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the major mode supported by this structure, data are displayed of at-
tenuation constant and phase velocity associated with a variety of design
parameters. For a limited number of cases radiative losses and reflec-
tions at circular bends in the line are shown, as are suggested feed

and termination configurations. Some calculated field distributions

are also presented, as are some estimates of the reflection expected

from an idealized (metallic wire) intruder. Some experimental data

taken on a scaled model are included to verify certain results calculated

~._from theory.

> second type of line investigated theoretically is the single
coaxial cable whose outer shield is perforated by circumferential rec-
tangular slots, each one narrow in longitudinal extent, subtending an
arc of arbitrary length and spaced uniformly along the line's extent.
The cable has an imperfectly conducting circular center conductor sep-
arated by a lossy dielectric from the outer shield which is assumed
to be perfectly conducting and infinitesimally thin.__This configuration
is enclosed in a circular sheath of lossy dielectrictand the whole is
assumed to be suspended above or buried within a lossy Nat earth. For
one geometry corresponding to a commercially available versjon of this
so-called "leaky" coaxial cable (Andrew Corporation's Radiax cable)
data are presented of the attenuation constants and phase velocities
of the major modes found to exist on the structure. A few examples
of the corresponding field configurations are also given.

As a prelude to work on the leaky coaxial cable, some effort was
expended to develop the theory of the Goubau Aine over the flat earth
as well as that of the coaxial cable with 360~ circumferential slots
over the flat earth. In addition, although tangential to the main
thrust of the contract, theory was developed for the leaky coaxial cable
centered in a cylindrical tunnel through earth. This latter theory
could easi}y be changed to accommodate a cable located eccentrically
in a tunnel.

The report concludes with a discussion of the utility of the lines
as intruder sensors and suggestions for future work.
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Evaluation

1. This contract was to investigate guided wave structures of about
one mile long which might be used as intruder sensors. The guided wave
transmission line was to operate in the presence of a lossy earth. The
predominant structure examined was the Yagi Transmission line. |t
consisted of uniformly spaced imperfectly conducting thin rods (dipoles)
of equal length held above and perpendicular to @ lossy earth. The
effect of bends were included in the study. The attenuation, phase
velocity and surface wave field were determined as a function of the
various parameters of the line. The effect of a simulated intruder

was also determined.

2. It was found that a Yagi line was not sensitive enough to detect
an intruder, although, improvements do seem possible.

3. Generally, much was learned of the Yagi line and the influence of
its parameters. Enough knowledge has been attained so as to be able to
consider making use of the line in conjunction with other structures.
The treatment here is quite thorough and permits speculation for future

work.
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I. INTRODUCTION

In the not-distant future it is expected that critical permanent
areas, such as nuclear power plants, nuclear waste sites, dams, water
supplies, prisons, etc., as well as semi-permanent areas such as for-
ward located airstrips, docking sites, etc., which are vulnerable to
noncooperative intruders, will require protection by one or several
means, from physical barriers to electronic sensors. With this poten-
tial need in mind, the present contract was undertaken to investigate
and evaluate a few electromagnetic guided wave structures which appear
to be suitable for use as intruder sensors for barriers of length up
to one mile. Of necessity, any such structure must operate in the pres-
ence of lossy earth and theory of the resulting attenuation of the guided
wave must take this source of loss into consideration. Additionally,
it was suggested that the guided field structure should be sensitive
to an intruder within a longitudinally oriented region approximately
2 meters wide and 3 meters high and be such that it cannot be penetrat-
ed from beneath without detection. Frequency of operation was speci-
fied to 1ie in the range 50-500 MHz, particularly below 100 MHz where
data indicate a broad resonance in standing human scatterers. This
report summarizes the results of theoretical analyses of two types of
guided wave structures - the Yagi transmission line and the "leaky"
coaxial cable. Peripheral results are also presented for the Goubau
line.

