incident Electric Field Variation Across the
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segment for two distances from the coaxial cable, D=0.05 and

D=1.25 wavelengths. For small distances, as shown in the

0=0.05 curve, the variation of the sine function overshadows

the Bessel function variation.

Now, in order to determine the induced dipole current,

the method of moments will be used; it is therefore

convenient that the incident electric field has already been

determined at each of the N segments.

2.2 Development of the Induced Dipole Current

The development presented in this section is a

redevelopment of the pertinent sections of chapter 7, Ref

14. The induced dipole current gives rise to a scattered

electric field, so, in order to obtain an expression

for Es, the induced dipole current will be determined

using the method of moments. The method of moments is a

computer oriented technique which enables one to solve an

integral equation, in this case, Pocklington's Integral

Equation, in terms of the desired dipole current. The first

step is to approximate the integral equation by a set of

linear algebraic equations with the source induced current

on the dipole being the unknown. The dipole is then divided

into N segments with each segment given an unknown current

function; for this study, pulse function currents of unknown

amplitude will be used as the unknown current functions

because of the greatly simplified integration associated

13AV



with their use. The problem is now expressed in the form

V=ZI , where V represents the incident electric

field, V ; Z is a form of an impedence matrix; and, I is

the unknown current distribution. An expression for the

unknown current distribution, in terms of the source or

incident field, can now be obtained using a matrix inversion

technique. Since pulse function currents are used, the

unknown current distribution is only approximated; but if

the width of the pulse functions is much less than a

wavelength, a good approximation of the dipole current

distribution is obtained by curve fitting the values of the

pulses. Also, with this form of excitation, the induced

current had a linear 60 phase variation across the dipole.

Figure 2.3 is a plot of the induced current by segment for

the two incident electric fields plotted in Figure 2.2; note

that while the induced current distribution maintains the

same basic shape, the maximum level is skewed towards the

segment which had maximum incident electric field.

2.2.1 The Pocklington Integral. Assume a dipole of

length L and radius a is located in free space, as shown

in Figure 2.4. Also, assume that the radius of the dipole

is much less than the free space wavelength and the dipole

length L ; it is then reasonable to assume that the

induced dipole current has only a 2 component. In this

case, the Lorentz Condition V"T= -jwpoc 0 o will reduce to

14
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z jWPOFoD (2.9)

z

where P is the scalar potential and A is the z
z

directed component of the magnetic vector potential.

Now, writing Maxwell's Equation in terms of the

magnetic potential A as

VV.A- _j + (2.10)

16I
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and, since z A equation 2.10 can be reduced using
z

the relationship of equation 2.9 to

= "JAz - z (2.11)

From equation 2.9 solve for z as

2_ A z (2.12)

Now, substituting equation 2.12 into 2.11 yields

E 1 _ k2Az (2. 13)

where ko=w'j oso , the free space propagation constant.

The magnetic vector potential, A(i) , arising from a

volumetric current density, T(F') , can be obtained from

=(TF 4TrrR dV' (2.14)

V

17



where R is the distance from the observation point (x,y,z)

to the source point (x',y',z') and is given by

R = V(x-x'.)+(y-y')'+(z-z) (2.15)

Noting that the free space scalar Green's function is

expressed as

G(Fr') = ejkOR (2.16)

and that the volumetric current density only has

a z component, that is J(r')=ij (r') , equation 2.13 can
z

now be written as

E - 1 .. f@2 (zF,+ko2G(,F,)jz(,dV, (2.17)

G,~')k z~~' J m)d
z V'

This volume integral can be further reduced to a line

integral by making the following assumptions:

1. The current is confined to the surface of the

dipole; this is true for infinite conductivity, and

approximately true for good conducting material;

18
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2. The observation point is chosen to be a point on

the z axis, thus reducing equation 2.15 to

R = z+ a (2.18)

3. The current is uniform with respect to 0'

a<<X Thus we can write equation 2.17 in line integral

form as

+L
2

z J r G(z,z')+ko2G(z,z)I(zI)dz (2.19)

