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ABSTRACT
TRAVELING WAVE ANTENNAS
WITH IMPEDANCE LOADING

by Dennis P. Nyquist

The circuit and radiation characteristics associated with thin-
wire traveling wave antennas are desirable for certain applications.
In this thesis, specific consideration is given to two members of the
class of thin-wire antennas: (1) the linear antenna and (2) the
circular loop antenna. An impedance loading technique is utilized
in either case to modify the usual standing wave distribution of
antenna current. It is indicated that a traveling wave of current may
be excited on such thin-wire antennas through the use of an optimum
impedance loading.

It is well known that conventional thin-wire antennas support
an essentially standing wave distribution of current. Such antennas
are highly frequency sensitive, in that their input impedance is a
strong function of the excitation frequency. As a consequence of
this sensitivity, antennas of this type are ordinarily used only at
a single frequency or over a very narrow band of frequencies.

A traveling wave antenna supports a distribution of current
which is essentially an outward traveling wave. In contrast to its
standing wave counterpart, the input impedance of a traveling wave
antenna is relatively broadband as a function of frequency. Further-
more, the radiation fields of such an antenna are considerably

modified as compared with those of a corresponding conventional
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DENNIS P. NYQUIST

antenna. These radiation patterns are in general characterized by
a wider beamwidth for electrically small antennas, and improved
directivity with a notable absence of minor lobes for large antennas.

It is the object of this research to realize a high efficiency
traveling wave antenna and to evaluate its corresponding circuit and
radiation characteristics. An impedance loading technique is
utilized whereby the antenna is doubly loaded with a pair of idential
lumped impedances. The position and impedance of an optimum
loading to yield an outward traveling wave of antenna current are
determined in terms of the antenna dimensions and its frequency of
excitation. It is indicated that a purely non-dissipative optimum
loading may be utilized if its position is properly chosen. Through
the use of such a loading, a traveling wave antenna may be realized
while maintaining the high efficiency characteristic of a conventional
unloaded antenna.

A theoretical analysis is made of the impedance loaded linear
and loop antenna configurations. It is the object of this analysis to:

(1) determine approximately the distribution of antenna current as

a function of its dimensions, the impedance and position of the loading,
and the frequency of excitation; (2) determine the optimum loading to
yield an outward traveling wave of current; (3) investigate the possibility
of utilizing a purely non-dissipative loading; and (4) calculate the
corresponding input impedance and radiation fields. Particular
emphasis is placed upon the use of a non-dissipative optimum loading,
since the high efficiency associated with such a loading is of fundamental

interest.
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DENNIS P. NYQUIST

It is verified experimentally that a traveling wave of current
may indeed be obtained on a linear antenna through the use of a properly
located, purely reactive loading. The experimentally measured values
of the parameters for such an optimum loading are demonstrated to
compare favorably with those which were determined theoretically.

The frequency dependence of the input impedance to a linear antenna
utilizing an optimum non-dissipative loading is evaluated experimentally.
Perhaps the most significant result of this research is the
conclusion that a traveling wave antenna may be realized through the
use of a purely non-dissipative loading. Explicit expressions for the
reactance and position of such an optimum loading are presented. It

is indicated that a purely reactive loading can be optimum only at a
single frequency, a resistive component being required at all other
frequencies. Approximate expressions for the input impedance and
radiation fields of the traveling wave antenna are given in terms of
its dimensions and the frequency of excitation. Numerical examples
are presented for antennas of specific dimensions to illustrate these

theoretical results.
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PART 1

TRAVELING WAVE LINEAR ANTENNA
WITH OPTIMUM IMPEDANCE LOADING
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CHAPTER I