The Yagi (or Yagi-Uda) transmission 1ine consists of uniformly
spaced, imperfectly conducting thin rods of identical length suspend-
ed a uniform height above and perpendicular to a lossy flat earth1'7.
For the major mode supported by this structure, data are presented of
attenuation constant and phase velocity associated with a variety of design
parameters. For a limited number of representative cases radiation
losses and reflections at 90° circular bends in the line are shown,
as are suggested feed and termination configurations. Some calculated
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field distributions are also presented, as are estimates of the reflec-
tion expected from an idealized (metallic wire) "intruder". Limited
experimental data taken on a scaled model are included to verify cer-
tain results calculated from theory. Improvements in the theory are

also suggested and discussed.

The leaky coaxial cable is being investigated by several gr‘oupsla'26
as a potential intruder sensor and their experimental results indicate
that it is a promising candidate. At the start of the present contract
we or the sponsor know of no theoretical model developed for the par-
ticular type of cable investigated here from which numerical results
could be calculated for propagation constants and field structure.

It was considered useful that such a theoretical model be available

to help explain some of the observed characteristics of leaky coaxial
cable and, should it be incorporated into sensor systems, to provide
some guidance in the design of the cable itself and its deployment geo-
metry. Thus, some effort was expended in the latter half of the present
contract to develop a theory for the single leaky coaxial cable in the
presence of a lossy flat earth. Although this cable is usually used

in a parallel pair configuration, time considerations forced us to leave
this interesting extension undone.

The geometry considered consists of a single coaxial cable whose
imperfectly conducting circular center conductor is separated by a lossy
dielectric from the outer shield which is assumed to be perfectly con-
ducting and infinitesimally thin. This outer shield, rather than braided,
is perforated by circumferential rectangular slots, each are narrow
in longitudinal extent, subtending an arc of arbitrary length and spaced
uniformly along the line's extent. This configuration is enclosed in
a circular sheath of lossy dielectric and the whole is assumed to be
suspended above or buried within a lossy flat earth. For one geometry
corresponding to a commercially available version of this line (Andrew
Corporation's Radiax line (27)) data are presented of the attenuation
constants and phase velocities of the major modes found to exist on
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the structure. A few examples of the corresponding field configurations
are also given. As a special case which is interesting in its own right,
the leaky coaxial cable was assumed to reside along the centerline of

a cylindrical tunnel through lossy earth. If necessary the theory can
readily be modified to accommodate an eccentric cable and thus form

the basis for designing an open communication system in tunnels - a
subject of interest in recent 11terature28'38.

The report closes with a discussion of the utility of the lines
considered here as intruder sensors and suggestions for future work.

II. THE YAGI TRANSMISSION LINE

A. Synopsis of Theoretical Approaches

Although most theoretical work under this contract centered on
the straight Yagi line of infinite extent because this geometry pre-
sented a tractable boundary value problem in classical format, certain
questions posed by the sponsor, such as those involving radiative losses
at bends, feed and termination configurations, and reflection from
an intruder, could best be answered for a finite Yagi line using a com-
puter-oriented approach such as that provided by the method of moments.
In this section we summarize, in varying detail, the two approaches.

1. The Infinite Line

In this section expressions are developed for the surface-wave
fields and the transcendental equation whose root determines the com-
plex propagation constants of the surface wave supported by an infi-

nitely long Yagi line in free space and over the flat earth.l‘2

Figure 1 illustrates a periodic array of dipoles in free space.

Each dipole is a straight wire with length & = 2h, radius "a" and con-
ductivity o. Each wire is parallel with the z axis, and s denotes the
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Figure 1. Periodic array of dipoles in free space.

spacing between the axes of neighboring wires. The time dependence
e“"t is understood. The surface impedance ZS is defined in terms of

the field on the surface of dipole number 0 as follows:
Ex(a,x) ot H¢(a,z) for -h <z <h . (1)

Fmpere's law relates H¢ to the current distribution, so that Equation
(1) can be written as follows:

E,(a,x) = Z_ 1 (x)/(2ma) (2)

where Io(z) represents the current distribution on dipole 0. A valid
relation can be obtained by multiplying both sides of Equation (2) by

Io(z) and integrating. This leads to the following relaxed boundary
condition:

h ZS h ’
{h I,(2) E, E,(2) dz = »— Ih I,(2) dz (3)