L

This equation states that the induced current can he written

as a line current located a distance a from the

observation point; note that a can approach zero but

cannot go entirely to zero. By the use of the Equivalence

Principle (Ref 5:104-110), Ez in equation 2.19 can be
w n

written as E ' the free space field radiated by the

equivalent current I(z') Also, since a perfect

conductor was assumed, there will be no losses at the

dipole. Therefore, the incident field, E which created
z

the induced current I(z') , and the scattered

field, Es ,resulting from I(z') , must be related at the
z

19



dipole so that the total electric field is zero, that is

Ez =E + Es - 0 (2.20)z z

or,

Ei  E -Es  (2.21)
zZ

Thus we can write equation 2.19, the Pocklington Integral

Equation, as

L

+ cw
2

E -G (z ,z ' )+k aG(z I(z' ) dz' (2.22)z J 2
L
2

Equation 2.22 can be rewritten as

+ .
2s

Ez 4TrwE 0 R5 (l+jkR)(2R23a2)

2 (2.23)

+ko2R2a 2] I (z')z

"- 20



2.2.2 The Method of Moments. A specific form of the

method of moments is developed and used herein; this form

being the point matching technique using pulse expansion

functions.

The dipole is divided into N segments, each of

length Az '=L/N , with each segment assumed to have an

unknown constant current. A more accurate representation

of I(zl) can be obtained by increasing the number of

segments, thereby tending to smooth out the staii'step

approximation; in general N cannot be made arbitrarily

large due to finite word length in the computer, leading to

numerical instability. With the above assumption, we can

write the unknown current distribution as

N
I(z') = I In Fn(Z') (2.24)

n=1

where I is the complex expansion coefficient of

the nth segment and Fn (z) is the pulse expansion

function, defined as

; if z' is in Az n

F n(z') er(2.25)

2 elsewhere

12



Also, for notational brevity, let us define

K(zz') 1 o + , ' (2.26)
jWE o

Designating the center point of the particular segment being

solved for as zm , the scattered field arising from
th i

the m segment can be written as

+L
2 N

ES(zm) = In Fn (z') K(z mZ') dz' (2.27)
,:f n=1

L
.,; 2

If we now use the definition of F (Z) , we can reduce
n

equation 2.27 to

N
SEz K(zmiz') dz' (2.28)
z .m n

Az
n

22
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and, if we let f(zm Z)= fK(zm, z') dz' we have

AZ
n

Ez m) = I, f(Zmlz1 ') + 12 f(Z ,Z21)

(2.29)

+ + IN f(zm 'ZN')

In order to solve equation 2.22 at the mth segment, we

must have the sum of the scattered fields from all N

segments plus the incident field at zm set equal to zero.

We can therefore write N independent equations with the

only unknowns being the N I 's .

The resulting N independent equations being

-El(zI) = Ilf(zl,Zl')+I 2f(z1 ,Z2')+ " +INf(ZI,ZN')

-E (Z2) = 'f(Z2,Z 1 )+ • • +I f(Z2,ZN)

... (2.30)

I I f=1 . .

ZZN) Ilf(zz')+ +INf(ZN,ZN )

These equations can be written more conveniently in matrix

notation as

23
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-E1 (Z1) = f(Z1 ,zl' ) f(z11 z2' ) . . . f(zi.z' I'

-EI(z 2 ) = f(Z2 ,Zl') f(Z2,Z2 ') 1 2

-E1 z )=fkzN Z1) f(zN zN) N

(2.31)

And in abbreviated form as

[V]I = [Z 1[1 1 (2.32)

matrix Vr=- z m *and Z mn= f(zm Mz n ~ the inipedence
matrx wichwascalculated using Simpson's Rule. As was

noted earlier, the purpose of this procedure is to solve for

the is' therefore, if we premultiply equation 2.32

n

[InI = 1Z ]-[ (2.33)

Since a thin dipole is being used in this analysis, the

impedence matrix [Zmn~ will be Toeplitz (Ref 12:205);

24



therrre, only one row of the matrix need be determined.