INTRODUCTION

1.1. Introduction

It is the object of the first part of this research to realize
a high efficiency traveling wave linear antenna and to evaluate its
corresponding circuit and radiation characteristics. An impedance
loading technique is utilized in which the cylindrical dipole antenna
is doubly loaded with a pair of identical lumped impedances. A
theoretical investigation of this configuration is carried out to
determine approximately the distribution of current on the cylinder
as a function of its dimensions, the excitation frequency, and the
impedance and position of the double loading. The optimum loading
impedance to yield a traveling wave distribution of current over most
of the cylinder is determined from this result. Particular emphasis
is placed upon the possibility of utilizing a purely non-dissipative
loading, since this would provide the means of realizing a high
efficiency traveling wave linear antenna. It is verified experimentally
that a traveling wave of current can indeed be excited on a linear
antenna through the use of a properly positioned purely reactive loading.
The input impedance and radiation fields of a traveling wave linear
dipole having such a non-dissipative optimum loading are evaluated
as a function of the cylinder dimensions and the frequency of
excitation.
1.2. Definition of a Traveling Wave Linear Antenna

A traveling wave linear antenna is defined as a linear antenna

which supports a traveling wave distribution of current. The traveling
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wave of current is excited by a voltage generator at the center of the
linear dipole, and travels outward toward its ends. While the
amplitude of the current wave decays as it advances outward from the
excitation point, since it continuously radiates energy into space, its
phase is essentially a linear function of position along the antenna. In
this research, a restriction is made to the class of long thin-wire
antenmas such that an expedient but approximate one-dimensional theory
may be utilized with good accuracy. In this one-dimensional approx-
imation, the distribution of dipole current is assumed to flow parallel
to the axis of the thin cylinder comprising the linear antenna.

The characteristics of thin-wire center fed linear antennas
have been studied extensively. Historically, Hallenl developed the
first mathematical theory describing the circuit properties of a linear
antenna. The result of this theory was an integral equation for the
axial distribution of current on the linear dipole. Hallen was, however,
unable to find a simple closed form solution to this integral equation.
Some time later, Kingz obtained an approximate closed form solution
to Hallen's integral equation through the use of an iterative technique.
This solution indicated that the distribution of current on a conventional
linear antenna consists essentially of a standing current wave. It was
found that these approximate theoretical results agreed very well with
corresponding experimental measurements of the antenna current.

Since it has been observed that the current distribution on an
ordinary linear antenna is essentially a standing wave, then evidently
some modification of its structure 1s necessary in order that it might

support a traveling wave of current. In the present research, an
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impedance loading technique is utilized to modify the distribution of
antenna current. This method consists of doubly loading the dipole
with a pair of identical impedances. When the loading is optimum,
that is, when its impedance and position are properly chosen, the
antenna may be made to support the desired traveling wave distri-
bution of current along the majority of its length.

A linear antenna is completely characterized by its distribution
of current. The dipole is fully described by its circuit and radiation
characteristics, which are readily determined from its current
distribution. From a knowledge of the current at its excitation point,
the input impedance of a linear antenna may be immediately calculated.
Similarly, the radiation pattern of the dipole is determined in a straight-
forward manner in terms of its distribution of current. Since the
circuit and radiation characteristics of a linear antenna are determined
by its current distribution, then it might be expected that these
characteristics should differ greatly for distributions corresponding,
respectively, to standing and traveling current waves.

1.3. Important Characteristics of a Traveliing Wave Dipole

A conventional linear dipole antenna is highly frequency sensitive,
in that its input impedance 1s a strong function of the excitation frequency.
This frequency dependence is a direct consequence of the standing wave
distribution of antenna current. As the frequency of excitation is varied,
the maxima and minima of the standing wave of current shift in position
along the dipole. With the excitation potential fixed therefore, the
current at the driving point of the dipole, and hence its input impedance,

varies strongly with changes in the excitation frequency. As a consequence
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of this frequency sensitivity, a conventional linear antenna is ordinarily
used only at a single frequency, or over a very narrow band of
frequencies.