- T — — . .
Wm e =




S r
EEsE +E (4)
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B Ely R +E ) (5)

n=1

\ where En denotes the free-space field of dipole n and E; denotes the
L field reflected from the flat earth,

Let Ion denote the current at the center of dipole n. When a sur-
face wave propagates on the dipole array, the dipole currents are given
by

= nys

Ion Ioo g (6)
where y denotes the propagation constant for the surface wave. From
Equations (1)-(6),the terminal voltage at dipole 0 is

L
¥y = 2wl 2]

ne1 I, cosh(nys) = 0. (7)

The term Z; vanishes for a dipole array in free space. The mutual im-
pedance between dipoles 0 and n in free space is defined by

h
7 =— | Io(z) En(z) dz . (8)

If the dipole length % does not exceed M2, a suitable trial func-
tion for the current distribution on dipole n is

In(z) . IOH Si—:frl(:n- IZD (9)

where k = W[ & Corresponding to equations (8) and (9), the mutual

impedance Zn is given by Schelkunoff and Friis39 for parallel filamen-
tary sinusoidal dipoles with spacing p= |ns|. The self impedance of

dipole 0 (in free space) is
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-

{f e e VS




' [kh - sin (kh) cos(kh)] Z
S IRE
(o} oc

—s (10)
2n ka sin“(kh)
where Z00 denotes the self impedance of a perfectly conducting dipole
in free space. To calculate Zoo’ we consider the mutual impedance of
filamentary sinuscidal dipoles with spacing p = a. The term Z; repre-
sents the contribution to V(y) arising via reflection from the flat
earth, and it is considered later.

In Equation (7), V(y) denotes the voltage appearing across the
short-circuited terminals of dipole 0 with a terminal current Ioo of
one ampere. This voltage must vanish, and Equation (7) is the tran-
scendental equation for the system. The propagation constant y for
the surface wave is determined by searching for a root of V(y). As
usual, we let y = a + jB. For a perfectly conducting array over a loss-
less dielectric half-space, the attenuation constant a vanishes and
the series in Equation (7) converges slowly. When the dipoles and/or
the earth have finite conductivity, a is positive and the series di-
verges. To improve this situation, we add and subtract (in Equation
(7)) the following asymptotic form of the mutual impedance:

z. = (0/n) e~Jkns (11)

p = JAE - €OS kh)®
kS sinzkh

(12)
where n =j7:;7€;. This leads to the following transcendental equation:

V(y) = Ky Zg - D &nfl - exp(ys-jks)] - D 2n[1 - exp(-ys-jks)]

+ 2 ngl [Zn - (D/n)e'jkns] cosh(nys) = 0. (13)

When o and Z; vanish, Equation (13) reduces precisely to the transcen-
dental equation used ear]ier14 for a perfectly conducting dipole array

T M‘amum»gmypﬂw I R ™ T R




in free space. For this and other reasons, it is convenient to refer

to "analytic continuation" as the basis for Equation (13). When a =

0, the series in Equation (13) converges rapidly and the following number
of terms is sufficient14:

N=1+17 h/s . (14)

When o is positive, we still use Equations (13) and (14). Newton-Raphson
iteration is convenient for locating the root of Equation (13).

In deriving Equation (13) we used the following:

(= -]

nz
{i*n— = - gn(1 - €%) (15)
where z denotes a complex constant. Equation (15) can be found in the
literature for the special cases where z is imaginary or negative real.
In the general case it can be derived formally by integrating (with
respect to z) both sides of the following summation formula:

Y ™ w6l <nef) (16)
1

If the hyperbolic function in Equation (7) is written as the sum
of two exponentials, then Equation (7) contains the sum of a divergent
series and a convergent series. The divergent series is given by

-}

e nys

Vyy) = ; 2 € . (17)
From Equations (11), (15) and (17),

Vi(y) = - D&n 1 - e(Y'jk)s] + { - (D/n)e'Jkns]e"YS. (18)
When o is positive, the series eventually diverge in Equations (17)

and (18), although they appear to be converging when n is small. There-
fore, results obtained with the transcendental Equation (13) are not




considered reliable until they are confirmed by other methods. Confir-
mation has been obtained by several methods.