[Zmn ] -'  can then be determined using a Toeplitz inversion

routine. Such an inversion routine, SUBPROGRAM TOPIN, was

generated by modifying SUBPROGRAM TPLZ (Ref 14:579-81), see

Appendix A.

2.3 Fields at the Antenna

The electric field present at the receiving antenna is

the superposition of the field received directly from the

leaky coaxial cable and the field that is radiated by each

of the N sub-dipoles.

The field received directly from the leaky coaxial

cable can be simply calculated using the vertical component

of the electric field as described by equation 2.6. This

received field is given by

E = [E( ,) + E( 2 )] sin(o) (2.34)

where 0 is the angle of incidence, see Figure 2.1.

The field received from the N sub-dipoles is found by

examining each sub-dipole separately. Knowing that the

current has only a z component, and that each segment is

small enough so that it appears to be a point source of
L L

amplitude I s , solution of the Helmholtz equation

yields

25
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A (r) = I L expk-jkor) (2.35)
n n N 41r r

where r is the distance from the nth  sub-dipole to the

receiving antenna. Now, by using Maxwell's equations and

the assumption that r>> , we can approximate the electric

field at the receiving antenna, from the nth segment, as

EL ejkr (.Ao) sin() (2.36)En = n N r 2X i

where e is the angle as measured from the positive z-axis,

and no is the free space characteristic impedence

(Ref 5:78-9). Consequently, the electric field at the

receiving antenna from the N sub-dipoles will be

N
E = En sin(y n) (2.37)

n=1

or

26



N

E e L e-jkor sin(y (2.38)
, f sin(e) n  n

n=1

where Yn is the angle of incidence of the electric field

radiated from the nth sub-dipole.

2.4 Voltage at the Antenna

The receiving antenna was arbitrarily chosen to be 0.5

meters, or 0.1 wavelengths, in length. Since this antenna

is located in the far field of the ambient and intruder

scattered fields, there were no non linear spatial effects

and the antenna was considered to act as an ordinary

antenna. The relative voltage was found by comparing the

received field strengths.

.1
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IIl. RESULTS

This chapter presents the theoretically derived results

and compares them with those calculated and experimentally

obtained by Poirier (Ref 8).

3.1 Theoretically Derived Results

It was observed that the electric field received

directly from the coaxial cable, equation 2.34, is

negligible when compared to the electric field which is

scattered from the intruder-dipole, equation 2.38. This can

be explained by examining the rate of decay of the two field

components. Figure 3.1 is a plot of the radiated power

versus distance for both the coaxial mode and the 'Goubau'

mode; a 1- decay rate is also plotted as a reference.pI
Examination of this figure shows that for p>O.5 meters,

1the power begins to fall off sharply from the - rate,

with the rate of decay being dominated by the exponential

behavior of the Bessel function. The electric field from

the coaxial cable is a non-radiating field whose decay is

dominated by e p ; where as, the field scattered from the

dipole is a radiated field and decays as I. The field
P

received from the coaxial cable was calculated to be

approximately 800 dB down from the field scattered from the

dipole, for the case when the receiving antenna is located
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12 wavelengths from the coaxial cable.

The variation in the received power, as the dipole

moves within ± two wavelengths of the coaxial cable is shown

in Figure 3.2. This figure shows the relative power

received at the antenna for various intruder distances from

the cable; where the received power is normalized to the

maximum power level, the power received when the intruder is

at the cable. This curve shows that the received power

falls off drastically with distance from the cable; and,

that intruder detection would be possible with a very narrow

detection region. Figure 3.3 shows the received voltage,

again normalized to the value received when the intruder is

at the cable, for the probable zone of detection, ± 10 feet

or ±0.6 wavelengths.