In contrast to the standing wave dipole, a traveling wave
antenna has an input impedance characteristic which is relatively
independgnt of frequency. This broadband character is a consequence
of the traveling wave distribution of dipole current. Since the
amplitude of the traveling wave of current is essentially constant along
the antenna, except for the smooth decay due to radiation, then a
variation in the excitation frequency does not result in a rapid change
in the current at the driving point. The input impedance of a traveling
wave dipole is therefore a relatively weak function of frequency. It
is this broadband character which is the most important property of
a traveling wave linear antenna.

The radiation pattern of a conventional standing wave dipole is
characterized by a single major lobe when the antenna is electrically
short. As the electrical length is increased, this single lobe splits
to form a new major lobe in conjunction with a minor lobe structure.
The beamwidth of the major lobe decreases as the antenna length
increases, which would result 1n increasingly improved directivity
(high gain) if it were not for the presence of the minor lobe structure.
These minor lobes, however, have an amplitude which is a large
fraction of that of the major lobe. Consequently, the directional
characteristics of a long linear antenna are not desirable for most

applications.
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The radiation characteristics of a traveling wave linear antenna
are quite different from those of its standing wave counterpart. An
electrically short traveling wave dipole is characterized by a radiation
pattern having a single major lobe with a very wide beamwidth. As
the electrical length of the antenna is increased, the beamwidth of
this single lobe continually decreases. A minor lobe does not appear
in the pattern until the antenna length is much greater than that of the
comparable standing wave antenna. An electrically long traveling wave
antenna may thus be utilized to realize an improved directivity, this
improvement being a consequence of the relatively narrow major lobe
beamwidth which may be obtained without the appearance of a minor
lobe structure. When the traveling wave antenna is sufficiently long
that minor lobes finally do appear, their amplitude is lower than that
of the mitial minor lobe structure associated with the standing wave
counterpart antenna.

The modified radiation pattern characteristic of a traveling
wave linear antenna may be desirable for certain purposes. In
particular, the wide beamwidth of a short dipole and the absence of
minor lobes associated with an electrically long antenna may be
useful for some applications.

1.4. Previous Research on the Traveling Wave Linear Antenna

It has been established that a traveling wave linear antenna
may be realized through the use of a resistance loading technique.
Research has been reported on methods which utilize both lumped and
distributed purely resistive loadings. A traveling wave distribution

of current may be excited on a linear antenna having a purely dissipative
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loading through the application of either of these techniques.

Altshuler3 proposed that a traveling wave of current could be
obtained on a linear antenna by doubly loading the dipole with a pair
of optimum lumped resistances placed a quarter wavelength from its
ends. This technique was motivated by an analogy between the
standing wave distribution of current on a linear antenna and the
standing wave of current on a section of lossless transmission line
having an equal length and terminated in an open-circuit. Such a
section of line may be matched by placing a resistance equal to its
characteristic resistance in series with the line a quarter wavelength
from the open-circuited end. The distribution of current on the
matched line is a traveling current wave, except on the quarter wave-
length section at the end where the standing wave persists. It was
reasoned by analogy therefore, that, by placing an optimum resistance
loading a quarter wavelength from the ends of a linear antenna, a
traveling wave distribution of current might be excited on all but its
- end quarter wavelength. That such a lumped resistance loading
technique could indeed yield the desired traveling wave of current was
verified experimentally, where a slowly decaying traveling current
wave was found to exist on the antenna between its excitation point
and the position of the loading.

It was found further than an approximately traveling wave
distribution of current was maintained for a range of frequencies
about that where the resistance and position of the loading were
optimum. Consequently, a relatively broadband input impedance

characteristic was measured for a dipole having a fixed resistance
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loading of fixed position. When the excitation frequency was varied
significantly from its center value, where the resistance and position
of the loading were optimum, it was found that the distribution of
dipole current reverted back to an essentially standing wave. Further,
the input impedance again displayed the strong frequency dependence
characteristic of a conventional unloaded antenna. The expected
radiation characteristics of a traveling wave antenna were measured
experimentally for such a resistance loaded dipole.

