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ABSTRACT

The thesis is concerned with the evaluation of the characteristics
of an antenna which, in'its simplest form, consists of a length of
conducting wire parallelito a reactive strip; the antenna is energized
by a discrete voltage source, and terminated in a matched impedance,
connected between the wire and the strip. The study presented is concerned
with two forms of this antenna in particular: the Beverage antenna
which has been a subject of controversy, although studied extensively in
the past; and the Inductive-Plane-Antenna (IPA), which is a new
proposal.

The inductive strip employed in the construction of the IPA consists
of a conducting plane with uniform periodicrcorrugations. A new
theoretical approach is used to determine the propagation factor of the
IPA, and the results are compared with laboratory measurements. The
far-field characteristics are determined by analysis, and agreement is
obtained with results of field measurements carried out on a test-site.
The IPA is a wide-band, directive antenna, with léw dispersion; it 1is
suitable for operation in the VHF or UHF bands.

The analysis for propagation constant is applied to the Beverage
antenna, for comparison with other theoretical results published to date.
A critical survey of the Beverage antenna is presented, and the
controversial question of its mode of action is discussed.

Some modifications are proposed for the IPA and their relative
merits are considered. Finally, a qualitative appraisal of the. IPA
characteristics is presented, and various proposals for increasing the

efficiency of the Beverage antenna are examined.
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"The point is that, whenever we propose a
solution to a problem, we ought to try as hard
as we can to overthrow our solution, rather than
defend it. Few of us, unfortunately, practise
this preceptj; but other people, fortunately,
will supply the criticism for us if we fail to
supply it ourselves. Yet criticism will be
fruitful only if we state our problem as clearly
as we can and put our solution in a sufficiently
definite form - a form in which it can be

critically discussed."

Karl R. Popper

[from the (1959) Preface to 'The

Logic of Scientific Discovery'l]
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CHAPTER T

INTRODUCTION

1.1. Problem Definition

The study described in this thesis is concerned with the
evaluation of a class of travelling-wave structures from the view-point
of antenna engineering. In its simplest form, the structure considered
consists of a finite straight length of perfectly-conducting wire, in
free-space, parallel to a plane interface: the system is excited by a
discrete voltage source connected between one end of the wire and the
interfacej; the other end of the wire is comnected to the interface
through a resistance of appropriate value. The configuration is depicted
schematically in Fig. 1.1. |

The structure generally exhibits guiding characteristics similar to
a transmission line, and, by analogy, we shall employ terms from
transmission line theory when referring to various aspects of the

structure considered.

wire

¢/// resistive termination
ﬂ] interface
¥

’//77?/////////////////77?//,

(possible) small buried earth connection

Fig, 1.1. The basic form of the structure considered

The interface may represent a transition boundary between the free-

—-space region and an isotropic homogeneous medium, such as ground. In



this case we obtain the well known Beverage antenna. Alternatively
the interface may be a true boundary, such as a reactive plane or a
lossy sheet. Another possibility is a transition boundary with a
stratified medium, or the upper surface of ; slab of (dielectric)
material, possibly grounded with a perfectly conducting sheet.

However, we shall restrict our study to the Beverage antenna and the
case when the interface represents an inductiv¢ plane, i.e., when

the surface impedance of the plane considered has a positive reactance.
We shall refer to the latter as the Inductive Plane Antenna (iPA).

A number of variations are possible in the basic configuration
described, both for the Beverage antenna and for the IPA. We shall
congider the modified forms of the Beverage antenna in Chapter VI,
where various proposals for increasing its radiation efficiency are
examined. As for the IPA, two arrangements will be considered in
particular, as depicted in Figs. 1.2 and 1.3 (p. 3 ). We shall describe
these arrangements in the next section.

We are primarily interested in the far field, input impedance and
dispersion characteristics of the antenna. All of these characteristics
are more or less dependent on the mode of propagation of electromagnetic
waves along the structure; hence it is important to determine the
propagation factor along the antenna. Chapter II is devoted to this
problem, where we shall derive a new expression for the propagation
constant of electromagnetic waves‘along a uniform structure. In
Chapter III the result will be evaluated both for the Beverage antenna and
for the IPA. In Chapters IV and V we shall be concerned with far field
considerations, with emphasis on the IPA characteristics. Applications

arising from this research study will be examined in Chapter VI.



‘rectangular strip S2 with inductive surface impedance

generator

[/ 77 77777

Y

perfectly-conducting
plane S1

resistive
termination

Fig. 1.2 Schematic representation of IPA.., The inductive strip
consists of short-circuited corrugations with perfectly-

-conducting walls * the walls lie in planes perpendicular
to the wire.

N
-
|
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Fig. 1.3 Schematic representation of IPA_. The rectangular
strip (shown edgeon) is inductiée on both sides, made of
short-circuited corrugations. The generator (or receiver)
is connected in series between the two wires.



1.2. Develovment of the Inductive-Plane Antenna (IPA)

The present study was initlated by a requirement for a directive
wide-band antenna for operation in VHF and UHF‘bands. Originally,
a two-element end-iire array of‘rhombics was considered: however
it was found that the radiation pattern was frequeﬁcy'sensitive due
to deterioration of the element pattern at lower frequencies} and
due to detériorétion of the array factor pattern'at higher frequencies,

Subsequently it was decided to evaluate the performance of the
.Beverage antenna at frequencles above 100 MHz due to its wide-band
charaéteristics. It was found that high ohmic losses in the gfoﬁnd
resulted in low gain figures and poor directivity.: Hence‘it was
proposed to replace the air-ground interface by an artificial impedance
plane in order to feduce thé antenna losses.
| Early in the research program a'decision had to be made as to the
methéd_of achieving a suitable surface_imbedance. The first approach
was to construct an 'artificial grouhd' from an appropriate material
Qhose dielect?ic constant and qonductivity.couid be cont;olled;
L proposal was made to use expaﬁded'polyuréthane foam loaded with
équadég (a suspénsion of-fine.cérbon particles in_water). Samples
of material wefe prepared using a widé range of concentratioﬁs of
aquadag. ’Unfortunately, measuremenfs indicated n§ significant variﬁtion
of eithef-cOnductivity or diéléctrié constant ﬁith QCnceﬁtrétion of . |
géuadag'ﬁsed.' Furthermore, in thé’frequencj range of iﬁfergst (UHF),
theory iﬁdicated excessive losses‘for_anfennas_bésed on this artificial -
ground. E;entually this material was,only used to simulate real |
egrth in a scaled‘model of tﬁe'Beverééé anfenna [ﬁef. 1;4];

: The iqductive~p1anelused.in expériﬁentél studiés'of the IPA

consisted of.shorf—circuited corrugations, as shown in Fig. 1.4 the

material used was aluminium, and details of construction are given in
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Chapter III. This choice has two advantages: firstly, ohmic losses

=

!
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\

Fig. l.b4. Schematic representation of the corrugated

plane used in the construction of IPA

in the surface are negligible; secondly, proper choice of corrugation
dimensions ensures that only one dominant mode (TEM) propagates in the
corrugations [Ref. 1.5], reducing uncertainties in the value of surface
reactance obtained. (The concept of surface impedance is discussed
in Section 2.3).

Two particular forms of Inductive Plane Antenna will be
considered. AThe first configuration, IPAl, is shown in Fig. 1.2 (p. 3):
the corrugation walls are in planes perpendicular to the direction of the
wire. The depth of corrugations is chosen such that the surface

reactance is positive in the rectangular region 82; the surface

impedance over S., the remainder of the plane, is zero. This arrangement

1!
is suitable for flush-mounting in a conducting surface, or when the
antenna is constructed on the surface of ground. In the latter case,

_the finite conductivity of ground over the region S, (in Fig. 1.2)

only modifies the far field of the antemna near ground, and causes a



 reduction in the antenna gain.

The second arrangement, IPAZ’ shown in Fig. 1.3, is equivalent

“to two IPAl's placed back~to-back and excited in series. It was thought
that IPA2 mighf be used as a‘compact directive antenna with the main

" beam in the end-fire direcfion. In.faqt,‘this arrangement is a special
case of the more géneral 'wedge configuration', és depicted in

Fig. 1.5. The wedge configuration has inherently potential-wide-béhd

‘characteristics, and was considered due to a demand for a wide band directive

impedance transformer

Fig. 1.5. Schematic xgpreéentation of wedge COnfiguration

of IPA

anténnavin'the,frequency~bands VHF and UHF. The.IPAa-configuration was
chosen for further evaluation primarily due to its comparatively simple
constructioﬁ; but also because the wedge-configuration required a

more complex ekperimental set up.



It should be pointed out that the original requirement which
initiated the present study was fulfilled by an alternative antenna in
the first stages of this research programme. (The alternative antenna
was designed at G.E.C.'s Hirst Research Centre, and consisted of an
array of two log-periodic-dipole antennas arranged in the wedge
configuration). Nevertheless it was decided to proceed with the research
programme, in order to determine the characteristics of the IPA, wusing
the specifications in the original requirement as a frame of reference

throughout the work. The broad specification is given below:

Frequency band : 150 - 1000 Migz

.

Overall length not greater than 2 m

%-dB beamwidth = :  40° (or 10 dB directivity)

Sidelobes better than - 15 dB

Absolute gain not less than 5 dB
Impedance S.W.R. : not greater than 2:1 over the band

As it turned out, the IPA could not fulfill the above specification.

This point will be further discussed in Chapter VI.



1.3. The Beverage Antenna

In 1923 an antenna was proposed which consists of a long horizontal
wire, supported a short distance above ground, in a straight line. The
configuration is shown in Fig. 1.1 (p. 1 ); When used for reception,
the end of the line nearest the transmitting station is terminated
in a suitable resistance, corresponding to a nearly matched load; the
receiver is connected at the other end, between the wire and ground.
Usually a small buried earth system is employed at each end, to ensure
proper connections to ground.

| This antenna is now commonly referred to as the Beverage antenna,
as mentioned in the first ' section. Originally it was developed
for the reception of trans-Atlantic transmissions in the LF band
40-130 KHz [Ref. 1l.1]; later applications included VLF [Ref. 1.2],
Medium Frequencies [Ref. 1.3], and High Freguencies [Ref. 1.4].

During the last half century, numercus papers have been published
on the Beverage antenna. By far the greater volume of attention
devoted to this subject has been concerned with theoretical analyses
and applications of the system. Fortunately a few experimental studies
have also been carried out. Nevertheless, certain aspects of this
problem appear to remain a subject of some controversy to the present
day. For example, a question which has remained unanswered is whether
radiation from the Beverage antenna occurs from the end of the structure
or continuously along its length.

Another area of contention has been the propagation constant of
the Beverage antenna: sometimes, the desired correlation between
experimental work and theoretical results has not been obtained; often,
different analyses have led to divergent results; din one instance,
even contradictory experimental results have béen reported.

In view of the aboﬁe controversy, in Chapter II we shall make an

appraisal of the extensive work published to date relating to the
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propagation constant of the Beverage structure. On the other hand,
there has been general agreement abouﬁ methods of calculating the
radiation pattern of this antenna; hence, in Chapter IV, we shall
merely mention some of the more significant studies reported on this
subject. The qﬁestion of 'the mode of action' of the Beverage antenna
will also be dealt with in Chapter IV,

The extensive application of the Beverage antenna for reception is
due to its wide-band charactefistics, simple construction and low cost.
It has a directive radiation pattern with reasonably good sidelobe
levels, and bandwidths as large as 10:1 have been envisaged. The

radiation efficiency is relatively low (typically less than 25% at HF);
'.however, efficiency is not an important consideration for a
receiving antenna when external noise is predominant compared to receiver
noise. (This question is considered in Appendix 1A). vHence, for
reception at HF and lower frequencies, the directive characteristics of
the Beverage antenna are generally sufficient to provide improved signal
discrimination against (external) noise and interference. Furthermore,
its low cost makes the Beverage antenna suitable for use as the element
in a circular receiving array to give a steerable beam [Ref. l.4].

The Beverage antenna has seldom been considered for the purpose of
transmission to daté. This is due to an inherent disadvantage of low
radiation efficiency which results in relatively low gain figures. The
low efficiency ariSeé from comparatively high ohmic losses in the
ground. Radiation from this antenna is also directly related to the
conductivity of ground; choosing an aﬁtenna site with relatively
high conductivity, in order to reduce the losses, generally results in
lower gain figures, even though the directivity increases. In the limit

as ground conductivity tends to infinity, the Beverage antenna approaches
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an ideal transmission line, with radiation occuring from the line
terminations only.

In view 6f the advantages mentioned earlier, recently considerable
attention has been given to methods of increasing the efficiency of the
Beverage antenna ! a higher efficiency would make it suitable fof
transmission, as well as reception, and could also extend its application
to the higher frequencies VHF and UHF. The present study was carried
out with this important consideration in mind, and the performance
characteristics of the IPA have a direct bearing on the efficiency of
the Beverage. This approach and other proposals for improving the

efficiency of the Beverage are discussed in Chapter VI.
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APPENDIX 1A

ANTENNA NOISE CONSIDFRATIONS

For a transmitting antenna, the gain G and directivity D can be
defined as follows : the antenna gain is the ratio of the maximum power
intensity (in the far—field) of the antenna to the maximum power
intensity of a reference (lossless) antenna with the same power
input. The gain referred to an isotropic radiator is known as the
absolute gain GO. The antenna directivity is the ratio of the maxdmum
power intensity to the averagé power intensity (in the far-field).

The radiation efficiency T can be defined by the following

equation

G
N = —5 (1A.1)

It should be noted that the efficiency is also the ratio of the
total power radiated to the total power input of the antenna.
It can be shown that the signal-to-noise ratio (SNR) at the output

of the receiving antenna is given by

so 1
1 +
T,

= D

2l

where So is the available signal power at the oufput of an isotropic
antenna; k is Boltzmann's constant (1.38 x 10723 J/°K), and B the
recelver bandwidth; Tb, the antenna brightness temperature (related to
the external noise); and Tp’ the physical temperature of the antenna
and its surroundings.

It is evident that the improvement in SNR is approximately equal
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to the directivity D provided that

L, > (F - DT (14.3)

where F is the noise figure of the pfeamplifier or recelver.

For example, the maikimum efficiency of the Beverage antenna is 25%
at HF [Ref. 1.6]: consideration of external noise levels [Ref. 1.7]
indicates that, for a given directivity, increasing this cfficiency at
HF might improve the SNR by approximately 3 dB or less.

Taking into account the receiver noise Figure T, rearrangement

of Eg. (1A.2) yields

S.

S o ! '
N = P 7 T (14.4)
I ﬂ(T— - 1)

b

It is readily seen that when thermal nolse or receiver noise
predominates over external noise, increasing the antemma gain (= TD)
would lead to a corresponding improvement in the SNR. Consequently,
efficiency becomes an important consideration in the design of receiving

Beverage antennas at VHF and higher frequencies.



1.1

l.2

1.3

1.4

1.5

1.6

1.7

13
REFERENCES

Beverage, H.H., Rice, C.W., Kellog, E.W.: ™"The wave antennal! a

new type of.highly directive antenna'' , A.IfE.E., Vol. 42,

pp 215-266, February, 1923.

Seeley, E.W.: "Optimum reception pattern of the Beverage wave
antenna at Very Low Frequenciesﬁ, Journal of Research of National
Bureau of Standards, Vol. 67D, No. 4, pp 387, 395, July-August, 1963.

Belousov, S.P., Yampolskii, V.G.: ''Single-wire medium wave

‘travelling-wave receiver antennas", Radiotekhnika, Vol. 15,

pp 16-25, 1960.

dos Santos, A.F.: fMulti~beam receiving antenna for the band
3=30 MHzf, Ph.D. thesis, Dept. of Elec. Engineering, Imperial
College, London, September 1970.

Collin, R.E.: "Field Theory of Guided Waves", McGraw-Hill, 1960,
pp 465-8.

dos Santos, A.F.: Op. Cit., p. 78.

C.C.I.R.: 'World Distribution and Characteristics of Atmospheric
Radio Noise', Report 322, International Telecommunication Union,‘

Geneva, 1964.



14

CHAPTER II

PROPAGATION ALONG A WIRE PARALLEL TO A PIANE INTERFACE

2.1. Introduction

It is a formidable problem to determine the variation of
electromagnetic waves along the length of the antenna considered, be
it the Beverage antenna or the IPA. It is easier to obtain the
propagation constant for the corresponding structure of infinite or
semi-infinite length. This technique gives very good approximations
to the desired solution if the antenna length is at least of the
order of a wavelength, and if the spacing between the wire and the
interface is much less than the antenna length. In all the literature
published to date on the Beverage antenna, this technique has been
at least implicit in the derivation of expressions for the
propagation conétant. In section 2.4. we shall derive an expression
for the propagation constant of electromagnetic waves along a uniform
structﬁre: the results will be evaluated for the Beverage antenna in
Section 3.3, aﬁd for the IPA in Section 3.4; again the assumption will
prevail that results derived for an infinite line are valid for
structures of finite length which are of interest.

'However, we shall start, in the next'section, by presenting an
appraisal of the extensive work published to date concerning the
propagation constant of the Beveragé antenna, with a view to relating
differences between the results obtained with differences in assumptions

made in the analyses.

2.2. An Appraisal of Studies Related to the Propagation Constant of

the Beverage Structure

During the last half century, numerous paperé have been published



on the Beverage antenna. By far the greatest volume of attention
devoted to this subject been concerned with theoreticalianalyses and
applications of the system. Fortunately, a few experimental studies
have also been carried out. Nevertheless, certain aspects of this
problem appear to remain a subject of some controversy to the present
bday. For example, a question which has remained unanswered is whether
radiation from the Beverage antenna occurs from the end of the
structure, or continuously along its length.

Throughout the discussion of various published papers in this
section, the configuration and coordinate system of Fig. 2.2, page 28 ,
will be used, and not the coordinate systems used in the original
(published) papers.

The first paper published on the Beverage antenna was in 1923, by
H.H. Beverage, C.W. Rice and E.W. Kellog [Ref. 2.1]. The near-field
study was mainly experimental in nature, although recourse was made
to transmission-line equations for analysis of measured data, and for
extrapolation for design purposes. This excellent paper contains
detailed accounts of bothlmeasurement techniques and experiments
carried out.

The investigation was performed in the VLF band. Beverage's first
antenna consisted of an insulated wire, approximately 9 km long, laid
over ground in nearly a straight line : the end nearest the transmitting
station was grounded, and the receiver was connected at the other end
between the wire and ground. Beverage found that, on reception, the
signal current in the wire increased towards the receiver, reaching a
maximum and then decreasing. By inserting series condensers in the
line he was able to shift the current maximum towards thé receiver.

The receiver was then replaced by an oscillator and the measurements

were repeated 3 the current was found to have a phase velocity much
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less than the free-space value, corresponding to the same frequency,
and high attenuation was observed along the line. Also, it was found
that series capacitive loading increased both the attenuation and

the phase velocity along the line.

Later, a more sophisticated line was constructed with a number
of wires at different heights, between 5.5 and 9.2 metres, above
ground. Values of attenuation constant and Phase velocity were
calculated from input impedance-measurements made with short-circuit
and open-circuit terminations.

Unfortunately, Beverage's experimental results cannot be used,
with confidence, for checking subsequent analytical results obtained by
other theoreticians ! this opinion is based on two reasons. Firstly,
for any particular set of results, the number and exact heights of
wires used are never stated explicitly. Secondly, there is some
uncertainty in the effective value of ground conductivity that should
be used in computatiqns. Beverage measured the specific resistance of
sandy soil in the vicinity of the line, and obtained a value
equivalent to a conductivity o, = 5 x 10_5 s/m. However, the authors
themselves. do not regard this as a representative value, for two
reasons ¢ firstly, ground water was found to occur at a depth of
20 metres below ground (At 30 KHz, skin depth 8 ~ 100 m for
o, = II_O—3 s/m). Secondly, moisture content of ground was judged to
be generally higher than in the sample used by Beverage.

If ground conductivity is inferred from Zenneck's formula [Ref. 2.2],
using the value for '"‘wave front tiltf as measured by Beyerage, we obtain

a conductivity o. ~ 2 x 1077 s/m.

2
The first significant theoretical analysis of the Beverage problem

was by J.R. Carson in 1926 [Ref. 2.3]. He made a series of simplifying

assumptions which limited the range of validity of his analysis. These
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assumptions were: (i) polarization currents are néglected in the
conducting region; (il) phase variabions in the cross section are
regarded as negligible in the dielectric region; (iii) only

axial currents are considered in the conducting regions; fiv) the
wire radius is assumed to be small, and the current distribution is
symmetrical in the wire cross section.

Transmission line equations are used to derive expressions for
propagation conétant ¥ and characteristic impedance Zé, in terms of
Z12’ the series loading effect due to ground of finite conductivity.
Z12 is obtained by evaluating EZ, the longitudinal component of
electric field, at the surface of the wire. Ez is expressed in terms of a
scalar potential V and axial component AZ of the magnetic vectqr
potential. V is obtained from the electrostatic solution for perfect
ground. A and Ay are zero by assumption (iii), and Az is obtained
by integrating Hy in the dielectric region. Hy is formulated in
terms of a Fourier integral (y being the transformed variable), for
which the transform is derived from continuity of Hx and Hy across the
interface (relative permeability R of ground is taken as unity). It
is interesting to note that Carson's formulation leads to the
continuity of EZ also.

In 1934, W.H. Wise [Ref. 2.4] extended Carson's analysis by
removing assumptions (i), (ii) and (iii) above. Wise derived an
expression for A by integrating the contribution due to a current-
_element along the wire. In this way he obtained components Ax and
Az for the magnetic vector potential. Like Carson, he expressed Ez
in ?erms.of Az and a scalar potential V, but he defined V by using the

Lorentz condition ¥ . A = - jwepV. Wise's expression for Z,_ can only

12

be evaluated for zero attenuation along the wire; hence, as a first

approximation, he assumes ¥ = jk where k is the free-space wave number
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(Carson derived Z,_ by assuming k ~ O).

12

Wise also noted that the distributed capacitance of the line was
modified by finite ground conductivity; however, he neglected this
effect due to complexity of the associated computational problem.

M, Jenssen's paper [Ref. 2.5] contains two sections with a direct
bearing on the question of the propagation constant. Jenssen considers
a line consisting of three parallel wires above ground, all at the
same height, and with equal spacing. He shows that three modes of
- propagation are possible, with distinct values of Y2= the existence of
these modes depends on the excitation conditiong and tﬁe configuration
of terminations used. Expressions are given for cﬁrrents, voltages
and impedances associated with the modes. The analysis 1s based on
Wise's results for the single wire.

Also presented are resulis of attenuation measurements made for the
earth~return mode, over a frequency band 0.2 -~ 1.2 MHz. A graph of
attenuation plotted against frequency indicates a smaller slope for the
experimental data than for the theoretical curves, although agreement
is close.