As noted above, the theoretical calculations indicate

the electric field received from the coaxial cable to be

negligible; however, Poirier reports that the ambient field,

or the field received from the coaxial cable alone, is of

the same order magnitude as the maximum field scattered from

the intruder-dipole (Ref 9). For this reason, a separate

plot, Figure 3.4, was made wherein the field received from

the coaxial cable was arbitrarily chosen to be 37% of the

field scattered from the dipole when it is located at the

coaxial cable, so that a comparison to Poirier's results

could be made. In Figure 3.4, the dip occurs when the

ambient field and the intruder scattered field are out of
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phase and thus subtract; the peak occurs when they are in

phase and the fields add.

3.2 Review of Poirier Report (Ref 81

Poirier has presented a method for explaining the

received field variations due to the interaction between an

intruder and the fields produced by the leaky coaxial cable,

experimental measurements are also incorporated.

Poirier's approach makes use of the following

assumptions/conditions:

1. The coaxial cable is located on the surface of the

earth;

2. The earth-air interface does not significantly

modify the relative system response (another way of saying

free space analysis);

3. The electric field resulting from the leaky coaxial

cable is a combination of the coaxial mode and the 'Goubau'

mode;

4. The intruder is modeled as a point source located

0.4 meters above the ground; and,

5. The frequency of operation is 75 MHz.

Poirier then goes on to conclude that the power density
-11

falls off as -i for all p's of interest; this conclusion

is based on a comparison of the coaxial and 'Goubau' mode

power densities with a decay rate (similar to Figure

3.1), and data reported by Cree and Giles (Ref 3) indicating

34



1
1

that the power decay rate is for all p

Finally, Poirier makes use of measurements indicating

that the ambient electric field, the field received when the

intruder is absent, is of the same order magnitude as the

field that is scattered from the intruder (Ref 9). So, by

letting the total received electric field be the sum of the

ambient field and the intruder scattered field, and by

normalizing to the ambient field, he obtained the power

variation shown in Figure 3.5, which agrees closely with

experimental measurements.

3.3 Comparison of Results

Based on the results of sections 3.1 and 3.2, the

inescapable conclusion is that a "free space" analysis is

incompatible with experimental results which dictate a power
1

decay rate that is primarily determined by I. This is

further pointed out by realizing that for the point source

intruder model, at the point of closest approach, 0.4

meters, Figure 3.1 shows that this is the distance where the

1power decay rate begins to no longer follow One can

only conclude, that the presence of the earth-air interface

somehow enables a form of a bound wave to propagate;

possibly accounting for the variation instead ofP

the KI(p) variation for the radial electric field

component.

Comparison of Figures 3.4 and 3.5 again show that the
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Figure 3.5 Computed Variation of Received Power as an
Intruder Moves Along a Radial Path, Xo = 4 meters. (From
Poirier, Reference 8, Figure 5).

36



V

chosen form of the field structure is not correct since the

received power, of Figure 3.4, is just the ambient power,

except when the intruder is on top of the coaxial cable.
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IV. CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusions

The intent of this investigation was to determine the

free space interaction between a dipole and the EM fields

created by a leaky coaxial cable. In order to accomplish

this, an algorithm for determining the effects of a non-

plane wave incident upon a dipole was developed. It was

then found that by exciting a current on a dipole, the far

field radiation would be greatly enhanced by converting the

evanescent field of the coaxial cable into a radiated field

from the dipole. However, since this study was undertaken

in order to analyze the interaction of an intruder with the

EM fields created by a leaky coaxial cable, the following

conclusions are made:

1. Intruder detection is possible. The zone of

detection is just smaller in the free space case (which may

be better).

2. The effects of the earth-air interface cannot be

ignored and still obtain exact results. The general

character of the response is similar but the ambient levels

very significantly.

3. The form of the EM field is apparently affected by

the earth-air interface.
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4.2 Recommendations

Based on the assumptions stated earlier, and the

results presented herein, the following recommendations are

made. This problem should be pursued using the approach

presented by Van der Pol (Ref 15), with a leaky coaxial

cable as the source, in order to determine the proper form

of the external EM fields. Another possible reference,

using a leaky coaxial cable as the source (Ref 7), could be

used in conjunction with Van der Pol to solve the problem of

the cable on the earth instead of buried, as done in

Reference 7. Once the fields have been properly determined,

the computer program developed as part of this study,

Appendix A, can be used to determine the interaction with an

intruder. Once the proper form of the EM fields are known,

it should then be clear what effects the changing

environmental conditions would have; this is an extremely

important aspect of system performance which needs further

investigation.