In method 1, we use Equations (11) and (17) to obtain

@  (v-jk)ns
" V1=?Zne"YS+D ] —— (19)
1 M+1
where M is large enough to justify the asymptotic form. If as and
(B-k)s are small, the last series in Equation (19) is nicely approxi-
mated by an integral as follows:

M o (y=-jk)sx
vlzgzn enYS+DM{!5e__"_— dx . (20)

This integral is recognized as the exponential integral El(z) where

z = - (M) (y-jk)s. Of course, the integral in Equation (20) diverges,
and we may replace it with El(z) only if we are willing to accept the
implied deformation of the path of integration. When as and (B-k)s
are small, the results obtained with method 1 (Equation (20)) agree
closely with those obtained with analytic continuation (Equation (13)).

When method 1 begins to fail, method 2 becomes effective. In method
2 we consider a large but finite linear array of parallel dipoles with
uniform length and spacing. We insert a one-volt generator at the center
of the dipole at one end of the array, invert the impedance matrix and
thus solve for the currents on all the dipoles. Since the impedance
matrix has the Toeplitz form, it takes only a few seconds to carry out
this operation for an array of 200 dipoles. Now the current Ion is
known at the center of each dipole. On the dipoles near an end of the
array, the current on one dipole may bear little relation to the currents
on the neighboring dipoles. For a small group of dipoles at the center 1
of the array, however, it is reasonable to assume the currents are re-
lated as follows:

8 |
|
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-ny;s ny,s =nY,s
+

e C3 e “ + C4 e y (21)

|

|

! 2

r Thus we are postulating two modes propagating in each direction along
the array. There are four unknown coefficients Ci and two unknown prop-
agation constants. By using the recursion relations for the exponen-
tial and hyperbolic functions, it turns out that we can easily solve .
for Yq and Y, if the currents Ion are known on any group of six con-

‘ secutuve dipoles. In this manner we calculated Y and Y, for an array
of 190 dipoles with various lengths and spacings. In all cases where
we were able to fund a root of Equation (13), it turned out that Y1

was associated with the surface wave of interest here. Furthermore,

when as and (B-k)s are not too small, method 2 yields values of Yy show-
ing close agreement with those obtained with analytic continuation.

The values of Y, indicate a wave propagating essentially with the speed
of light and with a comparatively large attenuation constant. Although
this wave is not well understood, it may be the free-space radiation
emanating from each end of the finite array. Waves of this type would
presumably propagate at the speed of light and would not possess a true
attenuation constant. Instead, they would behave 1like (1/R)e'jkR
R denotes the distance from a "radiation center”. Over the range of
six consecutive dipoles at the center of the array, however, the func-

tion 1/R can be approximated by the function e ™,

where

It was found that method 2 fails if the last two terms are deleted
in Equation (21). This indicates that two distinct modes are prominent
even in the central region of an array of 190 dipoles.

Finally, conservation of energy was employed to check the atten-
uation constant obtained via Equation (13). The check proceeded as
follows. We considered a surface wave propagating in the negative y
direction on a periodic array of dipoles in free space a: in Figure
1. Using the field expressions presented here, we integrated the Poynting
vector over the plane surface y = 7 to determine the time-average power
transmitted in the (-y) direction. Conservation of energy requires
that
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Py(s/2) - P (-5/2) = P, (22)

where Pt(y) denotes the time-average power transmitted and Pd denotes
the time-average power dissipated in dipole 0. Using the value of B
obtained via Equation (13), we calculated the various quantities in
Equation (22) and used Newton-Raphson iteration to adjust a until Eqg-
uation (22) was satisfied. It was found that the value of a obtained
in this manner agreed closely with that obtained via Equation (13).

In view of the results obtained with method 1, method 2 and con-
servation of energy, we concluded that the method of analytic continu-
ation (Equation (13)) is valid even though its derivation is question-
able.