A selection of graphical results are given, for the propagation
constant, in [Ref. 2.6], for applications in the medium frequencies band
150 ~ 1500 KHz. These results correspond to the analysis given by Wise.

E.W. Seely [Ref. 2.7] has reported an experimental study of velocity
ratio, loss and impedance characteristics over the band 10 - 80 KHz.
Based on measurements made before and during the rainy season, it is
claimed that more moisture in the solil increased the antenna losses,
and slowed down the wave along the line. Another surprising (experimental)
result is that the variation of attenuation a.with frequency f
‘was almost linear (analysis indicates o o f12, approximately, at low

frequencies). It must be pointed out that the antenna used consisted of
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a length of cable (only the shield was used) lying on the ground in
a straight line. It is possible that the anomolous results reported
are due to the particular arrangement used, as the measurements would
tend to be sensitive to local variations in ground parameters.

H. Kikuchi [Refs. 2.8, 2.9, 2.10] has provided one of the most
rigorous solutions to the Beverage boundary-value problem. He
starts with the wave equations for the magnetic vector potential A
and the scalar potential V. Applying Fourier transform techniques,
boundary conditions at the interface (continuity of tangential electric
and magnetic fields) lead to explicit expressions for the potential
functions Az and V. Then, from the boundary condition for Ez at the
wire surface, Kikuchl derives a relation involving the potentials

"and the wire current I. He rearranges this equation to correspond to
transmission-line equations, and thus identifies the equivalent circuit
terms for séries impedance Z and parallel admittance Y. Like Carson and
Wise, Kikuchi defines v and Z_ in terms of Z and ¥; the latter are
evaluated using asymptotic expansions. Kikuchi has noted that
calculations are also possible in terms of convergent series, but the
exercise 1s regarded as superfluous and therefore omitted.

Experimental work carried out in Japan [Ref. 2.11] strongly gupport
Kikuchi's analysise. In fact, the only possibly significant limitation
of Kikuchi's analysis is that his results rely on the validity of
transmission-line equations. This leads to certain anomalies,
which can generally be disregarded; for example, transmitted power
obtained from thé characteristic impedance Zc does not equal power
evaluated by integrating the complex Poynting vector. Furthermore, it
seems that radiation effects are not included in the analysis. This
tentative conclusion is supportea by the observation that experimental

attenuation results were consistently higher than indicated by



analysis, in the frequency band where ground currents are significant
[(Ref. 2.11].

A.F. dos Santos [Ref..2.12] has made a similar analysis without
recourse to transmission-line equations. His formulation is in terms of
an electric Hertz vector potential m, which has two components only 3 m,

parallel to the wire axis, and M, normal to the interface. ILike
Kikuchi, dos Santos applies Fourier transform techniques; but he solves
the dispersion equations directly, using a digital computer to apply
numerical methods.

Dos Santos was the first person to realize that two distinct
solutions of the dispersion relation are possible. One solution
corrésponds to a superposition of incoming plane waves above the wire,
and satisfies the radiation condition at infinity g this solution has been
termed 'the proper mode', for obvious reasons. The second solution,
named 'the improper mode', corresponds to a superposition of outgoing
plane waves above the wire, without conforming to the radiation condition.
Both solutions are based on converging integral repreéentations of
potential functions.

Computed results indicate that both modes have similar phase

.velocities, but different attenuation characteristics ! compared to the
improper mode, the attenuation of the proper mode exhibits a greater rate of
change with frequency, and a higher maximum value. At high frequencies

the attenuation for both modes deqreases with frequency. In

contrast to Kikuchi's analysis, dos Santos' results do not indicate a
minimum attenuation value sinée he neglects the'finite conductivity of the
wire.

J.R. Wait also takes the credit for providing one of the
three most rigorous formulations of fhe Beverage boundary—vaiue problem

[Ref. 2.13], the other formulations being due to Kikuchi and dos Santos.
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Wait expresses the total fields in terms of two scalar potentialsA;

the z-components T and m* of electric and magnetic Hertz vectors
respectively. Using integral representations for the potentials, Wait
derives the modal equation for propagation constant. This equation has
a somewhat complicated form; however, a few justified approximations
lead to complete correspondence with Kikuchi's results. Further
simplification enables one to retrieve Carson's formula.

It must be noted that, like dos Santos, Wait considers only the
case for a thin perfectly-conducting wire. He concludes that writing
the modal equation in Carson's form yields the most general representation.
For éxample, unlike Kikuchi's results, there are nb limitations on the
height b of the wire above the ground, and b can approach zero. For an
infinitessimally thin wire located in the interface between two
non-magnetic media of wave numbers kl and k2’ Wait obtains the simple

result for the phase constant B given by

4
B o= [0+ 6D/

A recent paper using a novel approach to the problem is due to
P. Knight [Ref. 2.14]. The problem is formulated by considering a
semi-infinite Beverage line, terminated in a matched load. Two pairs
of terminals are considered, separated by a distance L, one of which
is located at the antenna input. Starting with Monteath's compensation
formula [Ref. 2.15], which is a particular form of the reciprocity
theorem, Knight derives an expression for the change in the mutual
impedance between the two pairs of terminals when perfectly-conducting
ground is replaced by a ground of finite conductivity. Allowing L to
tend to infinity leads to an expression for vy, in terms of a
surface integral of fields evaluated over the interface.. On the other

hand, an expression for ZC is obtained by letting L approach zero.
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Theoretical results given for velocity ratio and attenuation factor
are in agreement with other analyses for frequencies below 10 MHz
approxim§tély\\;Above 10 Mz, Knight'!s analysis gives attenuation
results similar\to Wise's theory, in centradiction to results predicted.
by Kikuchi, dos Santos or Wait. Knight also reports experimental data
obtained in the frequency range O.4 - 2.0 MHz. He presents graphs showing
the variation with frequency of velocity ratio, attenuation and
characteristic impedance. Correlation between\theory and experiment
seems excellent, except for theoretical attenuation results which are
consistently higher than measured data.

There appear to be two numerical erfors in Knight's paper. First,
the expression used b& Knight for the characteristic impedance Zco of

a thin wire parallel to perfectly-conducting ground is

L = 60 log;e(b/a)

where a is the radius of the wire. In the above exp;ession a factor 2 is
missing inside the brackets, i.e., (b/2) should be feplaced by (2b/a).
For Knight's parameters, this corresponds tovan error of 42 ohms, or
roughly 105, Writing ZC = RC + jXC for the characteristic impedance of
the Beverage line, and using the correct expression for Zco’
experimental results indicate values for RC less than ZCO whereas
theoretical values for RC are greater than Zco [Fig. 5a of Ref. 2.14].
The second error appears in the comparison between Knight's
theoretical values and Beverage's measuremeﬁts, [Table 1, Ref. 2.14]._
Knight's théoretical results are caléulated»for a ground éonducfivity

o, =5%x lO"3 S/m, whereas Beverage had measured "a specific resistance

2 .
of about 2 x>106 ohms per centimetre cube" (equivalent to o, =5 x 1072 §/m).

Alternatively, based on 'wave front tilt' observations, we obtain

a, = 2% lO_3 S/m. Fufthermore, experimental results given by Beverage



pertain to antennas consisting of ftwo wires in multiple, seven to nine
metres above groundf; Knight's calculations are based on a single
wire eight metres above ground! Theoretical velocity ratios are in
agreement with Beveragefs figures, but attenuation results are

greater by a factor of two.

Compensation theorem is a powerful tool in the solution of
certain electromagnetic probiems, as shown by Monteath [Ref. 2.15].

Cn the other hand, if the errors in Knight's paper are corrected, the
divergence between theory and experiment seems unexplainable. Thus it
is of interest to examine Knight's analysis further, especially as this
analysis could easily be extended to the IPA problem.

Knight makes two approximations in particular which do not seem
justified. He derives the magnetic field distributlon on the interface
in terms of a wire current I and its weighted image pl, where p is
taken as the Fresnel reflection coefficient for'ﬁdrmally incident uniform
plane waves. Others have also used, successfully, the reflection
coefficlent approximation in the solution of similar problems [Ref. 2.16];
however, the refléction coefficient can generally not be taken as
constant, and must be evaluated for individual geometric rays.

The second questionable approximation is that in the conducting
region x < O the field is approximated by a predominant plane wave
travelling in the x ~ z plane; however, the field is assumed to have
a ¥y variation as given by image theory on the plane x = O+. This
inconsistency leads to a distribution for Ez which is discontinucus across
the transition boundary.

It is thought that Knight's approach could yield more accurate results
provided a more rigorous technique is employed for arriving at the required
approximations.

Certain aspects of analyses by Kikuchi, dos Santos and Knight are

discussed further in Section 3.3, using results of the analysis presented
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in this thesis (Sections 3.2 and 3.3) as a basis for comparison.

2.%. The Surface Impedance Concept

Surface impedance is defined as the ratio of orthogonal components
of tangential electric and maghetic fields at the surface considered
(Refs. 2.17, 2.18]. Clearly, for an anisotropic surface the value of
surface impedance depends on the direction of electric field, even though
surface impedance is not a vector.

Throughout this thesis we make use of the surface impedance
concept. However, the validity of this concept in the solution of
boundary value problems has been questioned in spite of its frequent
and successful applications over the last thirty years. Hence, before
proceeding further, we shall briefly describe the development of
this concept, and discuss the controversy associated with its applications.

S.A. Schelknnoff [Ref. 2.19, 2.20] has been credited with the
proper evaluation of the significance and application of the wave
impedance concept. Also, he determined propagation losses in a waveguide
by evaluating the component of the complex Poynting vector directed into
the guide surface, in terms of the tangential magnetic field and
"impedance seen normal to the surface" [Ref. 2.19]. Later, impedance
boundary conditions were used in studles dealing with propagation
over earth, originally by Russian theoreticians during the nineteen-
~forties [Ref. 2.21]. Eventually, rigorous definitions of surface impedance
appeared in numerous publications concerned with the analysis and
application of surface waves, [For example, Refs. 2.17 and 2.18].

Criticism against the usefulness of the surface impedance concept
has come from R.A. Waldron [Refs. 2.22, 2.23 and 2.24]. He points out
that the value of surface impedance obtained depends not only on the
nature and properties of the surface, but also on the configuration of

fields near the surface?! hence the value of surface impedance can not be
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known until the problem has been solved by another method in order to
obtain the field distribution. Waldron cites two examples in particular,
to demonstrate the invalidity of the surface impedance concept in the
solution of boundary-value problems; we shall briefly describe these two
examples in order to clarify the nature of Waldron's objections.
In one example [Ref. 2.23], Waldron considers a plane interface at

= O between free space, in the region x > 0, and a homogeneous
dielectric medium, in the region x < 0, as depicted in Fig. 2.1. The
dielectric region is characterised by complex relative permittivity er.
Fo? a TM surface wave propagating in the z-direction, the surface impedance
ZS is given by

4
% = RS A (201)
1
(e +1)2
r

9]

Where ZO is. the intrinsic impedance of free-space. However, for a plane
wave incident at an angle € in the x - z plane, as shown in Fig. 2.1, the

surface impedance is given as

7 o= Q | (2.2)
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which differs from eqg. (2.1). According to Waldron, this difference
demonstrates the ambiguity in the surface impedance value. In fact
the above equation is only appropriate to TE polarization, i.e., for
the magnetic field lying in the plane of incidence. The correct
equation for TM polarization is

1
(er - sinze)?

zS = 2 - (2.3)
r .

Bquations (2.1) and (2.3) appear to be different, but in fact (2.1)
is merely a special case of (2.3). This can easily be shown by using
the boundary condition corresponding to a pole or zero for the

reflection coefficient at the surface, namely the relation

Z, cos 8 = Z (2.4)

Substitution from (2.4) into (2.3) leads to (2.1).

In anothef example [Ref. 2.22], Waldron considers wave propagation
inside a circular waveguide with a wall of finite conductivity. He
presents two equations for the dispersion relation ! one equation is
derived by the application of the surface impedance concept, and the
other by invoking the continuity condition for tangential fields at the
wall boundary. He points out that there is no value of ZS which will
make the two equations identical. Hence the impedance concept is either
not applicable,‘or only approximately valid. Waldron arives at this
misplaced conclusion because he assumed identical values for the
transverse and longitudinal surface impedances-; at best, thisvis a
good approximation for small values of surface impedance only [Ref. 2.25];
in fact, Waldron's equations yield identical results for the particular

case of gmall surface impedance.
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Although Waldron's arguments are essentially correct they do not

AY

invalidate the surface impeddnce concept, or its usefulness, for two
reasons ; firstly, the conéept can be made completely rigorous by
taking into account the dependence of the surface impedance on the nature
of waves. For example, this has been achieved in the application of
transverse resonance techniques fo waveguide problems [Ref. 2.26], or
to surface waves supported by a corrugated plane [Ref. 2.27].

Secondly, for a plane wave incident in a particular direction on a
plane interface, a unique surface impedance can be defined, and the
total field can be represented as an angular spectrum of plane waves.
In many cases of interest, to a very good approximation, the surface
impedance can be taken as a simple function of direction, or even
independent of direction if the surface is isotropic. For a boundary
between free-spaceand a material of high (complex) refractive index, the
approximations involved in this‘technique have been evaluated
theoretically, and found to be acceptable [Ref. 2.15, 2.28]. Furthermorec,
where experimental studies have been made, good correlation has been obtained
with analysis using the surface impedance concept [for example
Ref. 2.29].

The above considerations are regarded as sufficient justification for
the judicious application of the surféce impedance concept whenever
this leads to a simplification or better physical understanding of the

boundary-~value problem.

2.4. Propagation constant along a uniform structure

‘ In this section we consider a uniform fransmission system of infinite
length, such as depicted in Fig. 2.2 , with propagation in the positive
z~direction, and assuming exp(jwt) time variation of fields. As we

consider a uniform cross-section only, the variation of all field
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components in the z-direction can be represenﬁed by a propagation

factor exp(- vyz).

Starting with Maxwell's equations for an isotropic, homogencous

and source free region, in the usual notation,

|<3

- jupd

P

5 0oE

(2.5)

(2.6)

Separating the vectors into transverse and longitudinal components,

denoted by subscripts t and z respectively, we can write

- juld, = Y AE —zAiE-t (2.7)
- Jopd = Zt A Et ‘ (2.8)
B = L oaH v T, AR (2.9)
joeE, = Y A H (2.10)



Multiplying (2.7) by jwe and writing wZuG as kz, where k is the

free-space wave number, we obtain,

2 :
kH, = joe(Z, AE +Y AE) (2.11)

Taking the curl of (2.9) gives the following equations for the

longitudinal and transverse components respectively.

ool AE) = ~Y H + 99 .H (2.12)
. 2 .
juey, A E)) = V(v H ) - v H (2.13)
But
VZHZ = - YHZ
and
2 2
VoE o= YE
- Hence (2.13) can be written as
. v I B 2
jue(V AE) = -y H - yH (2.14)

substitution from the above into (2.11) yields
(YZ + kZ)H = jweV, AE - wWH (2.15)
-t -t —~Z -t z

the complex conjugate of H , and

Multiplying (2.15) by 2

A

integrating over the cross-section leads to the expression
. * v - *.VH A
- s Jwe_/};-H't '(‘tAgz).dA Y‘/;-Iib ~ggd
Y + k =
H* .
Ji®

L 2 v : (2.16)

dA

‘_l_.‘I'.



The denominator D in the above expression is related to the
average power flow along the structure, provided the concept of wave
impedance or characteristic impedance is applicable. We shall
now proceed to simplify the numerator, to facilitate the application
of the above expression to uniform structures of interest.

Nl can be transformed according to the vector identity

g-(AAB) = B.YAA-A.7 AB (2.17)

— - . *
N, = Jwe./;\ B* . (L, AE))dA

1

st_:‘/;zt E, AH™dA + stfAE_Z \Z_t H *dA

(2.18)

Applying the two-~dimensional form of the divergence theorem

[Ref. 2.30],

* — . * :
E/;VLt.EZAEI_tdA_ (gZAgt).gdz (2.19)

where A represents the cross~sectional area of the dielectric region
(extending to infinity in an open structure), outside the conducting
regions; contour C defines the perimeter of area A, aﬁd is closed at
infinity in an open structure, as indicated in Fig. 2.3. n is the unit

vector perpendicular to C, pointing into A ¢ on the 'conductor surfaces'

n is the outward normal.
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Fig. 2.3 Cross-sectional area A and contour C used
in the integrals of equation (2.19). In this example

contour C is closed at infinity.

Using (2.10) we can write

Substitution from (2.19) and (2.20) into (2.18) yields

. . S A * . m22 . *
N, = vaei;*_ﬂ_z _Iib) n dl + aﬁgz E *dA

To transform N2 we make use of another vector identity

Y. a) = B3 .A)+ () .4

whence

= - H* .V H gA
N, Y j£'~t Y H, a

i Y.[ [Et" (Hng*) - Hz(y-t * E’L:*)Jd!"
A

(2.20)

(2.21)

(2.22)

(2.23)
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Two other alternative forms are also possible for expressing

N_3
2
- 1':5:‘1' . * *
N2 = 'Yf_.cjtdz._r_l'd.z-l YYLEz°Ez aA (2.24)
[
or
= % 2
Nz"Yj[EtHz‘Edz*"/;‘v—t'EtldA (2.25)

c

To obtain Egs. (2.24) and (2.25) we have used the divergence theorem,

Eg. (2.19), and also the relation

- E_* - Y*H* = O (2.26)

substituting into (2.16), from (2.21) for Nl and from (2.24) for N2,

we obtain the following expression
_jwej[EAH*.nd£+uv262f.E.E*dA
-z —t = T2 2
c ' ,

* % *
+ YszEt on dl + vy ./;_Ir_IZ._IiZ dA

2 C

V2 & k2 = (2.27)
*
,/;Et -H, aA

It should be noted that in an open structure, such as in Fig. 2.3,

the cross-section A considered above becomes infinite in area and
contour C has to be closed at infinity; in such circumstances,
expression (2.27) can only be evaluated if the integrals converge.
Otherwise a finite area A must be consldered such that the contour C

can be closed at a convenlent, finite distance from the structure.



Expression t2.27) can be applied to any uniform structure to
determine its propagation constant Y; .the limitations of this
expression are only imposed by problems associated with the
evaluation of integrals. Fﬁrthermore, it is interesting to note,

from Egs. (2.16) and (2.27), that N

1 is associated with TM modes and

N2 with TE modes.

The configuration of Fig. 2.2 is defined by a plane interface at
x = O and a perfectly conducting wire at (b,0,z). In order to apply
expression (2.23) to this configuration, we specify the boundary

condition at the interface in terms of a longitudinal surface

impedance ZS = Rs + jXS by the relation

E = 2 n A-Ez ' (2.28)

where H, is the component of Et normal to n, and En the component
parallel to n. In fact Eqg. (2.28) is an expression of boundary

conditions for the TM mode.

il

*

H

.
~ & .[n |H|" - n.BE,]

s (B, AB¥) . n - ZS|HL|2 | (2-29)

il

Thus Eq. (2.27) gives

2
] l{z‘_)[zsmﬂzdz + 5 f | |2 aa + nyZHn*dL + vy f]HZ|2dA
c Z 4 C A
| H*.H dA
‘/;-t %

(2.30)



where we have written % for we, 7 being the intrinsic impedance of free

spacee.

2.5. IEffect of Approximations on the Propagation Constant

In many applications it may be difficult to determine the
distribution of fields in the cross-section exactly, or to evaluate the
expression for the propagation constant vy using the exact field
distribution. Hence it is worthwhile to examine the error in v due
to approximations in the field distribution.

Rewriting the equations for YZ from the previous section

> .2 an '
(v + k%) \ H.H*A = N+ N2 (2.31)
where
k *
N, o= ig E A H*ndd + ko E dA (2.32)
N, = yﬁ H*.g H dA = ﬁgt V.(T,-H A (2.33)

Let the error in y2 be 6y2 due to errors égt and 6§Z in correct

field quantities H, and Ez respectively. Substituting these

t
approximate field quantities in equations (2.31), (2.32) and (2.33),

and neglecting second and higher order error terms

* . * .* - N N
6-y‘/!;th aA + (¥° +k)‘/;(gtagt+65tgt)dﬁ" 8N, + 8N,

(2.34)

34



where
E ] x l
6N2 = -‘/ltagt .zt(zt.gt) + B .Zt(zt.égt)]dA (2.35)
- .k * "
N = - _]_Zf(lgzl\ 6H,* + 8E, A H,*).n al
C
k2
+ =5 (E .8E* + 8E .E*)dA . (2.36)
Z A -z =2z =z <z

Using Egs. (2.29) and (2.10), the expression for GNl can be

transformed to give

.k * *
c
-k * _ *
- ZJ/; (8E,*.9, AH_~ 8E .7 AH*)a (2.3%7)
Assuming
*
V1 = ¥ (2.38)

then substitution from Eq. (2.15), and its conjugate form, into

Eq. (2.34) leads to

ov" [ | |Paa = -
A

_l_i. * *
- J/; SH (- 35 Y A E* -9 (V. H*)IaA + 8N + 8N,

P

.ok }
HFL0 5 8 AL, - B(R-H0]aa

= . £y _ e
= 5Nl +J/; [SEt'zt(zt'Et ) Et'vt(vt’aHt)JdA

. * A
JREE RS LR A RS

(2.329)
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The last integral in Eq. (2.39) can be transformed, using

Egs. (2.17), (2.19) and (2.29); the result is;

. k ; i .k ; 4
-] -Z-ch(stftGH.e* - ZS¥H2*6H2)‘dJ3 + J -Z-‘/l (_E_Z#.Vt A G_I'It - Ez'vt A GHt*)dA

(2.40)

Substituting from Eqs. (2.37) and (2.40) into Eq. (2.39) and

rearranging,

6@]; 1Ht]2dA = j (Z_*H,*8H, + Z H,*6H,)al

£ ¥
j; [6H .Y, (v B ) - H, .zt(sz_t.agt)]dA

+
k * *
+JZL[E .9, A SH - 8E *.¥, A Hla
-g-lzif -9 A BH* - 6B .Y A K *1dA
A

(2.41)
It can be seen that, with the exception of the contour integral,

the terms on the right-hand side of Eq. (2.41) tend to cancel each
2

other out; furthermore, their contribution to 6y2, the error in ¥°,

is reduced by the normalization factor Jf ‘Ht‘sz. The contour
A

integral vanishes identically when, RS, the real part of the surface
impedance is zero. This result might be expected, as assumption
Eq. (2.38) is strictly valid for a lossless structure only, i.e.,
fOI‘R = O.

IS

The expression for the propagation constant is a perturbation

formula, and its accuracy depends an the approximations made in the
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field distribution. For this reason, we ghall develop an iterative

process for the application of Eq. (2.30). However, it is interesting

to note that expression (2.30) for the propagation cénstant becomes
variational when the right-hand side of Eq. (2.41) vanishes identically.