It has been demonstrated by Wu and King4 that a traveling
wave dipole may be realized by constructing it of a dissipative
conductor whose resistance varies in a prescribed manner with
position along the antenna. Theoretically, such a loading will yield
a rapidly decaying traveling wave distribution of current along the
entire dipole. This distributed loading technique has the advantage
that the optimum resistance of the loading is essentially independent
of the excitation frequency, so that the traveling wave of current may
consequently be maintained over a wide band of frequencies. The
broadband input impedance characteristic and modified radiation
pattern generally associated with traveling wave antennas were
demonstrated to characterize this particular dipole structure.

Although each of the resitance loading techniques discussed in
the preceding paragraphs may be utilized to obtain a traveling wave
distribution of current on a linear antenna, they share a common
disadvantage. Traveling wave antennas realized through these
techniques have a very low efficiency due to the great amount of power

dissipated in the resistive loadings. In either case, the efficiency is of
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the order of 50% or less, which severely limits the practical value
of both techniques.
1.5. Object of the Present Research

It has been indicated that the resistance loading techniques
for obtaining a traveling wave distribution of current on a linear
antenna are very inefficient. Although these schemes may be
applied to yield the desired traveling wave of current, 50% or more
of the power supplied by the source is lost in joule heating of the
dissipative loading, rather than being radiated into space. Such a
gross inefficiency is intolerable in the majority of applications.

It is the object of the present research therefore to realize a
high efficiency traveling wave antenna through a new technique
utilizing a lumped non-dissipative impedance loading. Since the
loading is to be non-dissipative with this method, no power loss will
be experienced and essentially all the power supplied by the source
will be effectively radiated. The efficiency of such a traveling wave
linear antenna will thus be comparable to that of a conventional
standing wave dipole.

In this investigation, the antenna is assumed to consist of a
thin perfectly conducting cylinder which is excited at its center and
doubly loaded with a pair of identical impedances placed symmetrically
about the excitation point. There are two degrees of freedom in
choosing a loading with such a configuration; its impedance and position.
The optimum loading to yield a traveling wave distribution of current
on the cylinder is to be determined. In particular, the possibility of
utilizing a properly positioned purely reactive optimum loading is to

be investigated.
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Through this reactive loading technique, the desirable circuit
and radiation characteristics associated with a traveling wave
distribution of current may be obtained without the introduction of
dissipative elements. A traveling wave linear antenna is thus
realized while retaining the high efficiency of a conventional standing
wave dipole.

1.6. Outline for Investigation of Traveling Wave Linear Antenna
with Optimum Impedance Loading

The present investigation of a traveling wave linear antenna
with optimum impedance loading is broken into two distinct parts.
Initially, an approximate theoretical study of the doubly loaded
dipole is undertaken to determine the parameters of an optimum
loading which will yield a traveling wave distribution of cylinder
current. At a later point, an experimental study is made to verify
these theoretical results. It is demonstrated in particular that the
theoretically predicted optimum impedance loading will indeed yield
a traveling wave of current on a linear antenna.

It is the purpose of the theoretical analysis to: (1) determine
approximately the distribution of current on the doubly loaded cylinder
as a function of its dimensions, the excitation frequency, and the
impedance and position of the loading; (2) obtain from this result
(in terms of the cylinder dimensions and its frequency of excitation)
the parameters of an optimum double loading to yield a traveling wave
distribution of current on the cylinder; (3) investigate the possibility
of utilizing a purely non-dissipative optimum loading; (4) calculate the
corresponding circuit and radiation characteristics of a linear antenna

utilizing such an optimum impedance loading.
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An experimental arrangement is to be assembled in order to
verify that, at a given frequency, a traveling wave distribution of
current may indeed be excited on a linear antenna through the use of
a purely reactive optimum loading. Further, the circuit characteristics
of such a traveling wave dipole are to be studied experimentally. The
effects of variations in the excitation frequency and loading parameters
upon the distribution of antenna current are evaluated. A study is also
made of the frequency dependence of the input impedance to the traveling
wave antenna with purely non-dissipative loading. These experimental
results are compared with similar ones for a corresponding conventional

standing wave linear antenna.
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CHAPTER 2