As is done in Equation (4), it is convenient to express the surface-
wave field as the sum of the incident field (generated by the dipole
currents radiating in unbounded free space) and the reflected field
arising via reflection from the air-earth interface. We are now prepared
to develop suitable expressions for the incident field.

It must be kept in mind that we require incident field expressions
in a form that will permit application of the boundary conditions at
the air-earth interface. The Poisson sum formula may be thought to
be useful for this purpose. Difficulties arise however when one at-
tempts to apply the Poisson sum formula to the field of the surface
wave. Although the field of one sinusoidal dipole has a simple closed
form, a divergent series results from summing over all the dipoles in
the array. However, Floquet's theorem suggests an alternative approach.

To simplify the field expressions, let us replace the round wires

with thin metal strips lying in the yz plane. Then the volumetric cur-
rent density for dipole n is given by

10
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J, = 2 e™S §(x) P(y-nx) 1 (z)/w amperes/m- (23)
where y denotes the propagation constant for the surface wave on the
array of dipoles over the flat earth, and P(y-ns) denotes a pulse func-
tion with unit height and width w, centered at y = ns. So that the
field of the strips will closely resemble the field of the round wires,
we choose w = 4a for the width of the strips. If w is much smaller
than s, we can replace e with €'Y in Equation (23) because the two
functions are essentially equal in the small region where P(y-ns) does
not vanish. Using the Fourier transform, we can express Equation (23)
as follows:

! 4 f0-§iﬂL%!L§l e-JPns Py 4q fm cos(fx) df.

- 0

J
% w? W

(24)

By summing on n and using Equations (3-41) and (3-44) in Reference 40,
we obtain the current density of the periodic array of strip dipoles:

W &
: Io(z)e

)] Sp(¥) J’Q cos(fx)df (25)
m=-o (o}

S,(y) = s;:am:w/sz pJ2my/s (26)

where Io(z) is given by Equation (9) and So(y) = 1.

z S

Using Equation (25), it is not difficult to show that the free-
space field of the periodic array of dipoles is:

El=-aeWY § Sm(Y) fm f sin(fx) Q(z) df (27)
0

i
X -
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E; = A eW § (y+j2ma/s) S (y) [ cos(fx) Q(z) df (28)
o] -aeY TS (v (KPgd) E-"-;-(-f-l‘l P(z) df, in Regions 1,3 (29a)
E =
y 4
2kA e 75 (y) [ [e"91%]cos(kh)-e™9" cosh(gz)]Eg-s—-ﬂﬁ df,
in Region 2 (29b)
J Igon
A= 5%s sTnkh (30)
& = 2 - (yriom/s)? - K2 (31)
h ;
P(z) = sink(h - |z'|) 9% 2] gz (32)
-h
h '
Q(z) = [ sogn(z-2') sin k(h - |2'|) e 9227 451, (33)
In regions 1 and 3 of Figure 1, where 12| > h,
P(z) = 2k e" 912 (cosh gh - cos kh)/(k2 + 92) (34)
Q(z) = P(z) sgn(z) . (35)

In region 2, where 12} < hy

P(z) = 2 [g sin k(h=)2)) + k cosh(g|z)e™S" - k cos(kh)e 91 Zh/(k?+g?)
(36)

Q(z) = Zk[cos k(h-|z|) - sinh(g|z|)e'9h - cos(kh)e'glzl] §gﬂ£§l
k™+g"~

(37)
12




The magnetic field intensity is found from curl E, and it is observed
that H; = 0. It has been verified that the given field satisfies the
appropriate wave equation in each region and continuity of the tangential
field components across the boundaries between adjacent regions.

Now that suitable expressions are available for the incident field,
we are in a position to consider the fields reflected from the air-earth
interface.