After the above has been accomplished, one could then

begin to determine a more realistic model for the intruder.

The modeling of biological bodies for EM radiation has been

undertaken by Chen, Livesay and Guru (Ref 2), and by Livesay

and Chen (Ref 6).
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Appendix A

Developed Computer Program

PRUG;A SmIRPS

C
C * *
C * THIS PRIGk.A. C;J"PUTr.S THr LFCTRUMAGNETIC FIELDS 0
C * APISING; FwO THE I: Ti 4ACT I Il OF A LEAKY COAXIAL CAliLE 0
C AND THUSE SCATT fI; tm N A D0IPLE. S
C * 9
C • THE FIFLUS SCATTL-f D F4J' TH OItmLE ARE CALCULATEO •
C USING THL METHIX) OF "U1NTS AITH PULSE FUNCTIONS. •
C * •
C S NOTE: ALL DISTACcS A<t NO1ALIZED TO UNITS OF *

C 4 WAVELENGTHS9 ANO THUS 6EC"IE DI MENSIONLESS NUMBERS. •
C * 9
C * LEGEND S
C * *
C * AA - LOsER LIOIT OF K-TH ELE4ENT
C A A6I ) - AIDOLEOf THE K-TH ELEMENT 9
C * AHAR - DIPOLE RADIUS •
C * ADIST DISTANCE FROM COAX TO CENTER OF K-TH ELEMENT 9

C as - UPPER LIMIT OF K-TH ELEMENT •
C • aDIST = DISTANCE FRUO 4ECEIVE ANTENNA TO 0
C • CENTER OF K-T4 ELEMENT
C * BETA PROJPAGATION CONSTANT •
C * BETAI - COAXIAL MODL PROPAGATIUN CONSTANT *
C - 1.72 RADS/M

C • BETA2 - @GUUt3AU' MODE PROPAGATION CONSTANT •
C - L 1.32 RA3S/m
C • CDIST = DISTANCE FROM RECEIVE ANTENNA TO COAX 9

C * CURl * INDUCED CURRENTS *
C • Cl - RATIO OF E FIELD FOR COAXIAL/GOU8AU MODES 9
C * DOISTI P - DISTANCE FROM COAX TO INTRUDER *
C 9 EDIST - DISTANCE FRO!' COAX TO CENTER OF KA-Tl •
C * ELF4ENT OF RICEIVF ANTENNA •
C • ELBAR - DIPOLE LENCTH •
C • EkEC( I E I FIELD AT THE RECEIVE ANTENNJA 9

C 9 ESCATg ) = E FIELD SCATTEF[) FROM THE K-TM ELEMENT 4
C • K - ELEMENT NUMiER FOR SOURCE ELEMENT 9
C • N - NUPMBER OF FXPANSION FUNCTIONS S
C * PHASE - PHASE DIFFERtCF BETsELN COAXIAL & GOUdAU MODES 9

C • POw( P = RECEIVED POJAE
C • RBAR * DISTANCE FRLIM SOURCE TO 06SERVATION POINT S

C * TAU( a - FIRST RO OR COL'JM.4 OF THE IMPEGENCE MATRIX •
C U - DISTANCE VAQIABLE 0
C 0 VINI I INCIDFNT E FIELD VERTICAL COMPONENT *
C * VCLTSI P - ANTENNA VOLTAGE 9
C * ZINV{ I = INVE-4TED IKPEOENCE MATRIX *

C • 10 a CHARACTERISTIC IMPEDENCE (FREE SPACE) *
C 9 ZOOS - OBSERVATIONl POINT •
C S •
c
C

COMM72N ABARt 8CTA9 ZOJS, ZJ
COMPLEX ALOOP, A1IIOOP, CURIOOI, EREC(1O), ESCATIlOO) TAUIPOO,)