APPROXIMATE DISTRIBUTION OF CURRENT ON A
DOUBLY LOADED LINEAR ANTENNA

2.1. Geometry of the Doubly Loaded Linear Antenna

The geometry of the doubly impedance loaded linear dipole is
taken to be as indicated in Figure 2.1. A thin perfectly conducting
circular cylinder of length 2h and diameter 2a is excited at its
center by a harmonic voltage source of angular frequency w and
potential Vo . The cylinder is symmetrically loaded with a pair of

identical lumped impedances Z. at a distance d on either side of

L
its center. With such a configuration, there are two degrees of
freedom in choosing a loading; its impedance and position.

In this research, both the source of excitation and the loading
impedances are idealized to be point elements. The gap in the
cylinder at the excitation point z = 0 is assumed to be centered about
that point and to have a length of 26 . Similarly, the gaps at the
loading impedances at z = +*d are assumed to have a length of 26
and to be centered about those points. The point element assumption
then corresponds to letting 6 tend to zero as a limit. This mathe-
matical approximation is equivalent to the physical requirement that
the linear dimensions of the excitation and loading elements be
negligibly small compared with the length of the cylinder itself.

2.2. Dimensions of Interest for a One-Dimensional Theory
It is assumed that the linear antenna consists of a long thin

cylinder whose half-length is very much greater than its radius,

where the latter is taken to be a small fraction of the wavelength.

11
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Figure 2.1. Geometry of Impedance Loaded Dipole
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Under these circumstances, and due to the symmetry of the cylinder
about its axis, it may be assumed that the distribution of current
excited on the cylinder by the source at its center is one-dimensional.
That is, the current is assumed to have only a z-component Iz(z)
which flows parallel to the cylinder axis. The dimenionsal restrictions
which are implicit in such a one-dimensional theory are thus
h>> a
(2.1)
Boa << 1

where ﬁo = Zn/)\o is the free space wave number which corresponds
to the free space wavelength )\o R

Conditions (2.1) are also sufficient to validate the usual
approximation technique utilized in the study of thin wire antennas.
With this technique, the vector potential at the antenna surface is
calculated as the contour integral of the total antenna current, which
is assumed to flow along its axis. In reality, the current flows
throughout the cross section of the cylinder, and is actually most
concentrated along its surface due to the skin effect phenomena. The
vector potential at the antenna surface should in general, therefore,
be calculated as a volume integral of the current density on the
cylinder. However, it has been indicated by Hallen1 and King2 that,
when conditions (2.1) are satisfied, the error introduced by the above
mentioned approximation is negligible. This approximation technique
facilitates the solution for the distribution of antenna current, which

would otherwise be very much more complicated.
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2.3. Formulation of an Integral Equation for the Distribution of
Cylinder Current
The boundary condition on the electric field at the antenna

surface is
@BxE) = 0 (2.2)

where i is a unit outward normal vector at a point on the surface and
E the electric field at the same point. This condition requires that

the tangential component of electrical field be continuous across the
surface of the cylinder. Since conditions (2.1) are assumed to be
satisfied, then the distribution of current on the cylinder may be taken
to be one-dimensional, i.e., to have only an axial component Iz(z) .
Under these circumstances, the tangential electrical field at the surface

of the cylinder will have only a z-component and condition (2.2) becomes

E3(z) = Eiz(z) (2.3)

where Ez(z) is the field just within the surface of the cylinder at
r=a and Eiz(z) is the field at r =a+ just outside its surface.