Inspection of the last equation indicates that this occurs when the

following conditions are fulfulled:

(1) On the conducting boundaries, the longitudinal electric field is
linearly related to the tangential component of the transverse
magnetic field, i.e., relation (2.38) is valid.

(2} The surface impedance ZS is purely reactive, i.e., Rs = O where
ZS = Rs + jXS ¢ then the contour integral in Eq. (2.41) vanishes.

(3) Both the correct and approximate field distributions are
transverse magnetic & then the first surface integral in Eq. (2.41)
vanishes.

(4) The approximate fields satisfy equation (2.10), i.e.
zt A Gﬁ% = j<% GEZ ¢ then the last two surface integrals in
Eq. (2.41) vanish.

In the summary above, assumption (1) is tantamount to accepting
the surface impedance concept. Condition (2) implies that the expression
fof the propagation cbnstant will probably be more accurate for a logs—
less structure: we cannot be more definite on this point as we arrived
at the above conditions by the.ab initio assumption that [Y2]* = Y2.
Approximation (3) requires that the TE mode transports much less power
then the TM mode. The significance of condition (4) is that
independent approximations éhould not be used for the distribution of
Et and Ezvs either E% or Ez is gpproximated by an assumed distfibution,
and the other is derived using Eq. (2.10).

In the previous section if equation (2.15) had been multiplied by

Et ingtead of Et*’ we would have obtained the following expression:
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%

'PJ%fZH dZ- - f dA+y HZHndZ+y2L HZZdA
C

(2.42)

The above expression is very similar to Eq. (2.30), the only
difference being the absence of complex conjugates. For this alternative
expression, a relation can be derived for the error terms, analogous to
that presented earlier in this section. In this case assumptions
[Y2]* = v° and R_= O are not necessary in order to show that Eq. (2.42)
is a variational expression. However, expression (2.30), involving
conjugate terms, is more convenient for our pufposes as the denominator

D = Jr Ht t*dA can be related to the power flow more easily than
A

H .H, dA.
J e,
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CHAPTER IIT

PROPAGATION CONSTANTS OF THE BEVERAGE ANTENNA

AND THE TPA

3.1. Introduction

Invthe previous chapter a general expression was derived for
propagation constant of electromagnetic waves travelling along a
structure of uniform cross-section. In this chapter we shall evaluate
the expression for propagation constant for two particular structures 3
the Beverage antenna, and the Inductive Plane Antenna (IPA). Both
these antennas share the same geometric configuration, their difference
being in the nature of the plane interface (see Fig. 2.1). For this
reason there are some considerations which are common to both antennas,
leading to common field equations and approximations in both boundary-
-value problems. This part of the analysis, which is identical in both
problems, is described in Section 3.2.

The necessary relations for the propagation constant of the
Beverage antenna are derived in Section 3.3, where a compérison is
also made with other theoretical results.

Propagation constant of the IPA is considered in Section 3.4. An
experimental study of the propagation constant (of the IPA) was also
undertaken : this is described in Section 3.5. Finally, Section 3.6 is
devoted to a comparison between theoretical and experimental results

obtained for the propagation constant (of the IPA).

3.2. Bvaluation of Integrals in the Expression for Propagation Constant

3.2.1. A Priori Assumptions

In order to evaluate expressions (2.30) for the uniform transmission
system depicted in Fig. 2.2, we require the distribution of field

components in the cross-section. The wire at x = b will be regarded
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as perfectly conducting. When the interface at x = O represents a
perfectly-conducting plane, the problem reduces to an ideal two-
—conductor transmission line ! in this case the dominant mode of
propagation is TEM, for thch the wave equation reduces to Laplace's
equation [Ref. 3.1], and the field distribution can be derived from
a single potential.function. We are only concerned with configurations
for which b < Ko/a and a << b, where a is the wire radiﬁs. Hencer
the potential function can be obtained from image theory, in terms
" of a line current Iz at (b, O, z) and its image I; at (b, 0, z).

When the interface represents an impedance plane, power is
stored or absorbed in the conducting region x < 0, and there must
be a component of Poynting vector directed into the interface. VThis
implies at least a longitudinal component of electric field. In
general, a longitudinal component of magnetic field will also exist,
and will have associated with it transverse currents on the plane,
and possibly on the wire.

In the analysis presented in this section, we shall assume,
ab initio, that even if a longitudinal component of magnetic field
exists and transverse currents are present, their contribution to integrals
in Eq. (2.30) can be néglected. This approximation is partly
justified by the considerations given in Section 2.4, but the primary
basis for our assumption is heuristic considerations, supported
qualitatively by the conclusions of Kikuchi on the Beverage antenna
[Refs. 2.8, 2.9], and by Stratton's analysis for propagation along a
wire in free-space [Ref. 3.2].

Kikuchi was the first person to realize the significance of the
hybrid magnetic (HM) mode in determining the propagation characteristics
of the Beverage structure. Kikuchi's analysis indicated that for

a Beverage configuration, as in Fig. 2.2, with typical parameters, the
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mode of propagation is essentially TEM at low frequencies

(f <10 MHz), and TM at very high frequencies (f > 100 MHz) : the
transformation occurs in a 'transition region', 10 - 100 Migz
approximately, when the field distribution becomes hybrid magnetic.
One particularly significant reéult which has emerged from Kikuchi's
analysis is that the transverse component of magnetic vector potential

parallel to the interface is identically zero, i.e., Ay = O. As a

i

corollary, we can conclude that Jy = 0, where Jy is the y component

of conduction current density ! therefore power stored or

dissipéted in the conducting regions is only associated with current
density components Jx and JZ. Furthermore, it appears that the
longitudinal component of magnetic field, HZ, is not excited by conduction
currents, but arises from the perturbation of the TEM mode into a ™
mode : this situation is in contrast to hollow waveguides where TE

modes are supported by transverse surface currents on the guide walls.

As a result of these observations, we expect that the magnitude
of HZ will be small relative to the magnitudes of transverse components
of magnetic field. In particular, considerations of symmetry show
that HZ = O on the plane 'y = 0 : this conclusion is also supported by
Kikuéhi's analysis. Also Sommerfield's radiation condition requires
that HZ -0 as y @ w. Thus it is reasonable to assume that, in
Eg. (2.30), the contribution from integrals involving HZ can generally
be neglected.

We are interested in configurations for which b >> a. Hence we
can assume that the current distribution in the wire is essentially
the same as for a wire in free space (this assumption has also been
made by Kikuchi and others). It follows that the field distribution
in close proximity to the wire must also be nearly the same as for a

wire in free-space. Stratton [Ref.;B.Z] has concluded that although
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there are an infinite number of modes of propagation along a
s0lid conducting cylinder, in free-space, there is only one
predominant mode ‘which has a low attenuation : the symmetric transverse
magnetic mode. All other modes are damped out within a couple of
centimetres from the source.

Stratton's analysis brings out two points which are particularly
relevant to the present study. TFirstly, for the symmetric TM mode
the wire current is only axial. Similarly, we shall consider only
axial currents in the wire. Secondly, in the vicinity of a thin wire,
the magnetic field distribution corresponds closely to the electrostatic
distribution. This approximation is only valid for Llhrl << l, where
h = (k2 ; YZ)12 and r is the radial distance from the wire axis. On
tﬁis basis, we shall continue to derive the distribution of the
transverse component of magnetic field from image theory, even when the
surface impedance at the interface has a non-zero value. .However, we
shall use a weighting function for %ﬁe iﬁagé line cuffent'in order to
take into account the surface impedance effect on the distribution of
maghetic field, and to ensure the continuity of tangential field

components across the interface.

3.2.2. Approximations in the Ristribution of Magnetic Field

Neglecting the contributions from Hz’ the longitudinal component

of magnetic field, Eq. (2.30) reduces to

' 2
1 [kf 2 k 2
= |j= z_{H, |42 + =5 f|E|dA]
k2 Zl o s!74 72 . 2

=
XE +1 = L

= (3.1)
k f |1, |“aa :

We shall consider a line current IZ = -1 at x= b, and an effective

image current I; = I(1 + q2) at x = = b. A variation exp(+ jwt - yz) is
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assumed, but for convenience this factor is omitted from equations in
the following analysis.

Let the y component of magnetic field at the interface be denoted
by Hoy' Assuming that HOy is approximately given by the electrostatic

distributian, i.e.

I(2 + a.)
_ 2 b
HOy = e 7, yZ (3.2)
2 2
H 1% = I . q.)(2 + a*) —0 (3.3)
- oy| = 2 2" (p2iy2)2

where I has been taken as real, without loss of generality. The

3 + C4,

as depicted in Fig. 3.1. Contributions from opposite banks of CZ'cancel

contour integral in Eq. (3.1) is evaluated along C = Cy + C2 + C
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out; the integral along C, is zero as we congider a perfectly

3
conducting wire, for which ZS = O; and the contribution from 04

is taken as negligible, which follows from the radiation condition.

Thus, from Eq. (3.3)

. .

.k 2 '

J Zlf ZslﬂoyI dy
-®

2

.k 2
N o= J‘Z—f z_|H,|“a
e

[\

ko sI

= J Z, 2t

1+ q,/2) + qt/2)  (3.w)

%.2.%. Approximations in the Distribution of EZ

The value of EZ at the interface is determined by the boundary

condition relation (2.28), which can be written

E

1 = E = ZH (3.

= E!
3=O Z O .5 s oy

In order to evaluate the surface integral involving Ez’ in
Eg. (3.1), we can make the following approximations

(i) E has a 'separable' field distribution, i.e.
E . = ‘ -
a Es(y)f(x) (3.6)
(ii) for x > 0, E has an x~variation given by
~ z
e—JhX

f(x) = (3.7)

. - ) 1 -
where h = hr-~ jhi = (k2 + YZ)2 (3.8)
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The first approximation is suggested by boundary condition
Eq. (3.5); furthermore, it is consistent with an a priori assumption
of neglecting the longitudinal component of magnetic field [Ref. 3.3].
The second approximation follows from the separability
Eq. (3.8) in which the y-variation of EZ has been neglected. Further
discussion of Eq. (3.8) is given in Appendix 3B. It can be seen from
Egs. (3.5) and (3.2) that this is a valid assumption at the interface
for small values of y, i.e., the range which makes the most
significant contribution to the surface integral JC ‘Ezlsz.
Alternatively, we can represent EZ as an angular spectrum of plane

waves in the x = y plane:

® 7 I
x ~jk(ex + sy) s W
EZ(x,y) = om P(s)e ds . m (2 + q2)
(3.9)
yhere  o° + % = h2/k2 (3.10)

Using Eqs. (3.5) and (3.2), inversion of the above integral yields,

for y >0

P(s) = Tte kblsl (%.11)

®
_ -kbs-jkex
Ez(x,y) = ZSIW(2+q2)kf e cos(ksy)ds (3.12)
0

Again, inspection of the integrand in Bg. (3.12) indicates that
the most significant contribution to EZ comes from that part of the
spectrum which has the least variation with y, i.e. from the range

when s is small.
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A consequence of approximation Eq. (3.7) is that Ez does not
satisfy the boundary conditions at the wire. We shall take this effect
into account in two diétinct ways: firstly, we shall assume that
IEZI2 igs negligible above the wire, i.e.r for x > b, when we evaluate

J&lEzlsz. Secondly, we shall resort to transmission-line equations
by representing the effect of finite Ez at the wire as inducing a
change in the wire current, and therefore equivalent to a change in
the characteristic impedance.

The effect of wire scattering is considered in Appendix 3A. The
scattered electfic field is given by Eq. (3A.12). This leads to the
following expression for the total electric field EZ for O < x < b:

EZ = Es(e"jhX - e"jhb) (3.13)

The second term in the numerator of Eq. (3.1) can now be evaluated

K2

k° 2
N o= 22 | |E, [“aA
1
® b
12 2 ) ~jhx  -jhb., jh*x  jh*b
= == |z | H H *dy (e - e (e - e Jax
7 2 5 oy oy
1 - @ 0
(3.14)
- * T2 : *
Ny = kZZ* I(1+ q,/2)(1+ q2/2)
~2h;b ~ohb [ jhb- ~35h*h
L - e - kbe i e - 1 + & -1
2hi7k (jhb) (=3h*b)
(3.15)
Z_ -
where ‘ an = 7 (3.16)



3.2.4. Evaluation of Denominator D

To evaluate the denominator D on the right-hand-side of BEq. (3.1),
we define a characteristic impedance Zn in terms of the total power

flow, Pz’ in the z-direction:
2
P = P+ P = ZCI (z.17)

where P. is the power flowing in the region x > O, and P

1 the power

2
flow in the region x < 0. From the definition of complex Poynting

vector [Ref. 3.4],

EyHX*)dA (3.18)

i
—
N
=1
Nm

e
*
1

From Maxwell's equation V A H = j

N

E we obtain

K BHZ oH o
5 Z_l E, = el 'B'zl (3.19a)
d
Lk 5 2 . - EI}_{ (%.19b)
J Z, Ty Ox T Oz '

Neglecting the terms containing Hz’ the above equations yield

~ Y _ '
Ex ¥ % ZlHy (3.20)
— o .
E, s | (3.21)

Substitution in Eq. (3.18) for EX and E& gives



l_ *_HH*
ok Zl J[ (H&H& P HH JdA
A

L
3K 4 f Et . Et* dA (3.22)
A

Evaluation of P_, power flow in the z-direction in the region

x < 0, depends on

29
the nature of the interface ¢! this will be dealt

with in later sections.

From Egs. (3.

17) and (3.22) we obtain

2 P
kK _¢c 12 2
D = 17 |%aa = L2121 - —&) (3.23)
_/.A t Y 2y 7 12

3.2.5. Determination of the Weighting Function a,

The integral

H, . ab = j
fos

Applying the
which the contour

we obtain

form of (2.10) is given by

‘/; E,dA - (3.24)

above equation to the dielectric region x > O, for

Ny

C and the area A are shown in Fig. 3.1, page L6 ,

.k
% fA z

= 3 %2 j[' EJAA' + I(1 + q2) (3.26)

51
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where I(l+q2) = 02‘/. El aA! (3.27)
A'

and the primed quantities refer to the region x < 0, and o, is the
"conductivity for x < O.

Combining Eqs. (3.25) and (3.26) we obtain

. kK
B = -3 [F, + s, F,] (3.298)

J/; E dA (3.29)
-/;'E; dal (3.%0)

F1 can be evaluated with the same approximations as were used in

where

Fxf
1
Ll

=
1}
=

the derivation of Eg. (3.15), but neglecting the effect of scattering

by the wire; the result is given by:

, @ - ")

o (3.31)

F,o= (1« q2/2

Evaluation of F2 depends on the nature of the interface,‘and will

be dealt with in later sections.

3.2.6. Characteristic Impedance ZC

When the interface x = 0, Fig. 2.2, page 28 , represents a
perfectly conducting plane, we obtain the standard open-wire
transmission line; in this case the characteristic impedance is given

by [Ref- 3'5]’
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N

s ]
7 = == cosh (g) (3.32)
For b/a > 10, for a line in free-space we obtdin

2b
(:;)

42 =~ 138 logy g (3.33)

co
In the more general case, the non-zero value of surface impedance,
ZS, at the interface gives rise to a finite component of electric
field parallel to the wire. This can be regarded as an }incident field'r
which will induce a current in the wire. This effect is equivalent to a
change in the characteristic impedance of the line, which we shall
determine in this section,
Let the induced current; i.e. the change in the original current
IO, be AL, and the equivalent change in the characteristic impedance

AV

C

AT

I = 10(1 O o (%.34)
O
AZC
ZC = Zco(l e (3.35)
cO

Then for a constant voltage excitation, we can write

—-—]'“—AE- = 1 + :EE V (3-56)
1+ == °
Z
co
Az - (AT/T)
co e
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In terms of Io (the wire current in the negative z~direction),
the longitudinal component of electric field is obtal ned from
expressions (3.5) to (3.8); namely

I
0(2 + qz) b e—th

E (x,y) = Z_ - RN (3.33)

From Eq. (3.8) it can be seen that at x = b, y = O the
predominant component of the above field corresponds to a plane wave

propagating in the x - z plane; the amplitude of this wave at the wire

is given by

I (2 + q ) .
0 2 ~Jjhb
EO = Ez(b,O) = ZS “—"—""'an_"‘ - e (3-39)

The three-dimensional problem of scattering by a perfectly-
—~conducting wire is considered in Appendix 3A; the induced current in the
wire is given by Eq. (3A.22), which is repeated below, in the

present notationy

2TE

AL = - j ———— (3.40)
kZl zn(ﬁ) ,

. .
. sIo (2 + qZ) e Jhb

AI = -— J (3'41)
Z_kb 21 2y
1 zn(ha)
Substitution from Eq. (3.41) into Eq. (3.37) yields
. AZ + 3(2 /Zl)(z + q ye~JHb
rZ = 2 = 2 (3.42)
cn Z hb

B 1y _ . -]
co 2mkb 2n(ha) - J(ZS/ZI)(z + qz)e
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3.3. Calculations for a Transition-Boundary Interface

We shall now consider the particular case when the plane interface
at x = O represents a transition boundary between two homogéneous
isotropic media. In Fig. 2.2, the region x > O, outside the perfectly-
-conducting wire, represents a dielectric medium with zero conductivity;
subscript 1 is used to refer to this region, which we shall take as
free~-space for computational purposes. The region x < 0 represents

a dielectric medium with finite, non-zero conductivity o Subscript 2

2.
is used to refer to this region. For computation of parameters, it will be
assumed that both regions have a permeabllity equal to that of

free space, i.e.

I L}o (3.43)
Also
92 = erel (B.44)
' .95 _
e, = el(sr - HEI ) = e K, (3.45)

We shall now proceed to evaluate the surface impedance Zs’ and

quantities F2 and P2 in Egs. (3.30) and (3.17).

3.%.1. Approximations Relatedto Transition—Boundary Parameters

We shall start from the proposition thatthe field in the region x <O
can be represented in ferms of a predominant plane wave component
travelling in the x - z plane, away from the interface x = O. In other
words, the variation of field components in the y direction is negligible
compared with variations in the x and z directions; hence we can assume

a separation of variables solution for an approximate evaluation of



integrals. The extent of the approximation can be appreciated by

inspection of a representation in terms of angular spectrum of plane

waves; x <0
® (+ v.x - jksy) ZI
k .
Ez(x,y) = Sn J[ P(s)e * ~ ds gﬂV (2 + qa)
-®
(3.46)
where
2 2 2 2 .2 ,
(ks)® - v .~ = h™ = -y, Y (3.47)
1
v, = JkK? (3.48)
from Eg. (3.11) P(s) = ne-kb‘sl
® v x
Ez(x,y) = ZSIw(z + qz)k J[ e—kbse X cos(ksy)ds (3.49)
0
from Eq. (3.47)
' 1
v, = k[ G%- K + 52 (3.50)

The choice of branch cuts, associated with the square root in Eq. (3.50),

is determined by the radiation condition, which requires

that Yx_have a positive real part. From Eq. (3.49) it can be seen that

the most significant contribution to the integral comes from the range when

s is small, i.e., from tle bundle of waves travelling almost parallel

to the plane y = O. Forrthis group of plane waves, Eq. (3.50) reduces to
.

v, k[(éﬁ)z “K71 (3.51)

r
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Evidently, the above approximation becomes better as lKr|
increases.

Henceforth we shall assume the following approximation

Y X '
E(x,y) = E(y)e ", x <0 (3.52)
Z s
where from Eq. (3.51),
= 2 _ 21 . :
v, = Ly V1% = vna, (3.53)

X 2

- - (;Y—)zfz -1 - 2210 (3asw)

q3 2 Kr Jk
From Maxwell's Eq. (2.6), for x <0
dH. o
. t - - X
jue,' B, = =5 (3.55)
oH
= H - X
YX y 7%:
Y, oH
1 X
E = X2H[1 -5 521
z Y2 2~y3 ' Yﬁ%y v
t ~ Z .
herefore E = A 2Hy (3.56)

' From the definition of surface impedance Zs, in Section 2.3, it follows

that

ZS = q322 (3-57)

From Maxwell's Eq. (2.5), for x <O
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OE OF
. VA X -
JU)}J,Hy = —g}'c———gfz' (5-58)
Y
H = =0 E +o->-F
¥ Yo X Yoy 2

=
[t}

2
= (ZzH - q.E
Y(Zy qBZ)

Substituting from Eq. (3%.56) for E,

Y

o X
E, = ZZHy(l - ) (3.59)

Power P2 flowing in the z direction in the region x < 0 is given

by

4]
1

5 f EA H* . dA' : (3.60)
Al

J[ (EH * -« EH *)aga'
Xy ¥ x
Al

Since IE l << IE l and |H [ << |H | to the same order of accuracy
p X X! b

as the plane wave approximation,

P = EH * dat
2 Al Xy

2

- H H_* aA' .61

2 Y 2 qB)f'yyd (3-61)
A

therefore

g

[
o<

[N

-~

[
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By plane wave approximation, for x <O

YXX
Hy(x,y) = Hoy(y)e | .(3.62)

where Hoy(y) is given by Eq. (3.2).

Direct .evaluation of Eq. (3.61) yields

2 1+ q2/2)(l N qz*/2) .
21 (Yk + YX*) 3:65

y
2 2
P - .—__.Z -

5 " 2(l d )

Evaluation of F2, Eg. (3.30), is also straightforward, and we
obtain
1 tant

ot [

AI

(1 + q‘/é) 2 (1 + g /2) _

2 2 2
X 2 :

3.3%.2. Summary of Equations

For completeness, all the equations used in computations are
given below in their final form. New variables defined below were only
introduced to simplify the process of computation: square-bracketted

numbers indicate the source of equations

%= Q- ) (3.65)
- [3.1] J :
| i
o= lsle® = -1-@H? < -5 -F < A< T
(3.66)

[3.8, 3B.8]



w=lule ™ = gn o= kJE 5 -Z<g <0 (3.67)
1T
or -é < éu <nmn
V1 = ub _ (3.68)
V2 = (u+ u*)b | (3.69)
-V
1
W o= 1l-e (3.70)
_V2
w?_ = 1-e (3.71)
W v [ v,
_ 2 21le -~ 1 - 1
Wo = B55(a s ut)/E - kbe A 2 A 1
[3.54] (3.72)
1+ 8.1
a; = (1 - K )? (3.73)
[2.33]
Z'co 138 2b
ch = Zl = laOTT loglo (_a-) (3 - 74)
(3.16, 3.57]
, .,
Zn = % | (3.75)
7 ,
q = - = ' - (3.76)
1 e N
[3.28, 3.31, 3.64]
2
i 5
q W, = 3(5) 6
171 A3 VK; '
Q. = (3.77)
2 e:r »‘/5



(3.1, 3.4, 3.15]

%

4 a q
. zn 2 2 .
No= e (1 P 2 - 3B ) (3.78)
[3.42]
AZC
AZCn = -Z-C';
q -V
X -
JZZSH(l + 5 Ye
= — .7
L T . o 7
wlin| 2= | + 35 - 871 - 322, (1 + Bre
[3.53]
Yo = dz¥s (3.80)
[3.63]
*
2 L 4
(1 - a0+ D+ L |
B = Z S+ 8)om(y, + Y, *)b (3.8

[3.23, 3.h42, 3.63]

Z
D = ,7(‘1%1—8)(1 + AZCn - q5) 4 (3.82)

The above‘system of equations can be solved for & by an iterative

process. The starting point for the iterative process is

. Z2/Zl
o I ond

(3.83)

D = D = % | (3.8

o cn
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(3.85)

3:3.%. .Propagation Constant of the Beverage Structure : Comparison

With Other Theories

From a pragmatic point of view, the usefulness and limitations of
any theoretical model depend on the accuracy with which physical
behaviour can be predicted. To this end, twp possible avenues exist
for testing a particular model ! theoretical results can be compared with
other analytical results, particularly if the other analyses are known
to be more rigorous ; alternatively, theoretical results can be
correlated with experimental data.