Figure 2 illustrates a pericdic array of vertical dipoles over
the flat earth. The field incident on the air-earth interface is given
by Equations (27-35). Everywhere in region I (the upper half-space),
the reflected field is:

-gz
EY‘ = eyy 2‘ S Ifg RC sin(fx) e df (38)
X m k? & o

g

-gz
E; =-eV ] (y+j2mn/s)s, f g RC cgs(fx%  Baah .S (39)
k® + g

Er = e IS, JRC cos(fx)e™9% df (40)

-J “Ioo (cosh gh - cos kh)

m gs sin kh y (41)

Everywhere in region II (the lower half-space), the transmitted field

is
t fg TC sin(fx)e%% df
q - YZ
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Figure 2. Periodic array of vertical dipoles over the flat earth.

qz

€F = & (yesom/s) s, f LI coslfxle” df (43)
L2 T Yz

Ev = e s, fTC cos(fx)e? of (44)

o = Yg - (v + 3 2m/s)? + £ (45)

Yg = Juu,0, - w2u2e2 . (86)
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It is found that H; = 0 and H: = 0. The tangential components of 3
and H must be continuous across the air-earth interface. By enforcing
these boundary conditions, we determine the reflection coefficient R
and the transmission coefficient T:

(ge, - qeo)e'zgd
R = TS (47)
2 ge, e~9d o2d
T TS (48)
€ = & -JoZ/w . (49)

Now that expressions are available for the field reflected from
the air-earth interface, we are in a position to evaluate the term Z;
in the transcendental equation.

The reflected field makes the following contribution to the voltage
V( ) in Equations (7) and (13):

| -1 h : r
o ¥ men e [ sin k(h-|z|)Ez(0,0,z) dz . (50)
I00 sin kh  =h

From Equations (40) and (50),

7" = =2k ) Sm(O) ! iggshégh -zcos kh)RC df . (51)
00 m=-c 0 k™ + g

Specific numerical results derived from the above theory are given
in Section IIB.
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2. The Finite Line

The foregoing theory is suited for ideally periodic structures
i.e., those of infinite extent. If, however, we wish to investigate
the effects of bends in the 1ine, or of various terminations and feeds,
or of an obstacle placed near the line, it is appropriate to apply the
method of moments“'42 to a Yagi line of finite extent. By the method
of moments we mean nothing more than a computer-oriented technique where-
by the integral equation, derived from Maxwell's equations subject to
the appropriate boundary conditions at the dipoles, is approximated
by a set of simultaneous linear algebraic equations whose unknowns are
the currents induced on the dipoles by some given primary (voltage)
source. In this method, each dipole is considered to be divided into
N segments and a piecewise-sinusoidal current of unknown amplitude is
assumed on each segment. These current amplitudes form the unknowns.
Written in matrix form, the problem reduces to one of inverting the
kernal matrix (usually an impedance matrix) by some algorithm suited
to the digital machine, whereby one obtains numerical values for the
current distributions on each dipole.

Under this contract we considered by the above technique only Yagi
lines in free-space; the earth can be incorporated if one is willing
to accept considerable complications in the formulation of the fields.
Up to 200 dipoles were considered, but most computations were made with
fewer than 100 dipoles and in some cases as few as 30 dipoles.

The primary source usually consisted of a voltage source at the
center of a dipole, or several sources in adjacent dipoles phased to
correspond to the phase velocity of the propagating surface wave.

Specific numerical results involving bends in the Yagi line, in-

truder effects and feed and termination designs are given in Section
118B.
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B. Some Calculated Results

Because the Yagi line has so many parameters available to the de-
signer (one of the reasons we selected this structure) it was difficult
under this contract alone to amass all the data necessary to form a
complete picture of the line's behavior. In this section we present
certain calculated data, based upon the approaches just described, to
give some idea of the line's potential as an intruder sensor. Some
of the computer codes employed are given in References 1 and 2, should
more data be desired; other computer codes (specifically, those involv-
ing the finite line) are not documented explicitly.

Figures 3 and 4 are contour plots of the relative phase velocity
and attenuation constant of the primary mode supported by the infinitely
long Yagi 1ine of copper rods of radius 0.001 operating at 300 MHz
in free space. Figures 5-8 present the same data in a different form.
Comparing Figures 5-8 with Figures 9-12 will give some feeling for the
effects of reducing the dipole radii from 0.001)x to 0.00067), all other
parameters being fixed.