Since the cylinder comprising the linear antenna is taken to
be perfectly conducting, then the applied field Eazl(z) may be non-
vanishing only in the gaps at z = 0, £d. Thus E:(z) may be
expressed as

[z 1(q)

28
vO
26

for =d-6< z< -d+ 6
E:(z) = { - for -65< z< & (2. 4)

Z I (d)
. T25

for d-&6< z< d+6



wrere [ (d) is
z
ercinaccorda

e symmelry ¢

-t total veltag

[ 5
~Tesult ¢co

nsis:

‘€ 1ncdy
a::enna, du.
.:x-la‘.ed fronm:
3
a




15

Ez(z) =0 for all other point on - h <z<h (2.5)

where Iz(d) is the current at the loading impedance and 26 tends to
zero in accordance with the point element assumption. In result (2. 4),

the symmetry of the distribution of current has been utilized as
Iz( -z) = Iz(z) (2.6)

The total voltage drop along the cylinder must be given by

h
-g E"’z‘(z) dz= V -2 Z I(d) (2.7)
-h

A result consistent with equations (2.6) and (2.7) is
EX(z) = - V_ 8(z) + Z; I (d)[6(z-d) + 8(z+d)] (2. 8)

where &(z) is the Diract delta function.

The induced electric field Eiz(z) just outside the surface of
the antenna, due to the current and charge on the cylinder, may be
calculated from the vector and scalar potentials5 (see Appendix A)
K, ¢ as

i oA
El(z) = -(V4), - (-37) ] (2.9)

Since the time variation is assumed to be harmonic of the form ert ,

then it is possible to make the replacement % - jw, where the
potentials and fields are then understood to be complex valued. There

is thus obtained

El(z) = -(V$), -jwA_ (2.10)
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where Az(z) and ¢(z) are the potentials at the surface of the cylinder.
The vector and scalar potentials are related by the Lorentz condition,
which may be expressed in the form

® :J'“’_Zv-?{ (2.11)
B

(0]

with which equation (2.10) becomes

El(z) = - ;“’—2 [ V(V- B)], - juA_ (2.12)

o

Since the distribution of cylinder current is axial, then the vector
potential will have only a z-component Az(z) as well, > and equation

(2.12) gives

i _ jw z .
Ez(z) = - > 5 - JwAz (2.13)

B dz

If results (2. 8) and (2.13) are substituted into condition (2. 3),
to satisfy the boundary condition on the electric field at the surface of
the cylinder, then a second order inhomogeneous differential equation

for the vector potential at the antenna surface is obtained as

82 2 J‘ﬁoz
3 tB, | A2 = — { -v 8(z) + Z T (d) 8(z-d) + 8(z+d)] }

(2.14)
This differential equation must be satisfied for -h <z < h. A

complementary solution of equation (2.14) is well known to be

AS(z) = C eIBoz | cze'Jﬁoz ~h<z<h (2.15)
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where C1 and C2 are arbitrary complex constants. The particular

solution is determined as

AP = e Bolel | ZLL®
z

- - [oBolz-dl | (-iBolztdly
o o

-h<z<h (2.16)

which is readily verified by direct substitution into differential equation
(2.14). In this last result, N w/ﬁo is the velocity of propagation in
free space. The complete solution for the vector potential at the antenna
surface is obtained by the superposition of results (2.15) and (2.16) as
) . \' .
AZ(Z) = Cl e']ﬁOZ + CZ e-JBOZ + 5 o e'Jf’ol Zl

v
o

Z.1(d . ]
L z( ) [e'JBolz'dl +e-JBOIZ+d|] -h<z<h
2 v -

o
(2.17)

Since the distribution of current on the cylinder is symmetric
about the excitation point, then the vector potential at its surface

I . 2
exhibits a similar symmetry such that

Az(-z) = AZ(z) (2.18)

Solution (2.17) may be made to satisfy this boundary condition only if

C2 = C1 » Wwhich yields the simplified result

. . \% .
A (z) = C eJBoZ +C e'JﬁOZ+ —° e'JﬁOlzI
z 1 1 Zvo
ZL Iz(d)

S [ HPolz-dl | o-iBolztdly o<y
(0]

(2.19)
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It should be noted that a solution in terms of complex exponentials has
been obtained since a traveling wave distribution of current having such
a functional dependence is to be sought eventually.