For the Beverage structure, analytical results have been
given by Knight [Ref. 2.14], Kikuchi [Refs. 2.9, 2.11], and
dos Santos [Ref. 2.12]. Measured data is also available from many
sources (see Section 2.2), but experiments, reported by the above
authors are probably the most reliable available, at least for
purposes of comparison with theory.

A computer program was written which solved the system of
equations given in Section 3.3%.2 by an iterative process. The
results of each iteration were written out to check for convergence,
and as a safeguard against instability. DNumerical data were obtained
corresponding to three distinct sets of parameters considered bj
Kikuchi, dos Santos and Knight. The table in Fig. 3.2 shows a typical
set of parameters reported by each author, which we have used

for comparison purposes.
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Fig. 3.2.

Set Number 1 2 3
Source Author Kikuchi dos Santos Knight
Source Reference Refs. ;'ig Ref. 2.12 Ref. 2.14
Wire Radius a(em) 0.25 0.25 0.24
1
Wire Spacing From 750 100 300
Interface b(cm)
Ground Dielectric
Constant er 1 15 10
Ground Conductivity 10—2 10—2 10—2
o (8/m)
Summary of line parameters used by authors whose

theoretical resulis are compared with those due to the

present theory.



Figures 3%.%, 3.4 and 3.5 depict variations of attenuation with
frequency i in eabh graph, the solid line represents the present theory,
and the dashed line the corresponding analytical results against
which the present thebry is being compared; available experimental
data has élso been indicated (approximately), where ever
possible. It can be seen that at HF and lower frequencies all theories
lead to similar variations of attenuation with frequency. Only the
analyses of dos Santos (proper mode) and Kikuchi give identical
results. The present theory yields somewhat.higher attenuation values
than other theories.

At VHF the attenuation characteristics are no longer similar 3
Knight's theory indicates that attenuation increases with frequency,
tending to a maximum value; other theories, including the present one,
all indicate a decrease in attenuation. However, the rate of decrease
of attenuation with frequency indicated by the present theory is found
to be sensitive to the choice of parameters. The shape of characteristics
obtained by Kikuchi and dos Santos is not sensitive to the choice of
parameters, and changing the parameters mainly causes a shift in the
position of the attenuation curve.
| Figs. 3.6 and 3.7a, indicate the variation of velocity ratio
(= v/c) with frequency, for structures considered by dos Santos and
Knight respectively. Kikuchi has not given any quantitative results
for the phase velocity v. It can be seen that the present theory
yields velocity ratios closer to unity than the other theories.
Otherwise, there are only two significant observatiorms to
be noted. Firstly, dos Santos' analysis indicates velocity ratios
greater than unity above 10 MHz : this is probably due to theoretical

or computational errors, unless these results are related to

unforeseen higher-order modes sought by dos Santos' aigorithm. Secondly,
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in Fig. 3.6, the slope of Knight's theoretical curve at lower frequencies
suggests that phase velocity becomes zero at some non-zero frequency;
on physical considerations this conclusion seems untenable.

To our knowledge, the only published data on the characteristic
impedance of the Beverage structure is due to Knight [Ref. 2.14].
Figure 3.8 provides a comparison between the corrected version of this
data (see Section 2.2) and results based on our analysis; real and
imaginary parts of characteristic impedance, RC and XC respectively;

are gilven by
R = Zco(l + Ach) (3.88)
X = 72 M (3.89)

where ZCo is the nominal characteristic impedance for the corresponding
perfectly-conducting transmission line, given by Eq. (3.74).

Neither Kikuchi nor dos Santos has published éomputed values for
characteristic impedance. However, approximate calculations indicate that
Kikuchi's analysis leads to negative values of AXCH; lAchl ~ 1% at
2 MHz and increases with decreasing frequency. Ach is positive below
8 MHz, and increases with decreasing frequency (Ach ~ 1% at 2 Miz).

Avove 8 MHz Ach is negative and reaches a minimum value ~ 0.1% at
approximately 20 MHz; at higher frequencies Ach tends to zero through
negatife values. Computations, for Kikuchi's line, based on the eqﬁations
of Section 3.3.2. yield very different results! magnitudes of Ach and |
Ach obtained are about four times the corresponding values based on
Kikuchi's analysis; furthermore, in contrast to Kikuchi's analysis,

the present theory gives positive values of Axcn’ and values for Ach

which are negative at lower frequencies and positive at higher frequencies.
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Thé divergence between characteristic impedance results, by the
present theory and the other analyses, arises from the difference in
the interpretation of field equations. In order to obtain the
equivalent-circuit elements, field equations can be expressed in a

form analogous to the following transmission-line equations:

ol
& = - W (3.91)

In effect Kikuchi hés chosen the former representation, and we have
chosen the latter. The choice has not been an arbitrary one: it is
believed that Kikuchi's choice was perhaps historical in nature, as
Carson [Ref. 2.3] and Wise [Ref. 2.4] originally interpreted the effect
of finite longitudinal electric field as equivalent to a series line
impedance. Our choice has two justifications ¢ firstly, sources connected
to the line are generally 'voltage soﬁrces' and not 'current generators',
even though both Norton and Thevenin representations are valid (for
example, sources generally tolerate open-circuit better than
short-circuit). Secondly, in the 1limit as the frequency tends to zero,
we would expect the (instantaneous) energy transferred to the line to
become increasingly reactive, and the real (propagating) energy to vanish
gradually. This behaviour is indicated by the presént theory, whereas
the analyses by Kikuchi and Knight suggest that, in the above limit,
approximately half the energy in the line remains feal ~ corresponding to

real power propagation at zero frequency.
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3.4, Calculations for a Corrugated-Plane Interface

el

Z i

Fig. 3.9. BSection of the Corrugated Plane

In this section we shall derive the required relations for the
calculation of propagation constant of the IPA. In this case, the
interface consists of a corrugated perfectly-conducting plane, as shown
in Fig. 3.9 ¢ the periodic spacing is S, wall thickness t, and
cofrugation depth d; the top of the corrugation walls lie in the
plane x = O.

We wish to evaluate the surface impedance Zs’ and quantities F2
and P2 in Egs. (3.50) and (3.17) respectifely. To this end we require
the behaviouf of fields inside the corrugations. We shall restrict our
considerations to configurations for which 8 <K Xl, a< Kl/4 and
5 < 4, where kl = %f and kl is_the wave number for the medium in the
region x ~» 0, outside the wire, and inéide the corrugations (generally
the medium is taken as air, with free-space constants 36, uo).

With.the above restrictions, the dominant mode of propagation inside
the corrugations is TEM, travelling in the x‘- y plane [Ref. 3.6],
with polarization EZ. As mentioned in Section 3.2.2., outside the
corrugations, in the region x > O, EZ can be represented as an angular

spectrum of plane waves, as in Eq. (3.9). For each elementary component
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[

of this spectrum we can obtain the corresponding field distribution in
the corrugated region. This can be done in the manner indicated by
Goldsfone and Oliner [Ref. 2.27], using existing solutions for the
corresponding two dimensional problem, where fields are assumed +to

be invariant with y [Refs. 3.7, 3.8, 3.9].

Aﬁalysis of the corresponding two-dimensional problem [Ref. 3.9]
has provided certain conclusions which are pertinent to our considerations.
When.S << Xl the TE modes (with respect to the z-direction) becomes
evanescent; therefore we need only consider TM modes. Secondly,
in the corrugations only the TEM mode (w.r.t. the x-direction)
propagates, the other (TM) modes being evanescent. The requirement
d > S ensures that the short-circuit at x = - d does not appreciably
inﬂeract with the evanescent modes. Thege evanescent modes give rise
to a storage of electric energy at the corrugation edges, and
therefore thelcorrugations are effectively terminated, at x = 0, in a
capacitive reactance. The equivalent length of transmission line,
representing the edge capacitance, can be obtained from the
analysis by R.E. Collin [Ref. 3.9], or Marcuvitz [Ref. 3.7]; it is

given by

AL = - }S'T in 2 (3.92)

Taking the above capacitance into account, the surface impedance

ZS for a corrugated plane is given by

S -t S
L = 5 2, ten kl(d -z In 2) (3.93)

where the factor 5 S t is a correction factor to allow for the wall

thickness t [Ref. 3.10]. The above équation is valid for a single TEM

mode propagating parallel to the x—axis,>in the corrugated region.



These are two juétifiéations for using the above relation.
Firstly, in the 'apefture_plane' x=0 HX muét be very small, if not
zero, as required by boundary conditions at the corrugation edges. It
follows that the field inside the corrugations must be a
combination of ™ (w.r.t. the x—direction)’modes; as already stated,b
for 8§ < Kl only the TEM mode propagates. Secondly, in
the angular spectrum representation of EZ for x > 0, it was seen that
the predominant contribution to EZ comes from elementary waves having
little or no variation with y; for this predominant range, only modes
propagating in the x direction need be considered in the
corrugated region.

To evaluate P_, Eq. (3.17), we recall that

2!

P = (E H* - E H*)ga!? x <0
2 J/;' Xy ¥y X !

It follows that P2 = 0, since no power can flow through the

corrugation walls, and EX = E& = 0.

To evaluate FZ’ we start from (3.30):

@® 0 :
F. = lf E 1A' = = f f E 'dxdy (3.94)
2 — I At 2 - I Z
- ® - d

where

. ‘sin[k(d + x)]
E' = E_(y) r (R (3.95)

and Es(y) is given by Eq. (3.5). Integration of Eg. (3.94) yields

1 - cos(kd)

k sin(kd) (3.96)

7 (1 + 22
FZ = s( N 7?)
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To obtain q s We substitute from Egs. (3.31) and (3.96) into

Eq. (3.28):

o %g [ 1-coskd 1- o dhb
Iz l oin kd 3h/%
a, = ~ -~ (3.97)
1 _.L1|. s || L-coskd 6 1- g~ 310
_ ER Z, sin kd ih/x

Inspection of Egs. (3.65) to (3.84) shows that when a corrugated-
~plane interface is considered instead of a transition-boundary interface,
only three equations need be replaced : (3.75) by (3.93);

(3.77) by (3.97); and (3.81) by the following equation

Z
D = SO (1 + 42 ) (3.98)
M1+8 cn

The new system of equations can again be solved for § by an

iterative process as before.



3.5. Near-field Measurements on the Inductive-Plane-Antenna

3.5.1l. Preliminary Experiments

Fig. 3.10. Magnetic Loop Probes Fig. 3.11. Detail of Loop
Construction

Two small loops and one electric probe were constructed for the
purpose of carrying out the near-field measurements. The loops are
shown in Fig. 3.10; particular attention was paid to the symmetry of
construction, as depicted in Fig. 3.11, in order to minimize the
dipole mode of response. The electric probe is shown in Fig. 3.12,
and was constructed such that the monopole could be removed from its
coaxial socket, for test purposes.

A short~circuited transmission~line was also constructed far
testing the probes. The test line consisted of a straight length of
enamelled copper wire, 0.12 cm in diameter, at a height of 3.2 cm above
a copper plane (width greater than 150 cm); the line length was
344 cm. In the tests carried out on each probe, the distance between
the probe and the plane of symmetry of the line was 2.5 cm
approximately.

Tests were carried out at frequencies 0.710 and 0.995 GHz.



Fig. 3.12. The Electric Probe

Standing-wave-ratios indicated by all three probes exceeded 30 4B
(with the line short-circuited). In these tests the plane of the
loops were parallel to the plane of symmetry of the line.

Another test consisted of placing the loop in a position of
maximum output, and then turning the loop (through 90 degrees) until
its plane became parallel to the transmission-line cross-section.
Both loops gave output ratios of the order of 4O dB. This was
taken as a figure of merit for the loop, indicating a satisfactory
discrimination against the dipole mode of response.

The corresponding test for the electric probe consisted of
comparing the outputs before and after removing the monopole
(2.5 cm long) from its coaxial socket : again a satisfactory output
ratio of 40 dB was obtained.

Finally the velocity ratio of the test transmission line was
measured at frequencies 0.715 GHz and 0.910 GHz, using all three

probes. Velocity ratios obtained were in the range 0.993 to 0.998
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(corresponding to B/k values from 1.007 to 1.002 approximately);

at the lower frequency consistently higher velocity ratios were
measured with each probe. A variational analysis indicated that the
measured reduction in phase velocity could be due to the thin layer
of enamel on the copper wife ! assuming a dielectric coating of
dielectfic constant er‘= 3, and thickness t =2 0.25 % lO"2 cm

(i.c. 1072 inches), the velocity ratio obtained was 0.997

approximately.

3.5.2. Experimental Determination of the Propagation Constant

In Section 1.2, a brief description was given of the considerations
leading to the choice of short-circuited corrugations for the purpose
of realizing an inductive ground-plane. In this section, firstly,
we shall describe the technique employed for near-field measurements;
secondly we shall outline some constructional details for the structure
used in these measurements.

In general, there are two possible methods for detefmining the
propagation characteristics of a travelling-wave structure by
experiment. If the structure can be terminated in a matched load,
i.e., for standing wave ratios close to unity, the amplitude and phase
variations along tle structure can be measured directly to yield the
~attenuation and phase constants of the line. This technique was not
used in the present study (except as a final check on the scaled
antenna, prior to far field measurements) for two reasons : it was
found that‘reflections from the line termination could not be
reduced to acceptable levels required for agcurate phase measurements;
this was due to a lack of suitable resistors which could be used as
matched loads over a wide band in the frequency range of interest

(above 300 MHz). Secondly, at the time, an elaborate set-up would
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Fig. 3.13. Detail of Construction of Corrugations.

Dashed~lines indicate the positioning of additional

spacers used to reduce the corrugation spacing.

have been required for accurate phase measurements, as there was no
apparatus available capable of direct phase measurements.

The second method, outlined below, was adopted for the determination
of the propagation constant. The line was terminated in a short-circuit
and the depths and distribution of the minima were observed in thé
resulting standing wave pattern. This technique is only suitable for

~uniform structures which exhibit relatively small attenuafionS. However,
the accuracy of phase measurements can often be increased by constructiné
a longer line so that a greater number of minima can be observed, (since
the distance between successive minima corresponds to one-half the
guided wavelength).

The corrugated plane was made in two sections, each constructed
by screwing L-shaped strips of aluminium (length 45.7 cm, section 2.0
X 2.4 x 0.1 cm) onto a sheet of Dural (183 x 45.7 cm, thickness 0.3 cm),
as depicted in Fig. 3.13. The two sections were placed end to end, thus

making a corrugated plane 45.7 x 353 cm (approx.) : proper electrical

connection between the two sections was ensured by screwing one of the
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Fig. 3.14. Schematic Representation of the Short-Circuit Line Termination

I~shaped strips onto both Dural sheets.

At a lafer stage it was decided to reéuce the corrugation spacing S,
from 2.5 cm to 0.8 em. This was accomplished by placing L-shaped strips
of aluminium (1.9 x 0.7 x 0.1 cm) inside the corrugations, forming
conducting planes parallel to the original corrugation walls.

Expanded polyethylene spacers were used to hold these additional strips
in position.

A copper sheet (width 45 cm, height 20 cm) was used as short-
~circuit termination for the line, as depicted in Fig. 3.14. The
line was excited from a coaxial feed-point, as shown in Fig. 3.15. In
the first part of the experiment the feed-point was between the wire
and the corrugated plane ; and in the second part, at the wire height,
such that the wire formed a straight-line extention to the centre-

-conductor of the coaxial feed-point.
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Fig. 3.15. Different Methods of Line Excitation Used in Near-Field

Measurements

3.6. Comparison Between Theory and Experiment

A digital computer was used to obtain analytical results
corresponding to the parameters of the experimental model, which is
represented in Fig. 3.16. The value of these parameters are given below

(all dimensions are in centimetres):

wire radius, a = 0.06°

wire height above corrugation tips, b variable: 6.45, 5.5,

1)

4.5 and 3;5

Adepth of corrﬁgations, d = 2.0
corrugation spacing, S = variable: 2.5 and 0.8
wall thickness, t = 0.1
width of corrugated plane, w = 45.7
length of structure from feed-point
to short—circui#, L = 353

Figs 3.17 through 3.23 provide graphical comparisons between
theoretical and experimental results. It should be noted that Fig. 3.22
is related to a structure of different cross-section : in this structure,

the single wire was réplaced by a pair of parallel wires, of the same
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Fig. 3.16 Longitudinal Section of the IPA

diameter, equidistant from the corrugated plane. Theoretical results
shown in TFig. 3.22 were obtained by extending the analysis given
earlier in this chapter to the double-wire system. The additional
analysis required for the double-wire system is given in Appendix 3C;
this part of the analysis is based on claséical coupled-line theory.

In the presentation of graphical results, the phase constant B
has been represented in normalized form B/k, where k is the phase
constant in free-space. It should be remembered that in our analysis
we have assumed the wire to be perfectly-conducting; but in the exper-
imental set-up an enamelled wire was used. The reduced phase |
velocities measured on the test iine were associated with this
enamelled coating. This factor should be taken into account in the
interpretation of the graphical results.

Inspection of graphical results reveal two points which are of
particular interest. Firstly, better agreement is generally obtained
between theory and experiment at lower frequencies. It is believed
that this phenomenon is associated with the approximation in Eq. (3.2),
where it was assumed that the magnetic field in the cross-section can
be derived from electrostatics. As explained in Section 3.1, this

approximation is only valid for small values of hr, where h is the



transverse wave number and r the radial distance from the wire axis.
Magnitude of hr at the interfaée decreases as the wire height b be-
comes smaller, or as the frequenéy decreéses. A better approximation
could be obtained by assuming the following magnetic field

distribution due to the wire current

i (D,
H¢ = I I Hl (ar) (3.100)
where Hl(l) is the Hankel function of first kind and first order. In

this case the electrostatic distribution H¢ = I/(Zﬂr) would be obtained
only in the limit as hr approaches zero. However, it was felt that the
additional accuracy did not justify the increésed mathematical
complexity associated with the use of Eq. (3.100).

The second observation is that, within experimental error,
theoretical values of B/k, the normalized phase constaﬁt, are always
lower than corresponding.experimental results - except in TFig. 3.21
which corresponds to the lowest wire-height used. The reason for
this anomoly (in Fig. 3.21) is not entirely clear, but a likely
explanation is the following : in the present analysis, the interface
has been treated as a uniform surface. A more exact analysis should
take into account the periodic nature of the currugated interface. It
is known that higher order (evanescent) modes in the corrugated
region éive rise to a storage of electric energy in the vicinity of
corrugation tips [Ref. 3.9]; this stored energy is associated with
the periodicity of the structure. When the wire is not too near the
corrugated surface, the interface 'appears' uniform. On the other
hand, if the wire-interface separation is small there will be an

interaction between the wire and the stored electric energy. This

interaction gives rise to an increase in the phase velocity, enalogous
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to a series capacitive loading of the wire.

In one set of measurements, two types of launching device were
used to investigate the possibility of exciting different propagating
modes along the structure considered. Thé two launching devices,

D1 and LD2, are depicted in Fig. 3.15. The results of this
investigation [Fig. 3.20] indicated that the mode of propagation is
independent of the type of feed-point used to energize the structure.

Fig. 3.23 shows the results of measurements carried out on a 3%:1
scaled antenna which was constructed for far field studieé. These
near-field measurements were only made as a final check, while
standiﬁg waves along the antenna were being minimized by making
adjustments to the antenna termination. A (Hewllet-Packard)
Network-Analyser was used in these measurements.

In conclusion, the comparsion between theory and experiment yield
a satisfactory degree of correlation. Although the analysis presented
in this chapter could be made more accurate, the necessary premium
would be greater mathematical complexity leading to increases in
computer time required for the numerical solutions. For the present
study, the analysis was found to yield sufficient accuracy, as
supported by the experimental results.

The analysis and the associated computer program can now be used
as a basis for further study, and also for design purposes. However,
we would point out that the computer program was written for purposes of
research and analysis. Natufally, auch a program would be inefficient,
in terms of cost, for engineering design applications. For this reason,
we have refrained from including‘a listing of the above-mentioned
computer program, althgugh such a program could easily be compiled from

the results given earlier in this chapter.



{(GHz,

Til

equency

i

JTit

il

ST

i

93

[t

1

32

e e e fday

b

4

Fii s
pl
¥

!

14
i

3
[§SaEgRES

H

41

3

ST

jors

R




87

TR

PSS SOSia Saia P

Lot

ment: (ID2)

xperil

E

[SITpEone
IRt
jads anbl

Lieitt




Fri-egeens

PRSE Sea:

%

1
Pty
J kg by

e

ILT1




IREST Eeatt

1 gty

mm)
1

in:

S
20

13T

58!

3 25394 Spoin buges

9.

L TET

i

13

T

SORSASIPNe
pppss

TEDEERSH

o e pogrey




/o

{(GEz:

¢
ie

Tency:

Fre

gren

T

Meor




APPENDIX 3A

DIFFRACTION BY AN INFINITELY IONG, PERFECTLY-CONDUCTING

CYLINDER

b _

o)

incident
wave

Fig. 2A.1

3A.1. Field Scattered by the Cylinder

The two-dimensional problem of scattering by a perfectly-conducting

cylinder of infinite length, due to uniform plane wave incidence, has

been solved. We shall base our results on the solution given by
R.F. Harrington [Ref. 3.11], and we shall begin by giving a brief
description of his solution. We shall assume an implicit time
variation ejum.