A1l the above figures show the same trends: (1) the surface wave
slows down with increasing dipole length and with decreasing dipole
spacing, all other parameters being fixed, (2) slowing down the wave
either by increasing dipole length or by decreasing dipole spacing in-
creases the attenuation constant due to increased copper loss, (3) slow-
ing down the wave binds the surface wave more tightly to the structure.
The last fact may be deduced from Equations (27)-(37) and based upon
these equations we have calculated and plotted fields for a few cases.
Figures 13-18 present magnitude of the electric field component Ez par-
allel to the dipoles as a function of the transverse distance from the
dipoles along the line y=0, z=0 (i.e., in the plane of a dipole). The
dipoles are copper rods of radius 0.001A, the frequency is 300 MHz,
and the four curves on each figure correspond to dipole lengths of ?h/x
= 0.36, 0.40, 0.42 and 0.44, Dipole spacings considered are s/x = 0.30,
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0.26, 0.22, 0.18, 0.14, and 0.10. Each field plot is normalized to
correspond to 1 ampere of current flowing at the center of the reference
dipole. Although this is a convenient normalization it is not a par-
ticularly good one for design purposes. Better would be a normalization
such that each field plot corresponds to a surface wave conveying one

L watt of power across the transverse plane y = 0 in which the fields are
calculated. By properly combining Equations (32) and (35) of Reference
1, one may derive the relationship, ;

i fd : (52)
t 2?2 sinhas ° ‘ 4
where Pt is the power transferred across the transverse plane y=0

By = IIOI2 R [kh-sin(kh)cos(kh)] is the power dissipated in

S 21 ka sinz(kh) the dipole located at y=0 and
carrying a current I_ at its
center and exhibitin8 a surface
impedance Z_ whose real part
is R.. *

If RS is calculated for each dipole of interest (it involves Kelvin
functions of the dipole radius, a, the frequency, and the conductivity
of copper, 0=57 x 106 Siemens/meter), and if Io=1 ampere, Equation (52)
leads to Table I for Pt in wa* 5. Thus, if the reader wishes, he can
renormalize Figures 13-18 to correspond to one watt transmitted simply
by dividing their vertical scales by the appropriate numbers given in
Table I. He can also obtain the attenuation and relative phase velocity
for each case depicted.

Figures 19-22 present field plots similar to the ones discussed
above, normalized to 1 ampere flowing at the center of the reference
dipole, but at a frequency of 100 MHz. The dipoles were of copper (field
calculations for aluminum dipoles are not included because they differ
very slightly from that for copper) and of two diameters, 2.05 cm and
4.08 cm (corresponding to s/A = 0.0034 and 0.0068, respectively). The
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Table I
Power transferred, power dissipated, attenuation and relative
velocity on a free space copper Yagi 1ine at 300 MHz. Reference
current of 1 Ampere, a/)=0.001

=
L/\ s/A Pt(watts) Pd(watts) a(ﬂsﬁgﬁ%) v/c
.260 100 £C60. L .000120 . 986D
260 140 6238. A1 .000059 . 9052
260 . 1280 1éerl. A1 .000025 . 9084
s .220 23572, LI .000010 - 9905
260 260 50669 . L1 .000004 . 9998
360 L300 1i2e13, 1 .000002 . 900y

| 400 .100 745, 12 .000827 . 9068
400 140 £, 12 .000529 L0611
. 400 180 1c17. 12 .0N02326 .9737
. 200 .220 1297. A2 00216 . ORR |
200 .260 1691. g2 LonD]4D .9932
. 200 L300 2225, A2 .000092 L9061
420 100 ‘07, L3 .001623 . P568
.420 140 244, A3 Looise . 0097
420 . 180 58, A3 L 003031 L0420
220 220 01, A3 606753 9627
+ 420 +20f £60), o ! . ONCHKH 0« 9749

| 420 .300 521, 12 .000426 .OR26

{ LL() . 100 1493, o 14 . (NZLB AR . 1560

‘ 440 . 140 162. 4 .002171 .R207
. 240 L 180 157, 4 0543 .R635
. 240 220 139, 14 0023225 . 956
JA40 260 133, 14 L 002085 L9197
« £ 40) 300 128. 14 L001R74 .935¢
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Figure 21. z-component of E-field in a transverse cut in plane of a dipole,