I VINIIOUP, VOLTSIAZ), ZINVILOO,OO)
COMPLEX ADD, AIMOhEo CONE, CZERO, FiALP VMAX9 ZIJ9 lJ

INTEGEP COLMN ROi
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REAL A;5(100)9 DO[STE'.219 PW(42)
REAL Kl
DATA AIXL&Jt/(O.0,k.01/, CL)NdE/(L.0,O.0)/, ClERC/(0.0*0.01/
ABAR.U...O5
Cl- 1.0
COISY=12.0
ELB9-0u.31S

IN VERT .0
N- 100
PHASE- 0.*0
P I- J. 14 1 159bi531)894
V MAX -C Z E-)1
ZO-376. 7
ZJ-AIMQNE
SET A- 2.* P*I

SETAI =1.72*5.0

SETA2 1.32*5.0
OELuEL6AR/N
ZO0BS- EL BA R/ 4 2 .G* N)
DO 90 L--21.+20,1
LV - L* 22
DOIST(LV) - 0.05 * L/10.0
DO 20 K-1,N

IF IOONE.NE.01 GU TO 15
C DETERMINE L114ER LIMlIT OF K-TH ELEMENT

AA-EL8AR* 1K-I .0)/N

C DETERMINE UPPER LIMIT OF K-TH ELEMENT
BB- EL SA P*K /N

C DETERMINE CENTER OF K-TN ELEMENT

A31K)=IAA*98ID/2.0

C COMPUTATION OF IMPEDENCE MATRIX

C PERFORM INTEGRATION USING SIMPSUNS RULE. REF "CALCULUS AND
C ANALYTIC GkUMETRYZED"t BY JOHN F RANOOLF, PG 427, EQ 5.

NSTEPS-50
NN-NSTEPS/2
DINC-( B8-AW~NS TEPS
ADD-CZERO
U-A A

00 10 J-19NN
CALL FUNCTfUqFVALI
ADD-AUD*..*FVAL

CALL FUNCTIUFVAL)
AO0* A 0 0 *F VAL
U-U.D INC

to CONTINUE
C ADD IN LAST TERM A40 CORRECT FIRST TERM

UmAA
CALL FUNCT(uFVAL)

ADADD-F VAL

CALL FUNCT(UF VAL)
AODD.AD0'F V AL
ZIJwADD*DINC/3.O
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TAU(Ki-lIJ*10/(IJ*P3.U#PI#PII
is CONTIN.UE
C
C C3mPUTAT(ION CF IfNCIO PN VETIt CAL E FIELD

ADIST - SuRT(0uIjY(LV);i.l?.0 ARi(K2#*4.0l
AAG-H*ADVIT
CALL Mfl)3VS(AIwGqKI,

I1OS2~11 fTA~l' .0ifTA*;12.0)
ARG41D*AUI ST

CALL *OO~iE5jARfGvKj
VIN(KI-VIN(K)-A.*SETA2*I1SINEA*CEXP(-ZJ*PHASEI/(HO*PI*ClI

20 CONTINUE
IDUNE-1

C COMPUTATION OF I-INVERSE
C

IF (I.NVEPT.NE.0) GO TO 30
INVERTs I

CALL TOPINVI TAUNZAAlZINV)
30 CONTINUE
C
C COMPUTATION OF INDUCED CURRENT

DO 50 RO*pIN
CUq(RO~i)-CZERO
DO 140 COLMt4-19N

CUR IROh)-CUR(RO W) ZIN VI OWCOLMNI*yIN (COLMN I
*o CONTINUE

so CON T 1NUE
C
C DETERMINE THE VE9TICAL E FIELD AT ANTENNA DUE TO COAX

DO 60 KA=1,10

AT-KA/10.0-0.05

P-11-ATAN (ANT/CD! ST I
EOIST-SORT(A%T92.0,COIST#*Z.0)
M(-SQ2T(dETAI*,2Z.0-dFTA*#2.0)
ARC ISHO*EDIST
CALL MODBES(ARG1,KL)
ERIC(KAI-(-Z.*ETAI*Kl/(I1U*PlI)*SIN(PNI
H0-SORT( RETA2**2.0-3ETA442.O I
ARG1IHO9EDIST
CALL ?IJBIFS(ARG1,KlI