As indicated in section 2.2, the vector potential at the cylinder
surface may be written as the Helmholtz integral over an assumed
axial distribution of current (see Appendix A) as

v h
Az(z) = an S. Iz(z') K(z, z') dz' ~-h<z<h (2.20)

where B is the permeability of free space and the kernel K(z, z')

is the Green's function

B (z-2)2 +
K(z,z') = = (2.21)

J(z-z')z + a2

The factor R = J(z-z')z + zz in the Green's function (2.21) represents

the Euclidean distance between an element of current on the cylinder
axis at z' and an observation point on its surface at z.

If the two expressions (2.19) and (2.20) for the vector potential
Az(z) at the antenna surface are equated, there is obtained for - h < z

< h the result

v h . . v s
ﬁ.—S— I.(2') K(z, z')dz' = C, eIPo? 4 c, e IPoZ 4 'Z_VQ(: e JBOI z|
Z_1 (d) . .
- .i“v_z [e'JBOIZ'dI +e‘Jﬁo|Z+d|] (2.22)
o

This expression is an integral equation for the distribution of current
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Iz(z) on the doubly loaded linear antenna. The cylinder dimensions

h, a as well as the impedance and position Z_,d of the double loading

L’
appear as parameters in the equation. Two as yet undetermined constants
C1 and Iz(d) appear on the right hand side of the integral equation,
and must be evaluated through the application of a pair of subsidiary
conditions.

Since the antenna structure terminates at z = h, then the
cylinder current at that point must vanish. Further, the distribution
of cylinder current must be continuous, with the result that the
condition Iz(z=d) = Iz(d) must hold at the location of the loading. The

solution Iz(z) of integral equation (2.22) must therefore satisfy the

subsidiary conditions

1]
o

I (z=h)
z” (2.23)

Iz(zzd) Iz(d)

These conditions are sufficient to facilitate evaluation of the constants
C1 and Iz(d).

It is to be noted that, in the special case where Z. = 0,

L
equation (2.22) reduces to a variation of Hallen's integral equa.tion2
for the distribution of current on a conventional linear dipole. This

is to be expected, since when ZL = 0 the structure of the doubly

loaded cylinder reduces to that of an ordinary linear antenna.
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2.4. Approximate Solution for the Distribution of Current on the
Doubly Loaded Cylinder

It has been indicated that, for the special case where ZL =0,
equation (2.22) reduces to Hallen's integral equation for the distribution
of current on a conventional linear antenna. Hallen's equation has
been solved approximately by King. 2 A relatively simple closed form
expression for the distribution of cylinder current may be obtained
through what has become known as the King-Middleton iterative
technique. The application of this technique to obtain a solution to
equation (2.22) is, however, impractical since: (1) the constant Iz(d)
on the right hand side of the integral equation depends upon the as yet
undetermined distribution of current; (2) the additional terms occurring
on the right in equation (2. 22) for ZL £ 0 are equivalent to a pair of
shifted sources, which complicate such a solution to the extent that it
becomes very unwieldy.

An integral equation similar to result (2.22) has been encountered
by Chen6 in the investigation of electromagnetic scattering from a doubly
loaded cylinder. Through an approximate technique, a rather complex
solution for the distribution of cylinder current was obtained in terms
of simple functions. This integral equation was essentially identical
to result (2.22), with the term involving the excitation potential Vo
omitted. The inclusion of this term in equation (2.22) makes Chen's
approximation technique too intractable to provide a useful solution.