Harrington.gonsiders a uniform plane wave, with (electric)

polarization parallel to the axis of the cylinder, incident in the

positive x-direction, i.e.,

B . E o JKX | g ke cos # (34.1)
Z (o] (o]

The configuration considered and the coordinate system are shown in
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Fig. 3A.1l. The cylinder radius is a; the regilon p > a is free-space,
or a dielectric region, for which the wave number is k.
The total fiecld EZ can be written as the sum of the incident field
i

E 7 and the scattered field E S, ieeay,
z Z

+ E S (zA.2)
The incident field can be represented in terms of cylindrical waves:

®
.~n
= ] Jn(kp)e

=~ @

E i E e-jkp cos ﬁ - I jnﬁ

i
z o o (3A.3)
where Jn represents Bessel function of the first kind of order n.

The scattered field must represent outward travelling waves, and

must have the form
E° = =® j"naan(a)(kp)eJn‘é (3A.L)

(2)

where Hn represents Hankel function of second kind of order n.

Boundary condition EZ = 0 at p= a leads to the result:

J (ka)
2 (34.5)

a =

n T T @
n .

We are interested in the three dimensional scattering problem when

the uniform plane wave of Eg. (3A.1) is replaced by an inhomogeneous

vz

plane wave with a z-variation e '°, and variation in the x~y plane of

-jhpcos(f-p )
the form e , where é = éo defines the plane of propagation,

and the value of the transverse wave-number h is determined from the

separability relation,



h® = k% + vy (3A.6)

The choice of branch cuts associated with the square root of
Eq. (3A.6) is made according to the nature and location of plane
boundary supporting the 'incident' plane wave. This question ié
disucssed in Abpéndix %B. For convenience we shall omit the factor
e—Yz in the following equations.

The required solution is easily obtained by replacing k by h

and § by gr = 9 - éo’ in Egs. (3A.4) and (3A.5) : the resulting

expression for the scattered field is

@® J (ha)

E°=2-E ¢ 3°-fme—uo Hn(z)(hp)ejné' (28.7)

o} _ (2)
i N=- ® Hﬁ (ha)

where Eo is the amplitude of the 'incident' wave at the origin.

For a thin wire, l ha l << 1, and we can use the small argument

apprdximations§
. (ha/2)"_
Jn(ha) — [—\(n4_l) ) n 3 O
(zA.8)
(2), . (n)
H (ha) = j —— n>0
n mha/2)"

SRR ) D
H0 ““(ha) = =] - In(ha)
where r\- denotes the Gamma function. Noting that for n > O

. . n ‘ » . v
J = (-1) I : (%4.9)
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H(z) 3 e-jan(z)
-Nn n»

S o~ im (2)
Ez - Lo 24n(ha) Ho (hp)

©.

2on . Ay o

R P oy
n=1

(24.10)

For |hpl < 2/3 we obtain the following approximate expression for the

scattered field:

In(np) - 0.1059 - (u®)%/k + § J01 - (np)2/i]

S
Ez = 7 Eo In(ha)
s tn(p/a) - 0.1059 - (up)?/4 - § [1 - (he)?/1]
ES = -8 {1-
2 o Zn(ﬁi)

(3A.11)

It can be seen that, for small values of |ha|, the total field is

nearly zero in the proximity of the wire, i.e.,
E° 3 -E (7A.12)

For example, for |ha| < 1072 and p/a < 5 the error in the above

ok

approximation is about 20%, Furthermore, the smaller the value of h, the

transverse wave number, the greater is the area around the wire where

approximation Eq. (3A.12) is valid.



95

ZA.2. Current Induced in the Wire

The surface current density (amperes per unit length of wire

circumference) is given by

o)
1 Ez

g, = Hy T (%4.13)
p=a f=a

Replacing k by h in the expansion of Eq. (34.3) and using Eq. (3A.7)

leads to the following expression for the total field;

@

B = Bz L3 (he) + aan(z)Chp)Jejné' (3h.14)
=- @O
where
J (ha)
a = - __E,T___
n H (2/(ha)
n

For an arbitrary solution to Bessel's equation, Bn(v), the
following relation holds:
n+1l

B (v)' = =B (v)+ % B (v) (3A.15)

where the prime denotes differentiation with respect to the argument.

Using the above relation, from (3A.14) we obtain

OF ®
- o -n _h (2) (2)_ing"
Jp = Lb 3 H (2) I:Jan+l - Jn+lHn le

P=a N=—- ® n

(34.16)
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(2)

where Jn and Hn denote Jn(ha) and Hiz)(ha) respectively.

H(z) J H(z)

nn+tl  ‘n+ln = 3( nn+l n+lYn)
. 2
= J 5z (3A.17)
where Yﬁ[ = Yn(ha)] denotes Bessel function of the second kind of order

Ne
In the derivation of the last relationship we have used Eq. (3A.14)

and the Wronskian of Bessel's equation:

I (DT = ¥ (I G) = ﬁ% (34.18)
o E P
R~ (.39
=a N== @ Hn (ha)

Substituting from BEg. (3A.19) into Eq. (3A.13) we obtain

oE @ ind’
J = -—2 5 3 e—— (3A.20)
z Wy T2 1(2) (14)
Il==- @ n

For lha! very small, the n = 0 term is dominant, and the small-

argument approximation of Hiz) yields
on 1
J oz - ' (7A.21)
z Yy 3 % In(ha)

Hence the total induced current is given by



27 21k
I = J adf = + j——2 (34.22)
Z 2 1
0 kZ_Idn(=)
1 ha

where we have used the relation wp.l = kZl, 72, being the intrinsic impedance

1

of the region outside the wire.



APPENDIX 7B

BRANCH CUTS ASSOCIATED WITH THE TRANSVERSE

WAVE NUMBER h

SN S S S 7

Fig. 2B.1l

In Section 3.2.2., the distribution of Ez in the region x > O was

approximated by

_ -jhx
E = EJye (3B.1)
where Es was given by Egs. (3.5) and (3.3):
Q+aq/2)
E = ZSHO = Z1T - 5 (%B.2)
S J S be + y°
and h, the transverse wave number, was given by Eq.(3.8):
) .
h o= (k° & y2)2 (3B.3)

Eq. (3B.1) does not take into aécount the effect of scattering by
the wire. This effect was considered in Appendix 3A, where again the
transverse wave number h was frequently used in the analysis.

In this section we shall devote our attention to Eqg. (3B.3), and

consider the behaviour of h as a function of (k2 + Ya).
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h is a multivalued function due to the presence of square-root
function in Eq. (3B.3). Therefore branch cuts must be defined in the
complex h2-p1ane in order to make h single-valued. The choice of
branch-cuts is determined by the hehaviour of Ez, Eq. (3B.1), as x = + ®.

We define

Y = o+ jB (3B.4)
where ¢ > 0, B > O for a single wave travelling in the positive

z-direction. From Egq. (3B.3)

ne = k% + o - 32 + 2joB (3B.5)

For o = 0, radiation and ohmic losses must both be zero along the

structure, which requires that B/k > 1; then
1 .
h = + j(B° - k°)?2 (3B.6)

In this case, tle negative sign must be chosen so that Ez
satisfies the radiation condition as x = @ [Ref. 3.12]. Denoting

2

phase angles of complex quantities h and h™ by Wl and ¥_ respectively,

2
the above choice of the square-root sign corresponds to the

requirement

bymem < ¥, < ¥ (3B.7)

(o}

where WO is a positive angle not greater than m. Solution (3B.6) is
analogous to a two—dimensiohal surface wave (no variation with y)
supported by a lossless surface.

When there is a small loss present, @ > O and 1m(n?) > o. However,
the physical situation has haraly changed, and therefore h must have
nearly the same value as given by Eq. (3B.6). This consideration

precludes us from choosing ¢O = m. Inspection of Eq. (3B.5) leads to the
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1Mh%£////////bmnm<mt

2

Re(hz)
Fig. ?B.2  Complex n° Plane
Im(h)
2
/43

Re(h)

Fig. ?B.3 Complex h Plane

choice ¢§ = n/z, corresponding to a branch cut along the positive
imaginary axis in the complex ha-plane, as depicted in Fig. 3B.2.
Consideration of a few examples will justify the above choice.

Points marked, 1, 2 and 3 in Fig. 3B.2 indicate three possible
examples for values of h2; corfesponding values of h are indicated in
Fig. 3B.3. From Eg. (3B.5} it can be seen that 1m(h2) > 0. Thé case

Re(hz) < 0, example 1, corresponds to a proper mode, satisfying the



radiation condition, analogous to a surface-wave mode.

In example 2, Re(h2§ > 0, corresponding to an improper mode; this
value of h represents an outgoinhg wave in the cross-section, with an
amplitude which grows exponentially in the positive x direction. For
~an infinitely long structure, the radiation condition is not
satisfied; however, the solution has a physical significance for finite
structures, as in leaky-wave antennas [Ref. 3.13].

Example 3 in TFigs. 3B.2 and 3B.3? corresponds to an evanescent wave
along the structure, analogous to the situation in a linear array with
- broadside radiation.

In the boundary-value problem considered in chapter 3, values of h2

obtained generally correspond to example 1 given above. Writing

h = h_ - jh, (3B.8)
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APPENDIX 3G

PROPAGATION ALONG PARATLEL WIRES EQUIDISTANT FROM A

PIANE INTFRFACE

radius a ’ .
1 radius a

[T
©

2

S

¢

Yo >

*———-rvlm———‘j

i

W A

Fig. 3C.1  Cross-Section of the Double-

Wire System

Inspection of equations derivéd for the iterative determination of
propagation constant Yy along a single wire parallel to an interface
(Sections 3.2, 3.3 and 3.4) indicates that the quantities which are
significantly affected by the addition of a second wire are: Zc’
the characteristic impedance of the line, Egs. (3.33) and (3.35); and
the integral G = —[CD

- ®
Furthermore, computation results have shown that a non-zero value of

‘Hoy‘zdy appearing in Egs. (3.4) and (3.14).

surface impedance generally has only a small effect on the characteristic
impedance of the line. Therefore, it is a reasonable approximation to
consider the interface as perfectly conducting in order to compute the
change in Zc due to parallel coupling between ths wires. This

approximation will be particularly justified if the change in Zc due to

parallel coupling proves to be greater than the change due to ZS % O. The
change in G, due to parallel coupling, will be evaluated, as before, by

employing image-theory approximations.



3C.1l. Characteristic Impedance of the Coupled Line

19 ®*
A
Vo

V1

S S S S SSSSSSSSSSSSS

Fig. 3C.2 Definition of Currents and Voltages

The analysis given here corresponds to that given by R.E. Matick
[Ref. 3.14]. Referring to Fig. 3C.2, the differential equations for

coupled lines 1 and 2 are

dvl
TS L Bl PO (30.1)
ai, |
TR F A4 Bt P (3C.2)
dv2

= - . - - C.
az Zosls = Bylq (3C.3)
ai,
2 - : c.
= Y22v2 Yzlvl (3C.4)

Differentiation of the above equations and substitution lead to the

following equations:

2
d vy _ .
= J v, + Kv : (3C.5)
422 171 172
d2V2 (3C.6)
> 2V T Ry 3



dzil

= Ji + Ki
N 271 B
dzi?

= = tJl +Ki

] ] 4ol
~ where
Jy o= 2958y - Zzlel
J = 7 Y -

2 22 22 Z21Y12
J3 =AYy - Z21Y12
J = 7 Y -7 X

L 22702 12721
K o= 2o~ 40t
K = %2.Y_ -7 X

2 21711 22721
K = 2. Y _ -%_%Y

3 12711 22712
K = 2.Y -2

L 21 22 11751

If the lines are located in a linear isotropic medium,

lines are symmetrical,

by = ’
Therefore

Iy = 9 ,

K, = K, ,

12

i

(3C.7)

(3C.8)

(3C.9)

(3C.10)
(3C.11)
(3C.12)
tBC-lB)
(3C.14)
(3C.15)

(3C.16)

or if the

(%C.17)

- (30.18)

(3C.19)

Furthermore, it can be shown that for symmetrical lines

(3C.22)
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(%C.23)

Assuming relations (3C.20) and (3C.21), Egs. (3C.5) and (3C.6)

reduce to

2
d vy
5 = Jvl + Kv2 (3C.24)
dz
dzv?
= = K .
5 Jv2 + Kvy (3C.25)
dz
For a general solution, it can be assumed that
-Y. Z Y.z . _
B 1 1L Juwt
vl(z,t) = (Vle + Vi e ™ e (3C.26)
=Y 7 Y.Z .
2 2 jwt
= Vv V! , .
vz(z,t) ( € v Vtle Je (3C.27)
When lines 1 and 2 are in the same medium
Ypo= oY, =Y (3C.28)

With the above assumptions, Eqs. (3C.24) and (3C.25) become

<
<

|—I
il

Adding the above

2
vy (vl + v2)

This represents the "sum" mode of propagation, with propagation

constant

n n

Jvl f Kv2

Kvl + Jv2

equations, we obtain

= (J + K)(vl + v2)

Jd + K

(3C.29)

(3C.30)

(30.31)

(3C.%52)



Substracting Eq. (3C.30) from Eq. (3C.29) yields

'Y2(Vl - v2) = (J - K)(Vl - V2) (30'33)

which corresponds to the "difference" mode of propagation with

propagation constant

V2 = -k (30.34)

Thus we obtain the general solutions

-Y z Yz .
B _ 5 ¢ 5y Jwt -
vy = Vyt v, = (Vse + Vse e (3C.35)

yed¥t (3C.36)

Similarly the currents are found to be

-Y z Y z

. . . 1 s s Jjwt
= = —_— — V' -
ig i+, ZS(VSe Le Je (3C.37)
-Y.z Y.z .
. i 3 _a d” _ . d Jot
iy = 4 12 = z;(Vde Vde Je (3C.40)

where ZS and Z., are characteristic impedances which, for symmetrical

d

lines, are given by

V., + V Z + 2
11 12
ZS = T o1 = 7 (3C.41)
s
V., =V Z -
11 1
2y o= oo = e (3C.42)
1 d

For perfectly-conducting lines in a linear isotropic medium

K = 0 and therefore



= Y (3C.43)

Substituting for J from Eg. (3C.9).

, .
\AEE RS SR AN (3C.44)

Defining coupling coefficients

Z12

kK, = ——=5—o (3C.45)
1
Va1, '
Y

)

K = ——ma— (3C.46)"
[¢] o
1%

It can be shown that for TEM modes

k, = k = k (3C.47)
Whence Eq. (3C.44) can be written

2 2
Ve = leYil(l k)

Substitution in Egs. (3C.L1) and (3C.L2) yields '

- 2
11 (1 + k)
Z_ = (3C.48)
s ] Y1 (1 - k) 1
[ 7 v “12 .
11 (1 - k) '
2y = T, A+rw (3C.49)

k is calculated by considering the self and mutual inductances of the

lines. With reference to Fig. 3C.1, the result is



Inll + (53—)2]12
k = e T (3C.50)
[An(=) ()] |
8.1 a2

where it has been assumed that the radii 2y and a, are small compared
to distances S and 2yo. It Zc is the characteristic impedance of line

1 in the absence of line 2, we can use the approximation,

1+ k 2
Z o= 2 [ T ] (3€.52)
1-x12
Z =_Zc[1+k] , (3C.53)
For equal radii a) = a, = a
.
n(S/a) + a1l + (S/Zyo)2]E :
7 - 7 57 (3C.54)
s ° | #n(s/a) - a1 + (8/2y )12
tn(S/a) - tnl1 + (/25 )27 (
Z = Z 30'55)
a ° | #n(s/a) + anf1 + (8/2y )21

It should be noted that if the lines are excited with symmetrical
(even) voltages relative to ground, the actual characteristic impedance

measured between the wires and ground, Zsm’ is given by

- vl Zs
by = T 71 = 3 | (36.56)
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Similarly if the lines are excited with antisymmetric (odd)
voltages relative to ground, i.e. in the "balanced mode", the actual

characteristic impedance measured between the two wires, de, is given

by
vy <V, |
Wty o
2t 2
: ® o
3C.2. Evaluation of G = Jr IHoyI dy for the Coupled lLine
- ®

Assuming that Hoy’ in the tangential component of transverse magnetic
field at ground, can be derived approximately from image theory, we
consider values for the image currents, as depicted in Fig. 3C.3,

given by

[l
I

11(1 + qzl) (3C.58)

.
i

5 12(1 + q22) (3C.59)

Application of the principle of superposition yields the following
result for the y-component of magnetic field at point P on the ground
I+ ap,/2) L+ q,/2)

b
H = = + (3C.60)
oy ™ b2 " (y + yo)2 b2 + (y ~ y0)2

The integral G can be written as

@
2
G = f_m ]Hoyl dy

i

[

"

[
\V]

-

o}

(3C.61)



\ X

Y

X ()1

Fig. 2C.3 Definition of Line Currents and Their Images

where
fm b ( )
1 1 e [b2 + (y + yo)2]2
I 2
1 * ’
A = :;; (1 + gqlz)(l + hay ") (3C.63)
fm b2 (3C.64)
G = A dy 30. ll-
2 2 ) w2y - yo)zjz
I 2 .
= 2 1 19 %)
A2 = ﬂz 1+ 2q22)(1 + 2955 ) (3C.65)
¢ 3]
2
b
G = A dy
5 3 J[l(n (b2 + (y + yo)2][b2 + (y - yo)2]
(3C.66)
: 1112 . . .
As = o [+ %ay @+ %oy, ™) + (14 %) ")+ hay,)]

(3C.67)

Evaluation of Gl and.G2 is straightforward, and we obtain



1.2 . .
R 1 1, *
G = 3 (L + 2q12)(1 + %y ,") (3C.68)
1?2 . .
ol — R - - 1 3 1'rw * —'C.
Gy = S b+ hay,) (e By %) (56.69)
G3 is also a standard integral and can be written as
. 1
G = lim G
> v =@ >
where
+y
G; = A3b2f m dy > (3C.70)
Ly PY HPyY + P,
pO = 1
2 2
P, = 2(b° - Yo )
2 2
p2 = (b + yO )

3

2

1 AgDb 1
G5 = 3 o
4pom 2 cos 3

, L
sin g
ol
where 2 _ b2

cos @ = Yo

v 2 + b2

An

gt has been evaluated elsewhere [Ref. 3.15], and is given by

y2 + 2my cos % + m2
y2 - P2my cos g + m2
2my sin L Y
tan-'l 2
m2 _ ya

111
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- 2 2yh
m = (yo + b°)
whence
Th 2
G, = —2 b
3 2b 2 2 (3C.72)
.I,. yo

I
I. = I = = . = -
1 2 2 4o Do = 4 o
which lead to the simple result
G_I—-(l+1.)(l+1i*)[‘l 1 ._._.b_%____ (3C.r,
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CHAPTER TV

ANALYSIS OF RADiATION_CHARACTERISTICS

L,1. Introduction

It was pointea out in Section 1.3 that, although certain aspects of
the Beverage antenna have remained as subjects of debate till the
present, thiere has been general agreement concerning the far field
characteristics of this antenna. For this reason, a detailed
treatment of thé Beverage antenna in this chapter would be superfluous;
instead, in fhe next section, we shall briefly mention some of the more
significant papers on the subject, in an historical context. Section 4.3
will be devoted to the controversial problem of the mode of action of
the Beverage antermma. The remainder éf this chapter will be concerned
solely with the performance of the Inductive ?lane Antenna (IPA).

As mentioned in Section l.l, the present study is concerned, in
particular, with two arrangements of the Inductive Plane Antenna : IPA,
and IPA2 shown in Figs. 1.2 and 1.3 (Chapter I) respectively. In
Section 4.4, we shall demonstrate that the responses of these two
configurations are directly related to each other. This result has been
used in the evaluation of far-field characteristics of the antennas
considered, both theoretically and experimentally.

To evaluate by analysis the_radiation characteristics of the IPA,
it is more convenient to consider the antenna as receiving than
transmitting. In the absence ofAnonlinear and active elements in an
antemna, its radiation chafacteristigs are the same for both
transmission and'reception, in linear isofropic mediay; this is a
corollary of the reciprocity theorem [Ref. L4.1]. Thus treatment of the

receiving problem is merely a choice of convenience ¢ for the IPA, it
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is easier to determine the open-circuit voltage at the antenna terminals,
on reception, than to determine the far-field from an equivalent

current or field distribution on transmission. This is partly associated
with the fact that the IPA geometry can not be definéd by a simple
equation in any one coordinate~system (rectangular, cylindrical or
spherical), and partly because the end-discontinuities in the éntenna
have significant effects on the radiation characteristics.

In contrast to the above situation, a few well-known examples
might serve as illustration ! the radiation-field of the dipole antemna
is usually determined by considering the transmitting problem. In
this case the far-field is easily obtained in terms of an
equivalent line-current distribution coincideﬁt with one of the axes
in rectangular coordinates. Furthermore, the effect of the end-
discontinuity is taken into account, with sufficient accuracy, by
requiring the current to be continuous at all points [Ref. L.2].

To cite another pertinent example, the dielectric-rod antenna
has been analysed in cylindrical coordinates. This is natural, as the
antenna surface is specified by a single generator parallel to the
z—-axis. The end discontinuity, in this case, defines the location of
antenna aperture from which radiation occurs [Ref. 4.3]. There is
also some radiation from the launching device, used to energize the
antenna, although most of the power is transferred to the surface
wave which illuminates the aperture. The role played by the end
discontinuity is two-~fold. Fifstly, its location determines how the
feed-point radiation interacts with radiation from the aperture;
secondly the nature of the discontinuity determines the mechanism of
the radiation from the surface wave, and therefore the shape of the

radiation pattern. For example, if the dielectric rod is terminated
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by a taper, radiation wiil occur continuously along the taper; but

if the rod has a uniform cross-section along all its length, radiation
occurs only from the end discontinuity. However, an important
consideration is that, irrespective of the nature of the discontinuity,
ver& little power is reflected towards the antenna input [Ref. L4.4].
This knowledge further simplifies design problems associated

with the dielectric~rod antenna.

In the case of IPAl , the antenna geometry is more complicated
than in either example mentioned above. This leads to two problems
firstly, we have no a priori knowledge of the effect of end
discontinuities in the antenna. Consequently, in the transmission
problem, there would be the additional complication of evaluating the
change iﬁ the antenna currents due to the end discontinuities .
Secondly, evaluation of the far-field in terms of an equivalent
current distributioﬁ WOuld be cumbersome - again in contrast to the
examples cites above. Hence it was decided to evaluate the radiation

characteristics of IPAl and IPA_ by considering the receiving problem.

2
The problem can be resolved into two parts ¢ firstly, the
component of electric field along the wire must be determined due to
uniform plane wave incidence : this is the field that would exist in the
absence of the wire, and is predominantly due to the non-zero value of
surface impedance. This is a mixed boundary—value'problem which can
be approached in a number of ways. One formulation of a similar problem
has been in terms of angular spectrum of plane waves, and involves
Wiener-Hopf techniques with successive approximations [Ref. L.5].
However, we have chosen an alternative approach, which is simpler,
though less direct, in the particular case considered. This formulation

is given in sub-section 4.5.2.%: a perturbation relation is derived for

the electric field along the wire, based on Monteath's application of



the réciprocity theorem [Ref. 4.6]. The expression for the electric
field distribution involves a surface integral of fields : numerical
techniques were employed to evaluate the field distribution in a number
of particular examples. Graphical results are presented in
Sub;section 4.5.3., which cléarly demonstrates the influence of
discontinuities, in the surface impedance, on the near-field
distribution.