EREC(KAI (-Z.(*dFAZ?*II/IH0*PI*Ci))*SIN(PHI I*CEXPI-ZJ*PHASEI
1 + EREC(KA)

60 CONTINUE
C
C COMPUTATION OF THE SCATTERED VERTICAL E FIELD AT THE ANTEN4NA
C F,04 THE K-TH ELEM~ENT AND THE RESULTING RECEIVED E FIELD
C

VOLTS(LVI w CLERO
00 do K-19N
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00 70 KA-I.IO
ANT-'(A/ IU.O-0.0

THTAGAIA+PI/2.U)
FS CAT (K ) =1 JOCU4 JK ) 4wLoU*SI NtTHFTA)*CFXP(-l J8ETA*6IST I/

CHI'ATAN(II/tCt)I T+UOIST(LV)D I
ERE (KA I=CkEC(IKL L SC AT (K I (US( CHII

VOLTS(LV) - VI)LTS(LV) + U.OI$!.ALCIKA)
70 CON TIN UE
so CON T I UE

IF (CAiS(VOILTS(LV31 .G1. CA~vi(VMAXII YMAX - VOL TS (L V
90 CONTINUE

D0 100 LP-1942
POii(LP) LO.U*LOCIOCUCAaS(VULTS(LPI I/CAaS(VM.AXI)**2.0I

100 CONT INUE
PRINT'(T5,AT20,AI','1.NTRUD&,'o'ECF1YED'
PRINT' ITSA ,T2 I A)' ,' DIST AiCIA , PdNEi,
PRlNT IT7.F5.ZT2UF7.I,'(DIST(MD)PJ)WIM0IMD-1,042)
STOP
F NO

SUBROUTINE TOPINV(TAUNZAAI.ZINV)
C

C

C * THIS SURROIUTINE JETE4'INCS THEI INVERSE OF A TOEPLITZ
C * MAT R IX iHE N ;I VE N F I rik T HE F IRS T RO 0 OR COLUAN OF THE *
C * TOEPLITL PKATRIX.

C * NOTE:* THIS ROUTINE IS MO0RE EFFICIENT THAN A GENERAL
C M ATRIX INVER~SION ROUTINE BECAUSE IT MAKES USE OF THE
C SPECIAL P'ROPERTIES OF A TOEI'LITZ MATRIX.

C HSSUIBROUTI'd- IS A MODIFICATION~ OF SUBiROU.TINE TPLZ
C * FROM "ANTENN~A THiEORY ANt) DES IGN'
C BY STUTiMAN ANDO THILLE, PAGE 579 -81.

C LEGEND
C
C * AsAl - SCRATCH AREA VECT045 OF LENGTH Ni4
C * IER - ERROR CU~h, FjUUAL TO ZER~O IF MATRIX IS INVERT IHLE *
C W -i ORDFR Of TuE TOLPLITZ *ATk[X 0
C * TAU - FIRST 904 09 COLUMN' OF THE TUEPLITZ MATRIX 0
C * INV - THE INVERTEU TOEPLITZ MATR IX9

COMMON ABAR, BETA, iONS, ZJ
COMPLEX AINZI, AlINl), TAU(NZ), ZINV(NlgNZ)
COMPLEX ALMUA, ALPHA, Cli C2, COEF, CONE, CIER0, FAC9 TAUL
DATA CONE/(L.O0.OI/9 CLERO/(O.O9o.0II
N-NI-i
IER-O
TAUI-TAUI II
00 2000 II-19h
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2000 TAU(III-TAUIII4I)/TAUL
ALMO&-CONE-TAUI 1I*TAUI 1)
Al --T AU I I
1-2