A more approximate technique than those mentioned in the
preceding paragraphs has been reported by Wu and King4 and later by

Chen in conjunction with determining the distribution of current on an
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impedance loaded cylinder. In the latter case, an excellent agreement
with corresponding experimental results was observed. This approxi-
mation technique consists essentially of assuming that the ratio of
vector potential at a point on the antenna surface to the current at the
same point is constant along the cylinder.

The motivation for this approximate method is a consequence
of the peaking property of the kernel K(z,z'). It has been found that

the vector potential at a point z on the surface of the cylinder is

given by
L, (h
- _© 1 ' 1 -h < <

Az(z) po _hIZ(Z) K(z, z') dz h<z<h

(2.20)
where K(z,z') is the Green's function

e-jBOJ(z-z')Z +a’
K(z,z') = (2.21)

\/(z-z')Z + az

The peaking property of this kernal is exploited to formulate an
approximate solution for the distribution of current on the doubly
impedance loaded cylinder.

Since a << h by the thin-wire assumption, i.e., condition
(2.1), then K(z,2z') has a very sharp peak at z' = z when considered
as a function of z' on - h <2z'< h. Hence the contribution to the
vector potential Az(z) at each point on - h < z < h, as calculated
from equation (2.20), is due primarily to current elements in a small
neighborhood about the point z' = z. Because the distribution of current

Iz(z) is continuous, then the current Iz(z') for z' = z makes the major
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contribution to the vector potential at a point z on the cylinder surface.
It is expected from this argument therefore, that the ratio Az(z)/Iz(z)
should be essentially constant at each point along the cylinder, or for
~-h<z<h.

The preceding conclusion is obtained directly if K(z, z') is
identified approximately with the Dirac delta function 6(z-z'). Making

this replacement in equation (2.20), there is obtained

- ° -h<z<h  (2.24)

which is equivalent to the remarks of the last paragraph. An essentially

constant dimensionless quantity ¥(z) is thus defined by

A (z) M

(o]
Tw " & ¥(z) -h<z<h (2.25)

and is designated as the ''expansion parameter.' It has been indicated
by King, 2,4 in agreement with the above arguments, that ¥(z) is
essentially independent of z except near z =+ h, and is determined
primarily by the antenna dimensions. It is thus asserted that ¥(z) = ¥
is indeed a constant depending only upon the antenna dimensions. The
validity of this assumption will be discussed more fully in section 3.6
of the following chapter.

According to the approximation discussed above, the distribution
of current on the cylinder is related to the vector potential at its surface

as
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An expression for the vector potential at the surface of the cylinder
has been obtained, however, as equation (2.19). The distribution of
antenna current on - h < z < h is therefore obtained approximately
from equations (2.26) and (2.19) as

2V

_ _4m Boz , _4m -iBoz o -iBolz]
Iz(z)—mcle +HO‘I’Cle 0+4\Pe

-2z (e Polzrdl y omiBolzrdly g o)

o

where LO = N 760 = 120m is the intrinsic impedance of free space.
It is to be noted that this expression satisfies the symmetry condition
Iz(z) = IZ(-z) .

Result (2.27) contains the two as yet undetermined constants
C1 and Iz(d) . These constants may be evaluated by applying to

solution (2. 27) the boundary conditions (2.23), which are given by

Iz(z:h)

I
o

(2.23)

I_(z=d) I (d)

VA

The straightforward application of these conditions to expression (2.27)
yields finally the approximate distributinn of cylinder current on
~-h<z<h as

Vo D

. D . .
I (z) = o ._1 e-JBOZ + __l eJBOZ + Ze-JBOIZl
z go 2 DZ

LS

VA D . . .
-1 (_1 cos B d+e'JBod> (e-molz-dl +e-3ﬁo|z+dl)
2 O

(2.28)
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