' The second part of the radiation problem consists pf calculating
the open-circuit voltage VOC at the antenna terminals, due to an
incoming plane wavé; starting from the reciprocity theorem, the
required expressions are derived in Section 4.6. The question of gain

and directivity of ©both antennas (IPA. and IPAZ) are congsidered in

1
Sections 4.7 and 4.8 respectively. Presentation of theoretical
results is postponed to Chapter V, in order to facilitate comparison

between theory and experiment.

L.2. Radiation Characteristics of the Beverage Antenna : An Historical

Survey

The Beverage antenna was originally developed in the early
nineteen-twenties, for the reception of European transmitting stations
on the Atlantic coast of America [Ref. 4.7]. The antenna was designed
to operate in the band 40 - 130 KHz, and consisted of a pair of wires,
connected in parallel, suspended at a height of 7m. (approx.) above
ground, and extending a distance of 13 Km (approx.). Its success
.was primarily due to two factors : first, the directive pattern of the
Beverage antenna marked a distinct advance on the reduction of
interference and atmospheric nolse; second, its wide-band

characteristics made possible simultaneous operation of a single
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antenna on a large number of.channels. An additional attraction
of the Beverage antenna was its relatively low cost due to its simple
construction.

In 1931, a report was published on the devélopment of directive
antennas for transmission in the HF band [Ref. 4.8]; the Beverage
antenna was considered for transmission, but experiments were
discontinued in favour of other directive types of antenna. The reason
for thé failure of the Beverage antemmna was its low gain, in
spite of having satisfactory values of directivity.

In 1951, the Beverage antenna was again considered as a
transmitting antenna, this time by Professor Jenssen [Ref. 4.9]:
the application enviéaged was for broadcasting at low and medium
frequencies in countries, like Norway, which are populated iﬁ narrow
strips through valleys. As a figure of merit, Professor Jenssen uses
the 'equivalent height' of the Beverage antenna, heq ¢ this is defined

as the effective height h of a monopole which produces the same

eff
field, at ground level, as the Beverage antenna when both antennas have
identical input currents. Graphical results presented indicate values
for heq of the order of 200 m. at frequencies above 1 MHz; heq has
values exceeding 400 m. at frequencies below 100 KHz, and its value
increases  with decreasing ground conductivity.

Professor Jenssen has also noted that a better figure of merit
would be obtained by comparing input power requirements of the two
antennas to produce the same field; i.e. actual antenna gains
should be compared. For example, Carter has reported that the measured
gain of a Beverage antenna,‘three wavelengths long, was one quarter the

gain of a "plain antenna" (presumably a short monopole) at 182 KHz

[Ref. 4.8]. Other factors which would influence the choice of the
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Beverage antenna for broadcasting are ¢ relative construction costs;
cost of transmitter equipment; and the number of broadcast channels
required. |

Professor Jenssen has also mentioned two other applications
of the Beverage antenna, both of which make use of the near field of
the antenna. ’Iﬁ a project to construct a power-line, the carrier
system (wire—to—grouhd éxcitation) was employed for transmitting
messages to working parties along the line; reception was by means
of hand-held receivers [Ref. 4.10].’ In another experiment in Sweden,
broadcast programmes were transmitted along  power-lines to compensate
v for the high noise level in the vicinity of high-voltage lines.

The only questionable conclusion in Professor Jenssen's paper
is his statement that the COnditions'justifying the use of the Beverage

"are the same conditions under which it has

antenna for transmission
proved useful for reception". This conclusion would be valid only if
external noise were negligible compared with receiver noise (see
Section 1.3, or [Ref. 4.14] for a more detailed discussion)

In 1960, S.P. Belousov and V.G. Yampolskii provided an excellent
reference for the application of the Beverage antenna for reception
in the broadcast band 150 - 1500 KHz [Ref. 4.11]. Extensive graphical
data are presented in this reference. One important conclusion in this
.paper is that antenna lengths exceeding % Km are not advantageous, due
to serious deterioration of the'hbrizontai directivity near the top of
the band.

Design considerations at VLF for the receiving characteristics of
the Beverage antenna can be found in a paper published in 1963
[Ref. 4.13]. The starting premise is that the most important criterion is

the directivity of the antenna, and that the front-to-back power ratio
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Rb is a measure of this directivity. As the antenna length is
increased Rb goes through a series of maxima and minima; for a lossless

antenna, optimum lengths corresponding to maxima of Rb are given by

M= l, 2, 3,......

=
+
=
o

where r, = v/c, the velocity ratio, and XO is the free space wavelength,
The above equation is also a good approximation for a lossy line. The
remainder of this paper is concerned with antemnnas having the first
(i.e. shortest) optimum length - which is of the order of Xb/B.
Expressions and graphs are given for Rb’ positiohs and levels of lobe
nulls and peaks, and the 3 dB beam width. |

The principal conclusions are : (1) the antenna is not broadband
and the first optimum length varies approximately with inverse of the
frequency; (2) the lobe pattern is sensitive to changes in the
goil moisture content; (3) at the first optimum length, the beam-width
is practically independent of the attenuation, and only.a slowly-
~varying function of the velocity ratio; (4) with increasing
moisture content in the soil, the attenuation increases and the velocity
ratio decreases.

Among the above conclusions only item (3).seems correct. Item (4)
contradicts all other published results, as explained in Section 2.2.
As regards item (2), the change in the lobe structure is relatively
unimportant as far as the signal-to-noise ratio is concerned - unless
there is a strong interference from a particular direction. Iteﬁ (1
is also misleading 3 because it seems possible to design a Beverage

antenna such that it has a front-to-back ratio exceeding a specified
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value (say 12 dB), and a specified bandwidth (say‘1.5 to 1) at VIF.

A comprehensive evaluation of the Beverage antenna for reception
in the HF band was presented by A.F. dos Santos in 1970 [Ref. 4.14].'
In this thesis, it was proposed to employ the Beverage antenna as the ele--
ment of a circular array designed for multi-beam reception : this proposal
was an alternative to another (existing) system based on the
Luneberg lens. Both systems have similar characteristics, but the
Beverage circular-array has the advantage that its realization is
easily practicable and much more econémical.

An iﬁportant parameter of the Beverage antemna is its efficiency
M ( = ratio of gain to directivity). Dos Santos apﬁears to be the first
person to have presented quantitative results for this parameter. TFor

an antenna 300 m. long, T ranges from P at ZMHz to 25% at 30 MHz (the

corresponding range for directivity is from 14 dB to 21 dB). These

results were computed for : wire height b = 3m.; wire radius a = 2.5 x 10—3m.;

ground conductivity ¢ = 10-'2 S/m.; and relative permittivity of ground
€. = 15.

In 1972, Kikuchi reported an unusual application of the Beverage
structure [Ref. 4.15]: in Japan it has been used as a transmission
line for community television systems. This successful innovation was
possible becéuse the line attenuation goes through a minimum value
(approximately 5dB/km) in the vicinity of 100 MHz. Kikuchi omits any
reference to the type of launching device employed for the above
application; but the mode of propogation might have been the cylindrical
surface-wave mode supported by the polyethylene-coated wire (wire
radius 1.15 x 10_3 ; outer radius of dielectric .2 x 10—3 ms
relative permittivity of dielectric 2.3; wire height 5 m).

A modified form of the Beverage antenna, known as the Sanguine type,

has been considered for ELF transmitting systems [Ref. 4.16]. This can
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be regarded és a multiple Beverage antenna in which the Beverage elements
are grounded at both ends, and usually excited at the centre. Since
the gain of such a system varies inversely as the ground conductivity,
site evaluation and selection become important factors in system
deAsi‘gnﬁ

Often there are local variations of ground conductivity within the
volume of earth affecting the gain of an ELF antenna. In 1972, a
simple method was reported for the evaluation of prospective sites
[Ref. 4.16], which constitutes another application of the Beverage
antenna. This method has the advantage that the 'effective ground
conductivity! o, of the site can be determined from a single test which
allows for the effect of inhomogeneities. The test procedure is the
following ¢ an insulated wire about 2 km long is grounded at both ends
and energized at the frequency of interest. The transverse component
of the horizontal magnetic field, Ht’ is measured at a point about
20 km off the end of the wire. lThen o, can be determined from the
thedretical magnetic field for homogeneous earth of conductivity Oy

In 1973, a doctoral thesis was presented fo tﬂe University of
London which»evaluéted a proposal for a new transmitting antenna at
HF [Ref. 4.17]. This antenna consisted of a Beverage antenna with
series capacitive loading along the horizontal wire. Since this
modification yields antenna characteristics significantly different
from the characteristics of the classical Beverage antenna, the discussion

of this proposal will be postponed until Chapter VI.

L.3. Mode of Action of the Beverage Antenna

The Beverage Antenna was conceived over fifty years ago. In spite

of this fact, there still remains one controversial question concerning
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the radiation mechanism from this antenna ¢ does radiation occur
continuously along the length Pf the Beverage antenna, or from the
end aperture analogous to.radiation from a surface wave antenna? The
end aperture is defined by the plane,Aat the load termination,
perpendicular to the horizontal wire.

The analysis of the Bevefage structure due to A.F. dos Santos
[Ref. 4.18] provides a basis for the evaluation of the above problenm.
Dos Santos‘found that the field disfribution above the wire can be
'represénted in terms of a complex liﬁe integral : however he discovered
that Eﬁg radically different integration paths existed for which
convergence occured. Along one path of integration (along the real
axis) the integrand represents a superposition of incoming plane
waves which satisfy the radiation condition. This solution was
termed the 'proper mode'; there is an analqu between this mode and a
superposifion of surface-wave modes above a corrugated élane with a
positive surface reactance [Ref. 4.19]. It can be argued that the
proper mode represents a non-radiating solution of the Beverége
boundary-value problem; the conclusion is that such a mode would only
radiate at the aperture defined by the antenna termination, similar .
to the mode of action of a surface-wave antenna.

The alternative path of integration yields a solution which
corresponds to a superposition of outgoing plane waves which do not
satisfy the radiation condition. This is the 'improper mode' solution;
it is analogous to leaky;wave modes which exist outside a slotted-waveguide
.array [Ref. 4.20]. It should be noted that violation of the radiation
condition only occurs when the uniform structure considered is
infinitely long. It is evident that the impropef mode tends to radiate along

the antenna, in contrast to the proper mode.
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Dos Santos has suggested that the choice between the two
solutions is determined by boundary conditions at the antenna input @
when the launching device corresponds to a discrete source connected
between the horizontal wire and ground, then the correct solution is
the improper mode; because outgoing waves must be excited above
the wire. This argument is inconclusive, to say the least, for the
following reason : the same argument can be applied to a plane
surface-wave antenna. The false conclusion would be that the mode
propagating along the surface-wave antenna must correspond to
outgoing waves above the antenna.

There is evidence that the Beverage antenna radiates both along
the length and at the aperture definéd by the antenna termination -
irrespective of the nature of the propagating mode. In this respect,
the mode of action of the Beverage antenna is analogous to a lossy
surface-wave antenna. This behaviour is due to the intrinsic losses
present in the Beverage antenna. The evidence supporting the above
proposition is presented in the foliowing paragraphs.

A comparison between theoretical and experimental results reported
by Kikuchi [Ref. L.15] suggests that there is radiation along the length
of the Beverage structure ! as indicated in Fig. 3.3, the experimental
values of attenuation constant are consistently higher than Kikuchi's
theoretical results. As Kikuchi's analysis does not seem to take
into account radiation effects, it is plausible to attribute the above
discrepancy to radiation effects.

Another argument supporting radiation along the length is based on a
simple theoretical consideration. It can be shown that the open-
—-circuit voltage VOC at the input terminal of a Beverage antenna of

infinite length, due to plane wave incidence, is given by the expression
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where I% is the electric field along the horizontal wire at the terminalj
¥, the propagation constant of the Beverage antenna; k, the free-space
wave number; and C is the direction cosine referred té the wire
direction (see Eg. 4.36 and Fig. 4.9).

The above result indicates that radiation occurs along the length,
bécause radiation [rom the end aperture must be zero duc to antenna losses
and the infinite length.

To determine whethef or not there is radiation from the end
aperture, we shall start by considering the ideal transmission-
line corresponding to the Beverage structure ¢ i.e., the line consisting
of a horizontal wire above perfectly-conducting ground. In this case,
it has been established that radiation along the line is negligible
provided b << Ko (where b is the wire height, and kb the free-space
wavelength), particularly if the line is very long [Ref. 4.21]. Also,
if the line is open-circuited, there is no radiaticn from the
terﬁination; but if the horizontal wire is grounded through a
vertical conductor, then there is radiation, associated with the.vertical
electric current.

When the ground is not perfectly conducting, it is evident that the
vertical current still radiates ~ a fact which is not disputed. However,
there is another component of radiation associated with the end
discontinuity, because the far field contribution due to the wire
current Iw does nd: cancel the contribution due to ground surface currents

JS. It is possible to regard JS as the sum of two componentst

it
¢,
+
%

J
s s s
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where JZ corresponds to the transverse distribution of surface
currents when the ground is perfectly-conducting; and Jg is a
perturbation term required to satisfy boundary conditions when the
ground has finite conductivity. (in the above equation the
longitudinal variation has been omitted).

In the far field, cgntributions of Iw and JZ cancel, particularly
for b << ko. Whether or not thefe is a radiation term associated with
Jg, depends on the longitudinal variation. However, there must be
radiation from the end discontinuity.in Ji - even if the latter
corresponds to a surface-wave distribution.

There is only indirect experimental evidence to suppose that
the Beverage radiates from its termination. In Section 3.5, we
reporfed near-field measurements carried out to determine the
propagatibn constant of the IPA; in these measurements, ﬁo significant
attenuation was noted along the structure. Far-field measurements carried
out on the IPA (see Section 5.6) indicate substantial radiation which can
only be aséociated with the end aperture. There is a high degree of
similarity between the Beverage antenna and the IPA, the major difference
being that the latter exhibits a negligible attenuation constant.
Provided the analogy between the antennas is valid, it can be concluded
that the Beverage antenna also radiates from its end aperture. Whether
or not this is an important factor for design purposes depends on the

length and attenuation constant of the antenua.

L.L4., Considerations of Symmetry

There is a relationship between the résponses of IPAl and IPA2

(éhown in Figs. 1.2 and 1.3, Chapter I, respectively) analogous to the

relationship that exists between a vertical monopole of length L above
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Fig. 4.3. Schematic Representation of the 'Wedge Antenna'

(WAZ)’ With Antisymmetric Excitation

perfectly-conducting (plane) ground and a dipole of (total) length
: 2L in free-space. However, this relationship is valid for a larger
class of antennas, to which the IPA also belongs:
wire antennas based on the wedge configﬁration and excited
antisymietrically. In this séction,we shall demonatrate this
relationship for the general class of 'Wedge Antennas' (WA), since
the IPA might also be used in.the wedge configuration (Fig. 1.5,
Chapter I) and because consideration of this more general case does
not require any additional effort or space.

The Wedge Antenna is shown schematiéally in Fig. 4.3. Obviously,

'there are many possible variations, but for the present, we shall
consider the simplest form only. The wedge cross-éection has the

form of an isosceles triangle, and therefore can be defined by
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(a) (b)

Fig. 4.4. Circuit Representation of Possible Modes of Exciting
The 'Wedge Antenna': (a) Symmetric Excitation;

(b) Antisymmetric Excitation.

specifying one length and one angle only @ for'example, the length of one
of the symmetrical sides (L) and the included angle (2A). The antenna
consists of two lengths of stralght wire, one parallel to each symmetrical
face of the wedge. Bbth wires are connected to the wedge surface! near
the apex through identical impedancesj; and near the base, through an
impedance transformer or balun.

In Figure L.3., these transformers are connected in series with the
receiver (or transmitter) via another transformer. TFigure 4.4(b) indicates -
the circuit diagram for the same mode of excitation, where the antenna
input impedance due to each wire is represénted as ZA‘ However, an
alﬁernafive mode of excitétion would be obtained by connecting the

antenna wires in parallel with the receiver (or transmitter), as



indicated in Figure 4.4(a). The former arrangement is termed
antisymmetric, series or odd mode of excitation, as in Figure L.L4(b).
Theblatter arrangement is called symmetric, even or parallel mode of
excitation, as in Figure 4.4(a). In this section only the antisymmetric
‘mode of‘excitation (or response) will be considered. Consequently,

for the sake of simplicity, in some diagrams the wedge antenna WA

2
(Figure 4.3) will be represented by a simple triangle only - the
antisymmetric mode of response always being implicit.
To obtain the radiation pattern and gain of the antenna WA_, we

2

consider a general case, as shown in Figure L4.5! the wedge-antenna is
symmetrical about the x = O plane, with the wedge apex at the origin of
the coordinate system. We shall consider the receiving problem, where

we wish to find the current in the receiver, connected to WA_, due to

51
a current element I8h at (R, 8, ﬁ); the current element is, of course,
in the far field of the antenna, i.e., R >> L, where L is the length
of the identical sides of the wedge-antenna.

Throughout this chapter, both spherical coordinates»(r, e, ﬁ)
and rectangular coordinates (x, y, z) will be used. 6 is measured
from the positive x-direction; but B is measured from the negative
z~direction, in the‘y—z plane. This slightly unusual convention was
adopted, early in the research programme, when a preliminary analysis of
the wedge antenna was carried out ! this convention yields more convenient
transformation equations for the rotation 6f rectangular axes about
the y-axis.

The orientation of the current element determines the polarization
of (locally) uniéorm plane wave incident on the receiving wedge—antenna.

We shall consider the current element at (r, ©, 8) to ve directed parallel

but opposite to the unit vector 2g 4 as indicated in Figure 4.5;  the
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Symmetric dipole excitation
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associated incidgnt wave at the wedge-antenna will be referred to
as 'parallel polarized'. Similarly, a current element parallel to
the unit vector gévwill give rise to an incident wave, at the wedge-
-antenna, which will be 'perpendicular polarized'. The terms parallel
and perpendicular refer to the polarization of the electric field, in the
incident wave, relative to the plaﬁe of incidence.

The current element in Figure 4.5 can be replaced by two pairs
of current elements of moment % Iéh : one pair placed antisymmetrically
with respect to the y - z plane, as in Figure 4.6, and the other pair
placed symmetrically, as in Figure 4.7. According to the principle
of superposition, the response 6f the wedge-antenna to the original
asymmetric dipole excitation (Fig. 4.5) can be obtained by adding
the responses of the wedge-antenna to the antisymmetric and symmetric
dipole excitations of Figures 4.6 and 4.7 respectively.

Since the two wires of the wedge-antenna are cqnnected in
series (circuit of Figure 4.4(b)), it is evident that the
symmetric dipole excitation of Figure 4.7 will induce zero current in
the receiver. Hence we need only consider the antisymmetric dipole
excitation of Figufe 4.6. In the latter case, from considerations of
symmetry, the tangential component of electric field must be zero on the
plane x = O. Hencg we can consider‘the plane x = O to consist of an
infinite perfectly conducting sheet, of infinitésimal thickness. The
original problem has now ﬁeen transformed to one in which we require
to fiﬁd‘the current in the feceiver of a half-wedge-antenna placéd
on an infinite perfectly—coﬁductihg plane; due to a distant current
element. It should be noted tﬁat the receiver impedance has béen
halﬁed in the abové transformation : instead of two antenna wires

originally connected in series with the receiver, now there is only
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Fig. 4.8. The Transformed Problem of the Half-Wedge-Antenna

one antenna wire connected to the receiverjy hence, for maximum power
transfer, the receiver impedance must be halved. The transformed
problem is depicted in Figure L4.8.

So far we have considered the transformation problem for parallel
polarization only. However, for perpendicular polarization, the
transformation is identical, and therefore does not require further
consideration.

In Section 4.1, it was pointed out that the electric field
distribution along the’antenna wire(s) was required in order to
calculate the receiver current. This distribution can bé obtained more
easily in the transformed problem (half-wedge on an infinite conducting
plane) than in the original problem of scattering by a wedge in free-
—-space. In the next section a first-order solution will be presented
for the field distribution near a strip of non-zero surface impedance
on perfect ground. This corresponds to séattering by a wedge of zero

angle and finite surface impedance.
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L.5. Near-Field Scattering By An Impedance~Strip on Perfect Ground

L4L.5.1. General Considerations

In scattering préblems, there are a number of general
considerations which influenqe the choice of analytical technique for
problem formulation and evaluatidn of solutioﬁ. In all but the simpiest

problems, it is necessary to resort to approximate techniques
[Ref. 4.22], the nature of which depends on the particular
problem considered. |

Generally, the shape of the scattering body determines the
coordinate system most suitable for problem formulation. For
example, cylindrical coordinate system is chosen for analysis of the
scattering problem by a conducting cylinder [Ref. 4.23]. This is for
two reasons i firstiy; choice of a 'nmatural' coordinate system always
simplifies the formulation of the problem, and sometimes even leads to a
!separation of variables' solution. Secondly, the solution can be
represented as a superposition of characteristic wave functions
[Ref. 4.24], and proper choice of the natural coordinate
system leads to the simplesf formulation of boundary conditions [Ref. 4.25].

Size of the scattering body, relative to the wavelength considered,

- defines the nature and limitations of approximations used in analysis
and evaluation-of results. For example, when a large scattering
quy is illuminated by a point source, the geometrical optics
approximation yields accurate results, as lecast in the far field, for
the slaient features of'the scattered field [Ref. 4.26]. On the other
hand, when the scattering geometry is small compared with wavelength,
quasi-static approximétions can be used [Ref. 4.2735 this technique
has been particularly useful in the derivation of equivalent circuit

representations for wave-guide discontinuities.
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Fig. 4.9. The Scattering Impedance Surface 8' In Relation

To The Coordinate System

In this section we are concerned with scattering from a plane
boundary which contains surface discontinuities represented by changes

in the surface impedance.

L.5.2. Distribution of EZ Along the Position of the Wire

The problem to be examined in this section is represented in
Figure 4.9. We wish to obtain the z-component of the electric field
at an observation point (xo, Yoo zo), X, > O, due to a uniform plane
wave incident from the direction (O, $). As indicated in Figure 4.9,
© is measured from the positive x-direction, and ﬁ from the negative
z—-direction on the y-z plane. The plane surface x = O is perfectly-
-conducting except for a region S' where the boundary condition; are

defined in terms of ZSZ and Zsy’ the surface impedances in the positive



z—~ and y- directions respectively?

Ez
T = Zsz (4.1)
J x=0
+
E&. v
H = - Zsy (402)
+

That is to say, the iﬁpedance normal to the surface is defined for both
rectangular components of the tangential electric field.