I KK--
ALPHA-CZERO
00 2 Mzl,KK
LL.I-M

2 ALPtiA-ALPHA.A(M)*TAIJ(LL)
ALPHA=-I ALPHA+TAUI I))
IF (CAfIS(ALPHAI.LQ.O.JO) GO To 15
COEF-ALPHA/ALMDA
ALMDOA-ALMOA-COLF*ALPHA
DO 3 J=1,KK
L-I-J

3 *1 IJ -A J )+COEF*A(L)
DO 7 J-1,KK

7 A(JI-ALIJ)
All 3-COEF
IF (I.GE.NI GO TO 5

60 TO I
5 NH-4NZ.1)/2

F AC- AL MOA T AU I
NP*Ni. I
00 51. 11,NtH
IF ll.N4E.1) GO TO 52
AlIl1CON~E/FAC
00 53 J=29,41
AL(J)=A(J-1)/FAC

53 CONTINUE
GO TO 54.

52 CONTINUE
JH- 1-1
Cl-Al JH)
NNP INP-I
C2-A(NNPI)
00 55 JJ-1,N
J-NP-JJ
INPJ-NP-J
JL-J-1
AjLJ3-AlJL3.(lA(JL)-C2*A(iNtPJfl/FAC

55 CO.NTINUL
AlIII-AII-13/FAC

54 CONTINUE
DO 51 jslNZ
ZINV(IgI-Al(J)

- j KNPJ-NP-J
-' KNPI-NP-I

ZINV(KNP19J)-ALIKNPJI
S7 CONTINUE
51 CONTINUE

:1 RETUR~N
is PRINT*,ERROR HAS OCCURRED. MATRIX IS NOT STRONGLY NONSINGI

RETURN
END
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SUB,4JUTINE FUNCTfUFVAL)

C

C INTLGK~ATFO IN F'2UArION 2.13.
C

C

COM4UN1 AHAR9 iETA9 loas, lI
CU~rYLEX Al, F AL, IJ
UTclIUt-1URS
q8ASJT(AI.Rt#*U.O.UTtJIc*2.01
Al z( .O;RBAR4*2. 0-3. 04'AfIAR * 2.01 4(1.0. UJ*SETA*RS ARI
A2-(JETA4R4AR*AdAR 3**2.0
FVAL-(CEXP(IJ*BETA*RIIA.(3*IAL.42)1/(k9AR*#5.OI
RE TURd
END

SUBRtOUTINE MOUIIESIAKlI

C

C THIS su3ikflUTI'N F T~kmI4LS Taii VALUE OF THIE MN~FIEO

C dESSEL FUCTILIN OF THE SLCU'IJ -klt4D, ORDER ONE, GIVEN
C * A REAL AR~GUM1ENT

C * LEGEND

C 9 I MODIFIED iESSEL FCTN OIF THE FIRST KIND, 9 E N

c * I - IMODFIED KESSEL KCIN OF THE SECOND KIND, ORDER ONE

C * x - REAL ARGUMPJT

REAL 119KI
IF 5I.GF.2.0) GO TO 1000

* C REFEkENCE: ABRA'iO~ITZ9 EOS 9.8.3 E 9.8.7, PGS 378-9.
T-X/3. 79
l=-X*(O.5+0.87890594*T**2.0+O.514988fl9T*.00. 15084930#*T**6.O+

10.OZ65d733#t**e.00.003153.?T**.0*O.0032411*lZO.)
KlI(1.0/XI*(X*LOG( X/2.O)*11 1. .O.15443l4*X/2.)**ZO.O.Eb128597

201 00(X(2.(J3**'1 .i5 87*(/Z*Q1*.O20.1*L*20() .O

RE rwis
1000 C1JTIUES9.8 P 39C REFERENCE: ABRAMOWITZ, EQ2 .. ,PS39

Y-EXP(XI*SQRT(X)
YY-I.0/y
Kl-( YY 34412311+.3969(./i00b5Z*20X*2

2**5.O-0O00b8245*(2.O/X
3 4 6b.Q)

:1 RETURN
END
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