normalized such that current at center of each dipole is 1 Amp.
a/A=0.00682, s/A=0.3, f=100 MHz.
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Figure 22. z-component of E-field in a transverse cut in plane of a dipole,
normalized such that current at center of each dipole is 1 Amp.
a/2=0.00682, s/A=0.2, f=100 MHz.
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spacings between dipoles were 0.6 m and 0.9 m (corresponding to s/x =
0.2 and 0.3, respectively). The corresponding values for Pt' Pd, a,
and v/c are given in Table II which, as before, may be used for renor-
malization purposes.

The Yagi 1ine design parameters (spacings, diameters, lengths)
selected for Figures 21 and 22 correspond at 100 MHz to a 25.98:1 scaled
version constructed of copper for experimental testing at ~2.5 GHz.

See Section IIC of this report for details. We calculated fields cor-
responding to Figures 21 and 22 for the scaled version at f = 2,598
GHz and found them to be essentially unchanged (allowing for the scale
factor) from those at f = 100 MHz.

A1l the field plots of Ez presented in this report were made in
a transverse plane containing a dipole (y=0). Similar plots for planes
between dipoles display very little differences from those shown43.

(This is not true of other field components, however.)

We now turn our attention to the Yagi transmisison line above a
flat air-earth interface.

Figure 23 is a contour plot of the attenuation constant of the
primary mode supported by the infinitely long Yagi line of vertical
copper dipoles of radius 0.001 suspended one wavelength (measured from
centerline) over the flat earth. The earth is specified by the con-
stituitive parameters* ezs?eo, Ho=U s 0=0.01 mho/m. This plot should
be compared with Figure 4 for the same Yagi line in free space. For
the line in free space it was noted that the attenuation constant de-
creases as dipole length decreases. As the dipole length decreases,
the phase velocity increases and the surface-wave becomes more loosely
bound to the 1ine, weaker currents flow on the dipoles and less power
is dissipated in each dipole when the power transmitted via the surface-

*Some data on Earth media electrical characteristics are given in Ref-
erence 44,
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Table II

Power transferred, power dissipated, attenuation and relative
velocity on free space copper Yagi lines at 100 MHz. Reference

current of 1 Ampere, a/A =0.0034 and 0.0068.
a/2=.341000E -2

/A s/\ Pt(watts) Pd(watts) a(ﬂg%g[%)
<360 200 2700. .02 . 000005
<260 <300 2001, B2 . 000001
<400 .200 57 02 000029
<400 .300 94, L0 . COC023
<420 200 151, .02 . 000124
<420 .300 148, .02 000084
<440 <200 60. .02 000235
<440 .300 51, 52 « 0002 66

a/x=.682000E -2

560 .200 “49, .01 .000008
«360 « 300 1&40, il . 00C0O03
. 400 200 172, .0l  .000050
«4 00 i) 1920 ol « COCO20
420 200 92. Ol 00ctio
420 . 200 69. L0l 000091
440 200 44, O 000231
A 40) e 300 18, a1 + OO0E (7
4]
e ot MR YRS S W i TR R T RN R DR N e W

B P e i

v/c
. 9945
L9992

e 9H0Y
. 9838

LB99G
. 0498

«R02Y
e B9

. 98523
« 9964

L9214
« 9633

.R4a57
. 9042

« 7278
. 7812
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wave is held fixed. For dipole lengths receding from \/2, this same

type of behavior is observed in Figure 23 for the Yagi line over the

flat earth. But here, as the dipole length decreases further, the at-
tenuation constant increases again. The surface-wave becomes more loosely
bound, the surface-wave field penetrates more strongly into the earth

and more power is dissipated there. Thus, for each value of spacing

s and height d, there is an optimum dipole length that minimizes a.

As one increases the height d above the earth, the attenuation con-
stant decreases rapidly and the surface-wave characteristics approach
those of the array in free space.

We have not constructed a contour plot of relative phase velocity
for the Yagi line over<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>