The analysis to be presented in this section is based on
G.D. Monteath's application of the compensation theorem [Ref. 4.6].
The required field distribution can be obtained by calculating the mutual
impedance ZAB between a doublet A, at spherical coordinates (R, 6, ﬁ),
and another doublet B, at the observation point with rectangular
coordinates (xo, Yo zo), as indicated in Figure 4.9. Both doublets
are of length &h << kb. R is assumed‘large enough so that the
incident wave due to doublet A is locally plane in the vicinity of
region S'. Doublet A is orientated parallel to the unit
vector ag for parallel polarisation, and parallel to the unit vector
§¢ for perpendicular polarisation : the terms 'parallel' and
'perpendicular' refer to the polarisation of the incident electric field
relative to the plane of incidence. Since we are only interested in the
z~component of electric field, the orientation of doublet B will be
assumed té be parallel to the unit vector a, .

The electric field component EZ at (xo, Yo zo), in the absence of

doublet B, due to radiation from doublet A, is given by

7! I
E ox -

2 _6—1'1_— (L}OB)
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where T is the current flowing in the terminals of doublet A. An
expression for ZAB is given by Monteath [Ref. 4.6], based on

=

Ballantine's formulation of the reciprocity theorem:

let
AZ/'XB = ZAB - ZAB (L)
then
My = if‘f (E, A HE - ELAH) .nds (4.5)
S
or
1
ABY L = ?[-éff (EgA HY - 1A H) . nds (4.6)
S

Essentially the above equations enable us to calculate the change

AZAB in the mutual impedance between two antennas A and B, radiating

in the presence of a closed scattering surface S, when some
perturbation is made to the surface S. Subscript A denotes field
quantities due to current I flowing in terminals of (doublet) antenna
A, with terminals of doublet B open-circuited. Similarly, subscript

B has a corresponding meaning. The unprimed and primed quantities denote
values before and after the surface S is perturbed respectively.

The surface integral in the above equations is evaluated over all S;

n is the unit vector normal to S, and is directed out of the scattering
volume (i.e. iﬁto the space containing the antennas). It should be
noted that Egs. (4.5) and (4.6) are exact.

In the present context, S consists of the infinite plane surface

™
]

0, which can be considered 'closed' as infinity. In Figure 4.9,

=
|

a . Before perturbation all S is regarded as perfectly-conducting;
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after perturbation, the surface impedance becomes non-zero over a
region S' only.

The choice between Eq. (4.5) and Eq. (4.6) is a matter of
convenience only : we shall use Eq. (4.6) because this choice will

enable us to make better approximations. Eg. (4.5) can be reduced to

1 \ ' ;
£t = }_2. ff (B, A He, - B NH) .2 ds (4.7)
S .

where subscript t denotes components tangential to the surface x = O.

Noting that By, = O at all points on the surface, and that B}, is
zero outside the region S', Eq. (4.7) can further be simplified to

the following equationt

1 '
- ;['Eff (EAt A E‘Et) -a, ds (4.3)
s' .

1 1 1
-;[—2-‘/.‘/. (EAy H'Bz - EAZHBy) dydz (4.9)

1
AZAB

i

where subscript y and z denote respective components of
tangential fields.

In the present application we are interested in the effect of a
rectangular strip of finite surface impedance. Hence we define S'

as follows (see Figure 4.9):

(4.10)
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Also, boundary conditions over S', Eqé. (4.1) and (4.2), yield

A | 1

LAz - Zs'zHAy (4.11)
1 — - L

EAy = ZSyHAz (4.12)

Substituting from the above equations into Eq. (4.9), we obtain

PZy pYs .
1
' . e t . 1
AZ L = 12,/ Of—y (ZSyHAZHBZ - ZSZHAyHBy)dydz (4.13)
2

At this stage we make the assumption that HAt’ the fangential

component of the magnetic field due to current I flowing in
terminals of doublet A, remains constant at least teo fhe first order
when surface S is perturbed. This leads to a variational expression
based bn Monteath's application of the compensation theorem
[Ref. 4.6].

| For parallel polarisation, we shall consider an incident (locally)
uniform plane wave given by

inc
H

= H - si - jk (- c
Hy o(cos ) ay sin & QZ) expl[- jk ( Slx + 52y + Cz)]

(4.1h)

where k is the free-space wave number; Sl’ 52 and C are direction

cosines given by

Sl = cos © (4.15)
S, = sin O sin s (4.16)
C = sin © cos ¢ (4a17)

" The gquantity HO is the amplitude of the incident wave at the origin, and



is related to the moment of the radiating doublet A by the relation

[Ref. I+o 28]

H = Ibn -k ) (4.18)

Accordingly, the approximation for the total magnetic field is given

by

] ~
By = Hag

ZHO(COS ¢ gy - sin ¢ gz) exp[-jk(szy + CZ)]
(4.19)

The field distribution of a horizontal doublet above perfect ground
can be derived from classical image theory : the relevant equations are
given in Appendix L4A. Tor doublet B parallel to the z-axis,

positioned at (xo, o, zo), the tangential magnetic field components at

a point (x, y, ») are given by

Hﬁz = 0 (1.20)
kx
Byo= - =2 (3 )em(- Jk) (h.21)
r
where
ro= ey (-2 (4 22)

Substitution from Eqs. (4.19), (4.20) and (4.21) leads to

, H &h :
| . N — 3
ML = — I cos B expl( jkCz )G (L.23)

where
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v y2 kx |
[ L (el
kz (kr') (kr*)

exp[~- jk(szy + Cz' + r')]dlky)d(kz") (4.ok)
ket =[x )2+ Gep)? o (ea')?T2 (4.25)
z! = gz - z 3 zé:: 22'~ z (4-26)

In general, the quantity of interest is the total electric field
component in the z-direction. This can be obtained from Eg. (4.3) and
the following expression for mutual impedance aflter the perturbation:

Ho 6h
1 - - - Co.
ZAB = Z0 T cos ﬁ exp( JkCAO)

{cos e[eXp(jkxosl) - exp(- jkxo_Sl)] + ZZHGZ}_ (4.27)

where
Z0 = free-space impedance
Z
Zn Z0

The resulting expression for the electric field is given by:
E = ZH cos i e%p(— jkCzo)

{ éos‘efexp(jkxosl) - exp(; jkxbsl)] + ZznGz } (4.29)
The above equation is in the form:

Eo= (E)+ EZ)exp(- JiCz_) | - (4.30)
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where Ezoexp(— jkCzo2 is the original field distributiop in the
presence of perfect ground, and E:' is a perturbation term associated with
scattering due to the impedance strip.

It should be noted that, in the derivation of Eg. (4.29), there have
only been two sources of approximation : replacement of Eﬁ% by EAt’
and the implicit assumption that surface impedance over S' is independent
of position and independent of direction of incidence. The question
of surface impedance has already been considered, in Section 2.3, and
suffice it to say that the assumptioﬁ of constant surface impedance over -
a uniform region S' is least acpurate near the perimeter of S' ! however
the effect of this érror is reduced by the averaging prdcess represented
by the integral G, in Fg. (4.23).

As for the error in the magnetic field, we note that this is a
variational approximation. For example, if the region S' represents
an aperture in a perfectly conducting screen, the error in Bﬁt becomes
of the order of 50% only, for normal incidence. However, in this
case the 'equivalent' surface impedance would have the value of free-
space impedance, and it would be moré appropriate to regard the electric
field as variational, corresponding to Kirchhoff's approximation
[Ref. 4.29]. The presenl approximation is believed to yield sufficiently
accurate results, for the present application, for normalized surface

v . ‘
impedance values l Zs/Zo ] < 0.3.

4.5.3. Evaluation of Results for Near-Field Scattering

A computer program was written in order to compute values of GZ,
Eq. (4.24), by numerical integration. A selection of results is presented
in graphical form, Figs. 4.10 through L4.14.

Two integrafion routines were used initially & trapezoidal and

Simpson's rule. This was performed as a self-checking process, and to



determine an optimum integration step. It was found that a step of
one-half of the height of the observation point gave sufficiently accurate
results ¢ i;e., the error due to numerical integration was less than
S% in every integratioh result. Ail graphical results presented in this
section were obtained with the aid of Simpson's rﬁle.

Figure_q.lo indicates the variation of magnitude aﬁd phase of
GZ = ]GZ\ exp(jw), as a function of position‘zo, fér normal incidence.
There is an increasing ripple in both the magnitude and phase of GZ
as the point of observation approaches thevsurface discontinuity at
z, = 10X, X being the free-space wavelength. However, in both cases
the ripple is less than 5% of the mean value.

Figure 4.11 corresponds to plane wave incidence in the direction
of the positive z-axis, analogqus to end—fife radiation; as before,
the impedance strip considered has a length z, = 10X and total width

2

2y.. = 2\, with the point of observation being at a height X = 0.1A.

2
Again, a small ripple is in evidence near the surface discontinuity.
However, in this case there is also a non-linear phase variation along the
strip; the total phase change is about 20° over a distance of ten
wavelengths. It should be noted, from Eq. (4.29), that this
corresponds to a phase variation in the electric field ig_gggigggg
to the free space value.

The remainder of the graphs are all related to the particular
case of end-fire radiation, since this is the region of greatest
interest. Figure 4.12 indicates the effect of changing the length z
of the impedance strip. It is interesting to note that beyond the

discontinuity, i.e., for Z >z the horizontal electric field has

21

an exponential decay with a phase variation approaching k, the value

for free space. There is an analogy here with the behaviour of surface
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waves at a discontinuity ¢ the small ripple before the discontinuity
can be comparea with the generally small reflection coefficient for the
surface wave; and the exponential decay beyond the discontinuity is
analogous to the radiation of a surface wave at a discontinuity.

' Figure 4.13 shows that the width of the impedance strip has a
relatively small effect on the value of the horizontal electric field :
but it appears that the narrower the strip the shorter is thé distance
required for the field to reach its maximum (mean) value.

Variation of GZ with height X, is depicted in Figure 4.14 : the
magnitude of GZ decays exponentially above the surface, whereas ¥,
the phase of GZ, becomes more negative at a slow rate. For the
parameters chosen (22 = 10\, y_. = 1.0X\; z = 51), the equivalent
attenuation was found to be 6.4 dB per wavelength, and the phase
change - 300 per wavelength approximately.

In the above investigations, each dimension was varied in turn
keeping the other dimensions constant, the unit of measurement being
the wavelength - for obvious reasons! In addition, numerical
results were obtained, at different frequencies, for a particular
physical size of the impedance strip (frequency 0.25 - l.O‘GHz;
observation point at height x = 0.05m above the centre of a strip
0.46 m x 3.0 m): only the particular case of end-fire radiation
was considered. The conclusion was that GZ remained sensibly constant,
independent of frequency.

In another series of dimensional analyses, the variation of GZ
with the zenith angle of incidence, 8, was also found to be negligible
(for xo/k = 0.1 : variation of magnitude of GZ was less than 10%; phase
variation was less than 20°).

In conclusion, we note that for the range of parameters of interest
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.

it was found that Gz 2 2.0 along the position of the wire ! the magnitude
of GZ started from zero at the leading edge of the impedance strip

(at z = 0), rising exponentially to the mean value in a distance of the
order of a wavglength. The particular value Gz e Z.OAis related to

the approximation HA% = HAt' Based on physical considerations - such

as geometric optics and Fresnel reflection zones -~ this approximation

is expected to yield better results forvplane wave incidence near directions
corresponding to end—firg (9 = 900, é = OO), than for incidence near the
broad-side direction (& = 0°). In ofher words, the ébove

approximation is believed to yield reasonably accurate results in the
main beam of tﬂe antennaj; hohever, more significant errors would be

expected in the side lobe region but for the fact that the side-lobes

are greatly influenced by radiation from the antenna terminations.

4,5.4. Distribution of Ex Hear the Impedance-Strip

In order to estimate the normal component of the electric field,
Ex’ near the impedance strip, it would be necessary to carry out an
analysis analogous to that presented in Sub--section L.5.2.% to obtain
a Solution for Ex’ the z~orientated doublet at the observation point
would be replaced by an x-orientated doublet (Fig. 4.9). It is evident
that, as before, the result could be expressed as the sum of two
terms ¢ the original field EZ in the presence of peffect ground; and
a perturbation term Ei associated with scattering by the impedance

strips

E = E° + ES (4.31)

In Sub-section L.5.2. it was shown that'Ej, the perturbation

term in Ez’ was proportional to a surface integral GZ. Similarly, it
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could be shown that Ei is proportional to another surface integral GX.
Hereafter, 'horizontal' and 'vertical' will be used, for

convenience, to refer to directions parallel and normal to the
interface respectively.

For the present application, we shall avoid such an analysis
as outlined above, for the determination of EX, by neglecting the
contribution of Ei to Ex' There are two justifications for this
simplification. Firstly it is found that iEi( << |E§|; in other
words, the impedance strip influences the horizontal component EZ
of the electric field must more than the vertical component EX. This
is because Gx tends to have a much smaller magnitude than GZ, for
reasons explained in the folldwing paragraph.

The magnetic field distribution on perfect ground due to radiation
from a vertical doublet has circular symmetry about the position of the
doublet (i.e., about the observation point in Figure 4.9); furthermore
the magnetic field on perfect ground is zero directly below the vertical
doublet, provided X, > 0, where X, is the height of the doublét above
ground (see Appendix 4B). Consequently, it is found that the region,
on the surface of integration, in the immediate viciﬁity of the
observation point does not make a significant contribution to the value
of the surface integral Gx' In this respect thefe is a direct
contrast between erand GZ ! inspection and evaluation of Eq. (L.2h)
indicate that the value of GZ is principally deﬁermiped by contributions
to the surface integral from the area directly below the obéervation
pbint (i.e., the position of the horizontal doublet).

The second justification for neglecting Ei is associated with the
relative importance of different parts of the antenna. We are concerned

with antennas for which the radiation is principally associated with
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wire(s) parallel to the interface. In the present problem, the open-
-circuit voltage VCC at the terminal of the receiving antenna can be
expressed as thé sum of two terms ! Vé, associated with currents induced
in the (horizontal) wire parallel to the z-axisj; and Vo

associated with currents induced in the (vertical) wires parallel to

the x~axis:
Vog = V + V (4.32)

Now the second jusfificaticn can be stated explicitly ¢ it can be
assumed that VX is much less important than VZ in determining the
radiation characteristics.

The last assumption requires certain qualifications for which it is
necessary to anticipate some results, both theoretical and
experimental, which will be presented in the next chapter. In the
main beam of the antenna, radiation characteristics
are largely determined by VZ (associated with the horizontal wire);

VX (associated with the vertical wires) has a small influence on the
antenna gain, and a marginal effect on the beam-width. Consequently,
the overall error in the main beam, due to approximations in the
‘value of Ex’ tends to be negligible. On the other hand, the side-lobe
levels of the antenna are greatly influenced by VX; but we are
primarily interested in the level and not the detailed structure of
the side-~lobes. Thus an approximate knowledge of Ex is sufficient for

QUTr PUrposes.
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4.6; Radiation Pattern of IPA

4.6.1. Problem Definition

direction of \
incidence

N

Fig. 4.15 IPAl Configuration for (Receiving) Pattern

Calculations

The antenna configuration considered in this section is IPAl, as
depicted in Fig. 4.15. The plane surface x = O is perfectly

conducting except over the rectangular region S' defined by:

- g <y <'§; 0 <z <L. For convenience, directions parallel and

normal to the plane x = O wiil be referred to as horizontal and
vertical respectively. The anteﬁna wires lie in the vertical ﬁlane

y = O : the antenna terminal is located at z = L; and a»load impedance
zi is connected between the horizontal wire and the conducting plane at
z = 0. It will be assumed that ZL = Zc’ wﬁere Zc is the characteristic
impedance of the antenna, determined by Egs. (3.35) and (3.80): this
condition ensures that there will be no reflected wave along the

antenna due to a mismatch at z = O, whether the antenna is transmitting
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or receiving.

The radiation pattern can be obtained by deriving an expreséion for
open—circﬁit voltage VCC’ at th¢ antenna terminal, due to a uniform
plane wave incident from the direction (8, ¢); such an incident wave

can be represented by specifying the magnetic field Elt

H = ﬂb expl~ jk(- Slx + SZy + Cz)] (4.33)
where Sl’ 82 and C are the directionucosinesi

8, = cos® . (4-34)

S, = sin @ sin § _ - (4.35)

C =

sin 6 cos § | (4.36)

‘The direction of incidence is defined by the unit vector i where

L4 — — [
i = 5,2, + SZQ.Y + Cg._z (L.37)
In a uniform plane wave, the field vectors must be transverse
to the direction of propagation [Ref. 4.30]. Consequently Eo muist lie

in the © - ¢ plane, i.e.

B, = B}y (4.38)

wher e E@ can be identified as the perpendicular polarized component of
the incident wave, and §¢ as the parallel polarized component. It can
be shown that the rectangular components for each polarization are

giV en b ye
H = - H (-~ sin © a2 -~ cos 6 sin Q; a - coSs © cos fs a
-0 q o} = -y -—z)

(4.39)
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Hy = - pHO(; cos P a, sin § a,) (4.40)

where Ho is the amplitude of the incident magnetic field. It should be
noted that a negative sign has been introduced in the above equations§
this was for convenience only ¢ so that H& and EZ have positive values

when the direction cosines are all positive. p and g are polarization

factors related by the following equation:

p? + g2 = 1 (4. 51)

A polarization angle T can be'defined, corresponding to the above

equation, such that

P = cOS T; g = sin T (4.42)

The above treatment of polarization components is in accordance
with standard practice [Refs. L.31, 4.32], but more restrictive because
we shall only consider linearly polarized radiation: for instance,
quantities p and g are directly related to the vector effective height
of a linearly polarized antenna which could be considered as the 'source'
of the incident wave [Ref. 4.31].

‘In the présent application, p is associated with the principal
component of polarization, and g with the cross-polarized component; the
same letters will be used as subscripts to emphasize either one or the

other polarization.
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4,6.2. Application of the Reciprocity Theorem

W

FPig. 4.16 Antenna Configuration for Application of the

Reciprocity Theorem

The reciprocity theorem can be stated by the following equation

[Ref. 4.33]s

Jr (E, A EB - EB’\ EA) . nds
S

- fV[@A._{B—EA-EB> - (Eg - gy - By - Kl
(4.43)

where Eﬁ and EA are the fields due to a distribution of electric and
magnetic current densities EA and K,; and we are considering the
interaction between two sets of sources (J,, K,) and (I, K;) within

a volume V defined by a closed surface S. The constitutive parameters,

permeability and permittivity, of the medium in V are isotropic.
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In the present application, we shall consider sources consisting
of (a) QA only, co;responding to a current element in the far field
of the antenna IPAl; and (b) QB only, corresponding té a constant
current generator connected between the terminals of IPAl; Surface
S consists of a hemispherical surface S(D at infinity and a plane
surface Sp coincident with the plane interface x = O, as depicted in
Figure L.16.

Since volume V containé all the soufces, the surface integral in

Eq. (4.43) vanishes [Ref. 4.33], and we obtain
J[ (E% R QB)dv = Jf (Eé . QA)dv | (L.nly)
\ v ’

It should be noted that all the field quantities must be evaluated
in the presence of the antenna structure and the plane conductor.

Since QB represents a current generator, we can write,

Jp = éxlgé(y)é(z-L)u(x)u(h-x) (4. 1s5)

where 8(y) is the Dirac-delta function and u(x) the unit step function;
h is the length of the small gap between the antenna terminals.

Evaluating the left-hand side of Eq. (L.4h),

: n .
f (B, . dglav + Ig f Ey (%, 0, L)dx
v
therefore

0
f (B - A = - TeVyg | (1.46)
v

where Vi, is the open-circuit voltage at the terminals of the receiving

1



157

antenna due to radiation from gﬁ.

According to Love's equivalence principle [Ref. L.3L], if the antenna
wire 1s replaced by a source distribution in space identical to the
surface currents (J , K ) on the ¥ire, then the field (By, Hp) will

~w' W =B’ —B
remain the same outside the wires. Applying the reciprocity theorem

to the proposed source distribution in space,

Jr (£, - (gw + d5) - B . Ew]dv = J[ By -y av (L.b?7)

where E; and H; are the radiation fields of QA in the sbsence of the
antenna wire, but taking into account scattering by the interface
[Ref. L.35]. Ew is zero for a perfectly—conducting wire; 1in the present
problem Ew is non-zero only on the surface of the load impedanbe ZL‘
However, provided the physical diametér and length of,ZL are small
fractions of wavelength, EA . Ew can be neglected in Eq. (4.47).

We shall now assume that the wiré diameter is small enough so that
gw can be represented és a line current. Then the wire currents can be

written as

~y(L-z)

I(b, 0, 2) ==1Ice ; 0 < z £ L (4.48)
Z (o] .

-y(L-z) -jk(b-x)
I(x,0,0) =-Ice e ; 0 £ x £ b (4.149)
X o]

jk(b-x) , ’
I (x,0,L) = Ie ; h < x < b (4.50)

Allowing the terminal gap h to become infinites_imally small, we
obtain the following expression for the generator current Ig,'from the

continuity of current: .
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I = I e+jkb

g o (4.51)

In the above equations we have assumed that the current in the
vertical wires has a propagation constant equal to that for free-space;
for vertical wires short compared with wavelength, the effect of any
error in this assumption is negligible.

Combining Egs. (4.46) and (4.47) we obtain

1
Voo = - I—g f Ep . (I, + dglav (4.52)
v .

Substitution in the above from Eqs. (4.48) through (4.51) leads

to
Voo = PV (b, 0, 1) + Ty (0, 0, 0)
- ejkbvx(o, 0, L)] (4.53)
where _
L
V (b, 0, L) = f E,! (b, O, 2y Y(=2)y, (1. 54 )
Z Z
0
b -
v (0, 0,0) = f B! (x, O, 0)e ¥ ¥ax (4.55)
0
b .
VX(O, 0, L) = f EA}'C(X’ 0, L)e—']kxdx (4.56)
0

The response of the receiving antenna is related to its far field

when transmitting by Eq. (4.46); the latter can be written
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kb

(EeIAe + E¢IA¢)6h = - VOCIoe (4.57)

where it has been assumed that QA consists of two short current elements
of moments IAeéh and IA¢6h in directions ag and a4 respectively.
Substitution from Eqs. (4.138), (&.39) and (4.40) for the current
moments yields |
. I ejkb

T - Bg) = o g (V) + V) (4.58)

o}

>ﬁhere Vb and Vq are open-circuit voltages due to incoming waves which
are parallel;polarized and perpehdicular—polarized respectively; the
amplitude of the incident magnetic field is bHo for parallel-
-polarization, and qu for perpendicular polarization.
In the above equation, the principal-polarization

component is obtained by considering p = 1 and q = Oj

I e'jkb :
. ko
Yo = I ~E (4.59)

jkb
E, =--i& S v (14.60)
$ “ThmR T H q .

A quantity of interést is the polarization ratio rp of the cross-
—-polarization component of the field to the principal-polarization

component:

: ={-§—é[=fyﬂ{ (i 61)
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4.6.3. Principal-Polarization Radiation Pattern; Evaluation of V

Only the parallel-polarized componeht of the incident wave is
associated with the primary pattern of the antennaj; this corresponds to
the magnetic field component E% in Eq. (4.38).

To evaluate Eq. (4.54), we require the value of EA; : frqm

Eqs. (4.29) and (4.40)

E,' (b, 0, z) = E‘;(b, 0, 0)exp(~jkCz) + Ei exp(~ jkCz)
(L.62)
where
: ‘ jkS.b ~jkS. b
Eo(b, O, O) = ‘pH Z cos ¢ cos e(e l - e 1 )
Z e }le} |
(4.63)
and
s
ES = pHyfg cos ) G (4.64)

GZ is given by Eq. (4.24), but the latter equation can only be evaluated
by numerical integration. Instead, we shall use the following
approximation for Gz’ based on graphical results for GZ presented in

Sub-section L4.5.3.%

kb ke

- om =% %n
G = 2.0e f(w)ll - e ] (4.65)
for C 2 O
and
kb
_Q/l-z—ﬁ
GZ = 2.0 e (w) when C < 0 (L4.66)
where
o = 0.74 ' . (4.67)



fw) = 1 - L . (4.68)
8.58 3= (1 - 0,072 3%)
(o] (o]
_ 2.38 '
03 = 5 (4.69)

£

Integration of Eq. (4.54) leads to the following result:

. - —
Vzp(b3 0, L) = pHOZO ¢os ¢ LY [Al + AZJ (4.70)
where
!
jkS;b  =jkS b : Sy Kb
A = cos O[e - 1+2.072 e flw)  F_(4)
(4.71)
o
1
- Eﬁ kb
A, = -202 e f(w)Fs(¢2) (4.72)
23 : . '
. _ e -1 _  jVv sin ¥
FS(W) = oy = e v | (4.73)
kLo y
\Vl = Z(jk ~C) _ (4. 78)
y - %o |
_ kL~ om 3
‘Vz - 2( e c) (4.75)

To evaluate Eqs. (4.55) and (4.56), we require the value of
EA;(X, 0, z). As explained in Sub~section 4.5.4., we shall use the
approximation EA; = EZ, where E; is the correspondingvplane wave

solution when the ground is pérfectly—conducting. Consequently,

EA;(X, 0, z) = pHoZosin 0 exp(~ jkCz)[exp(ijlx) + exp(- ijlx)]

(4.76)
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Substitution from the above equation into Egqs. (4.55) and (4.56)

leads to the following expressions respectively

pr(O, 0, 0) = pHOZOb sin 6[F8(¢3+) . FS(VB-)] (.77
pr(o, 0, L) = pHOZOb sin QEFS(,- \¥3+) + Fs( - WB_)]e_jkCL
= IOy (0, 0, 0) (14.78)
Xp
where
+ kb :
- kb

¢3 = 5 (1 - 5)) (4.80)

and FS(W) is given by Bg. (4.73). The open-circuit voltage Vé is given
by Eq. (4.53) which yields
- jkb-+L

- jkb
Vo= e ] [Vzp(b, 0, L) + e vxp(o, 0, 0)

- e’“jkb"jkCLVcho, 0, 0)] (4.81)

When the antenna terminal is placed at a distance L' beyond
the edge of the impedance-strip, i.e., at z = L + L' (as in Fig. 5.7
or Fig. 5.8, Chapter V), then it can be shown that instead of

Eg. (4.81) we obtain

- jkb—+yL!
Vo o= e 5PV v, (b, O, 1)

, : e b 10 (LTt Y A!
. pr(o’ 0, 0y Jeb-¥L _ kb JLO(LeLt J+L!

(4.82)
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The above equalion is subject to the following approximations :
(L) the mismatch due to the discontinuify at z = L is negligible;
(II) the phase change along the section L <z < L+L' is adequately
approximated by the factor_e~YL'; and (III) the contribution to
Vz(b, 0, L) due to the section L <z <L + L' is negligible. All

these approximations are valid provided L' << L,

4.6;4. Cross~Polarization Radiation Pattern ¢ Evaluation of Vé

The cross-polarized component of radiation is obtained by
considering a perpendicular-polarized incident wave; the corresponding
magnetic field component is Hy, Eq. (4.38).

The analysis leading to an expression for the open-circuit voltage
VVq is similar to that presented in the last section. The approximation
E'!' = E; this time has the effect that qu becomes zero. To obtain

Ax

V_ , the value of E,' is required ! let
zq Az

EA;,(b’ 0, z) = EZ(b, 0, O)exp(~ jkCz) + Eiexp(—- jkCz)

In the above equation, the first term on the right-hand-side is the
field when the ground is perfectly-conducting, and the second temrm is
the perturbation component associated with scattering by the impedance
strip. By an analysis analogous to that presented in Sub—section'4.5.2.,

it can be shown that

jkS.b  -jkS.b
E(o, 0, 0) = qiZsinfle’ ' - 1] (4.83)

and

E° = gHZ sinf cos © Z G ' (4. 84)
Z o 0 zn z



where G is given by Eqgs. (4.65) and (L4.66).

Substituting for EA; in Bg. (4.53), the following result is

obtained:
_ ~3kb
Vq = e qu(b, 0, L) (4.85)
. —vL
Vo (bs 0y 1) = g7 sin g 1e”Y (B, + B] (4.86)
where
“
jkS;b -kS;b - 35 kb
B, = (e - e 1+ 2.0 cos © Zzne fw) FS(¢1)
(4.87)
o
- E% kb
B2 = - 270 cos © Zzne f(w)FS(Wa) (4.88)

FS(¢); ¢l and Wz are given by Egs. (4.73) through (L.75).
When the antenna terminal is at z = L + L' (as in Figs. 5.7 and

5.8), it can be shown that instead of Eq. (4.85) we obtain

—-— o — '
v - e jkb-vL

v 0, L .8
. Zq(b, , L) (4.89)

subject to the same approximations required for Eg. (4.82).

L.7. Power Gain of the IPA

The'absolute power gain of the antenna can be defined as
[(Ref. 4.36]

P__.(8, 9) ,
a(e, §) = LEE— (4.90)

iso



165

where Prec<e’ ¢) is the power transferred to a (conjugate matched)
receiver by the antenna, when a uniform plane wave is incident on the
ahtenna_from the direction (8, ﬁ); the plane wave is assumed to have

a particular polarization. Piso represents the power transferred to

a (matched) receiver by an isotropic antenna, and is given by [Ref. 4.36]

O |
P, = zH2-S (4.91)

iso o o Lm
where Ho is the (r.m.s.) amplitude of the incident magnetic field.
Generally, the gain is referred to a particular direction (90; éo):
often the direction chosen is that which maximizes G(8, ﬁ). However
we shall refer the gain to the end-fire direction, even if the gain is

not maximum in this direction, i.e.,

i L .
G, = G5, 0 - - (4.92)
Similarly the polarization of the incident wave is usually chosen
such that the gain is maximized. We shall refer the gain to the
particular polarization previously referred to as 'parallel-polarized'
i
iece., H. = H/)e i (] im3i G(—, 0).
(i.e., H oo —é)’ which in fact maximizes (2, )
For IPA1 configuration of Fig. 4.15, application of Thevenin's

theorem yields

\¥]

T 1
I 0y = ==
Prec(Z’ )

(4.93)

g™

where Rc is the real part of the characteristic impedance Zc; and

Vpl is the (r.m.s.) open-circuit voltage given by Eq. (4.81) with p = 1,

€ = g, and f = O. Finally, Eq. (4.90) yields
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v 2

Pl U
G = . : for IPA : (4.94)
01 Rc ' Z Hzlz 1

0O 00

For IPA2 configuration corresponding to Fig. L.3, the open-circuit
voltage VPz is equal to VPl' This follows from the symmetry considerations
of Section L.lL4 @ eéch half of the antenna generates an open-circuit
voltage % VPl’ since in the transformed problem, Fig. 4.8, the amplitude
of the incident wave is halved; the two voltages appear in series,
by virtue of the antisymmetric circuit of Fig. 4.4(b), giving rise to
a total opén—circuit voltage of VPl' However,-the antenna input impedance

is now 2Zc ! consequently the gain of IPA2 is given by

It should be noted that when IPAl is considered in free-space,
and not flush with a perfectly conducting plane of infinite extent, its

gain GOi is given by

0 0
L. =22 (14.96)
2
The above result is based on the following variational approximation $
when the direction of incidence is (E, é), the magnetic field tangential
to the impedance strip is equal to the incident magnetic field, for

parallel polarization.
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4.8. Directivity of the IPA

The ratio of radiation intensity U(GO, ﬁo), in a particular
direction (90, ¢0), to the average radiation
intensity of the transmitting antemna is the directivity D of the
anteﬁna. For consistency with our definition of power gain Go’

Eq. (4.92), we shall take the above direction to be (H, 0). Thus

LmU(-TZ-', 0) hom
D = L|'°97
° ]U(e,mao
where & = gin Glde d¢
U, #) = 2 [ [B(8,0) % + [Eg(0,8)|% 1 (4.98)
) _

E@ and Eﬁ are glven bynEqs.(4.59) and (4.60) respectively.

Substitution into Eq. (4.97) yields

b |V (3, 0)|°
D = _ (4.99)

o m p2® _ ,
f f QLACE $)|2 + AACH $)|?) sin © adas
0% o0

where Vb and Vq are given by Egs. (4.81) and (4.85) respectively. It
is evident that Eq. (4.99) can only be evaluated by numerical integration.
In design and evaluation of communication systems a quantity of

interest is T, the ratiation efficiehcj of the antenna, and is given
by

T = == (4.100)

=]
I
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TN can also be interpreted as the ratio of the power radiated by the
antenna to the total power input, when the antenna is transmitting;
thus T is a measure of the antenna losses. In the case of the‘IPA,
the oniy significant losses arise from ohmic losses in the load
impedénce ZL(='ZC), at z = 0 in Fig. 4.15. Consequenfly the quantity
(1 -7 represents the proportion of input power which is dissipated in
the matching impedance at the end of the antenna.

It is evident that directivity Dy, of TPA, is one half the
directivity D01 of IPAllt.this is because IPA. radiates into ha1f~space
only, whereas IPA2 radiates_into the whole space. Since GO2 = % GOZ’
0 = % DOl’,it follows that ﬂ2 = Th, where T& and ﬂz are the

1

and D

radiation efficiencies of IPA:L and IPA_ respectively.

2



APPENDIX 4a

Field of horizontal doublet above perfectly-conducting (plane)

ground

P(x,y,2)

« ox->|

\

Fig. 4A.1  Doublet Configuration for Field Calculations

For a short current element I8h at,(xo, 0, 0), above a perfectly

conducting plane x = O, the magnetic vector potential A, at point

P(x, y, z), is given by image theorys:

—Jkrl ~Jkr2

~ 'y e _ e
A = ha = in Lon( ry r )Ez (h4.1)

where Ty and r2 are distances from the doublet and its image

respectively, to the point P. Thus

ri = 2%+ yz + (x - xoz) (4A.2)
rg = 2%+ y2 + (x.+ xo)2 (4A.3)
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k is the free-space wave-number, and a time variation exp(jwt)
has been assumed.

The magnetic field H is given by

=29 nA4 | (44.-4)
1l (0Az JAz
H = m (757 a, = 3% gy) (4A.5)

Noting that

3 _ 1 . . 1 e—jkr or
Rl Yl x (44.7)
ox ry ! oy ry
or, (x + x) dr ¥
- : —5 = (4A.8)
o t
X r, oy r,
it is evident that on the plane x.= O
rp = r, =T o (LA.9)
H (0, y, ) = O (144.20)

The required result for the component Hy is easily obtained by

substitution into Eq. (L4A.5):

; -jkr
' I8h ,. 1, e 9
Hy(O, vez) = - S0 G+ =z k x, (4A.11)

-



APPENDIX 4B

Field of a vertical doublet above perfectly-conducting

(plane) ground -

P(x,y,z)

A\

Fig. 4B.1  Doublet Configuration For Field Calculations

Considering a current element 16h directed along the x-axis, at
height X above the perfectly-conducting plane x = 0, the
magnetic vector potential A, at point P(x, v, z), is given by image

theory:

-jkr -jkr
_E_ e L e 2 (
é = AX.é‘X = L}TT Iﬁh( rl + 1‘2 ) ‘ L}B-l)

where k is the free-space wave-number, and a time variation exp(jwt)

has beeﬁ assumed. rl and r2 are distances from the doublet and its

image respectively, to the point P (Figure 4B.1). Thus

ri - 22+ y2 + (x - xo)2 - o (4B.2)

=



b
~3
Ny

r° = z°+ y2 + (x + xo)2 (4B.3)

The magnetic field H is given by

H = -ﬁv A A (4B.14)
. %; (g a - ég—; a)  (4B.5)

?o evaluate H, the following relations are required:
= (e“ikr> = - (Gk+ D) e'ikr i | (4B.6)

On the perfectly—éonducting plane x = O, ry =T, = T. The

required results for components Hy and Hz of the magnetic field, on the

plane x = O, are easily obtained by substitution into Eq. (4B.5):

Idh 1y =z
Hy(O, Y, ) = - or (jk I') 2 e (4B.38)
—'kr
J I Ly [ -
HZ(O, ¥y ) = - o (jk + r) = e (4B.9)
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CHAPTER V

FAR FIELD MEASUREMENTS

5.1. Introduction

In the best traditions of research, it was decided to complement
the theoretical study of the IPA bj an experimental evaluation of
the far-field characteristics! However, certain limitations of the test-
-site and available equipment restricted the range and accuracy of
measurements which would be carried out. The design of far-field
~ experiments will be outlined later in this section.

In the next section, the choice of the Cornef—Reflector-Antenna
(CRA) as reference antenna is explained, and its physical parameters
are given. Sections 5.3 and 5.4 are devoted to the description of
two test-antennas constructed for E-plane and H-plane measurements
respectively.

Three sets of preliminary measurements were carried out : to
evaluate the test-site; to check the far-field conditions; and to
caliﬁrate the refererence antenna, CRA. These experiments are
reported in Sub-sections 5.5.1, 5.5.2 and 5.5.3 respectively.

Results of the main experiments are given in Section 5.6, together with
theoretical results for comparison purposes..

The test-site which was chosen for carrying out antenna field
measurements was the roof of the Electrical Engineering Building at
Imperial College (Figures 5.1 and 5.2). Inspection of the
site indicated that a maximum separation of 10 to 14 metres was
feasible between the‘reference antenna and the test antenna. Consequently
it was decided to construct a test antenna such that the Rayleigh range

RR would be 10 metres, where RR = LE/KO, and L is the length of the IPA.



Fig. 5.1 Photograph showing a view of the test-site from the

turntable

Fig. 5.2 Photograph showing a view of the test-site from the

reference-antenna mast
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Furthermore, theory indicated that the antenna should be approximately
10 wavelengths in length at the top of the frequency-band; this
>result was based on the dimensions of the corrugated plane. used for
near-field measurements. Thus it was determined that the test antenna
- should be 1.0 metres long:(approx.), and that field measurements should
be made over a band 1.0 GHz to 3.0 GHz; this represented a scaling
factor of 3:1 relative tb the model for near—field measurements.

The facilities available for field measurements consisted of : a
turntable and its remote-control pane}; a mast‘on which a reference
antenna could be mounted; two (Rhode & Schwartz) generators, covering
frequency bands of 0.275 - 2.75 GHz and 2.7 - 4.2 GHz; a (Hewlett-Packard)
Network—Aﬁalyser; a (Hewlett-Packard) X-Y Plotfer; two lengths of
(Andrews) low-loss semi-rigid coaxial-cable, 10 m. and 15 m. long; and
other RF components such as directional couplers and tuners.

As the available facilities permitted measurement of radiation
patterns only in the horizonfal plane, two antennas wére |
constructed to allow'pattern‘ﬁeasurements in both orthogonal planes
was constructed (with

1

a conducting ground-plane of finite extent) for H-plane measurements,

® = 90° (H-plane) and B = 0° (E~-plane). An IPA

and an IPA2 for E-plane measurements. This procedure, to minimize
erroré due to ground reflections, was only possible because the
performances of the two IPA's are inter~related,Aas pointéd out in
Section 4.4,

For any field measurement carried out on a test-site, there are‘
(at least) three physical quantities which are pertinent to analysis
and evaluation of data [Ref. 5.1]; These are: height of the (fixed)
reference antenna above ground, HR; height of the test antenna above

ground, HT; and the horizontal distance between the antennas, R. In
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Fig. 5.3. CRA : Photograph of Reference Antenna, Mounted

On the Mast for Horizontal Polarization

most of the field measurements carried out these parameters have

had the following values

H-plane measurements ¢ R = 11 m; Hp = 2.45m; Hy= 1.85 m
E-plane measurements : R=11m; Hp=2.30m; Hp=2.20m

In later sections, the values of these quantities will be quoted

only if the values differ from those given above.

5.2. The Reference Antenna

A necessary requirement for the reference antenna was found to be
high directivity for the following reasons : (I) To minimize scattering
effects due to other objects, such as other antennas, and due to the
perimeter wall on the roof; (II) To minimize the effect of ground

reflections, especially as the he{ght of the test antenna was limited



Fig. 5.4. IPA2 ¢ Photograph of Test Antenna, Mounted on

the Turntable for E-Plane Measurements

by the height of the turntable (~ 2 metres); (III) To minimize the

transmission loss, and for better discrimination against interference.

The antenna eventually chosen was the corner-reflector antenna (CRA):

the following parameters were chosen based on a study of published

design data [Ref. 5.2]:

corner-reflector angle =

width and length of each reflector
dipole-to-apex spacing =

dipole length =

O

90
300 x 300 mm
55 mm

110 mm

A photograph of the CRA is given in Fig. 5.2. A double-stub tuner

was inserted in the coaxial cable feeding the CRA, to match the

antenna to the line. For testing purposes, another (identical) CRA was

also constructed.
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aluminium spacer
aluminium strip

/s

y

/

pressures——y €—pressure

Fig. 5.5. Illustration of Method of Construction of a

Double-Sided Corrugated Plane for IPA2

5.3. Test Antenna for E-Plane Measurements

A photograph of IPA2 constructed for radiation pattern measurements
in the FE-plane (¢ = 0) is given in Fig. 5.4 : pattern measurements were
made in the horizontal plane, with the conducting plane of the antenna
mounted in the vertical plane above the turntable. In this section, we
shall briefly describe the construction of IPA2.

The double-sided corrugated plane was constructed from two
types of elements : aluminium strips, each 455 mm long and 35 mm x 1 mm
in cross-section; and aluminium spacers, each 500 mm long and 20 mm x 9 mm
in cross-section. The spacers were made of wooden blocks over which
aluminium foil (thickness 0.1 mm) was tightly wrapped and glued-down :
this construction had the advantages of low-cost and light weight. Then

the spacers were placed in a frame (1.83 m x 0.57 m), and the strips were

inserted between the spacers. Mechanical rigidity and electrical contact
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Fig. 5.6. Photograph of the Antenna Termination on Each

Side of IPA2

was ensured (in the resulting corrugated plane) by the application of
pressure from both ends of the supporting frame. The construction
principle is depicted in Figure 5.5. It should be noted that the
excess space in the frame was employed to provide 'ground-plane'
extensions on both sides of the corrugated-plane region, as seen in
Fig. 5.4. These ground-plane extensions were made of aluminium sheets.
Figure 5.6. shows a photograph of the antenna termination (an
identical arrangement was used on the other side of the corrugated plane).
The termination consisted of two standard resistors connected in series
with the antenna wire : each resistor was of carbon-film type, % watt
rating, and had a nominal value of 160 ohms (5% tolerance). The nominal
characteristic impedance of the antenna was 328 ohms approximately.

Various types and values of termination were tried, and for each

arrangement the standing-wave ratio was measured along the antenna : the



Fig. 5.7. Photograph of the Iaunching Device Used at

the Input to IPA2

termination chosen was the one for which SWR measurements indicated
minimum reflection power over the frequency-band (SWR < 3 gB
corresponding to reflection coefficient < - 15 dB).

The feed structure used at the input of IPA2 is shown in
Figure 5.7 ¢ this launching device acts as a balun (with an impedance
transformation of 4 to 1), and its construction was almost identical to
a slot-fed dipole as described by S. Silver [Ref. 5.3]. In this case,
the slot length was made variable by adding a sliding (cylindrical)
conductor which fitted tightly over the outer conductor of the coaxial
line. Prior to each field measurement, the slot length was adjusted to a
quarter of the free-space wave-length. A double-stub tuner, was employed

to obtain the impedance transfarmation required for matching the coaxial

cable to the antenna.
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ground-plane extension
behind antenna

corrugated plane

antenna wire

— I A S — ——— — t— —— —— Vo — —a—— V——y

— OO
s N

ground-plane extension
in front of antenna

Fig. 5.8. Schematic Representation of Constituent Parts
of IPA2 * the Balun Launching-Device is Rep-

resented as Two Series Generators.

The physical parameters of IPA2 constructed are given below (see
Figures 3.16 and 5.8).

length of the corrugated plane, 'L = 1.08m
width of the corrugated plane, W = O 4tm

length and width of the 'ground-plane' extension

in front of the antenna = 0.54mzx 0.57m

\

length and width of the 'ground-plane' extension

behind the antenna = 0.12mx 0.57 m

extension of the wire beyond the corrugated
region ‘ IL' = 0.03m

(N.B. The feed-point was located in the 'ground-plane', at distance
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aE N
wr\, R

type~N connector

Fig. 5.9. Schematic Representatién of the Feed-Structure

at Input of IPA,
L' from the corrugated region).
radius of the copper-wire a = 0.15mm

height of the copper-wire above the

corrugation tips b = 0.018m

depth of the corrugations d = 0.007 m
corrugation periodic spacing S = 0.010m

thickness of the corrugation walls t = 0,00l m
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5.4. Test Antenna for H-Plane Measurements

An antenna of type IPAl was constructed, with a 'ground-plane' of
finite extent, in ordef to measure the radiation pattern of the
proposed antenna in the H-plane (i.e. the plaﬁe 8 = 90°). The antenna
was mounted on the turntable with its conducting plane horizontal,
and pattern measurements were again made in the horizontal plane.

The construction of IPA1 was almost identical to that of IPA2

described in the previous section. However, the launching device on

IPA. was necessarily different from that on IPA

1 As depicted in

5°
Fig. 5.9, a type-N coaxial-connector was fixed, from below, to the
rear 'ground-plane'; the centre-conductor was extended
vertically, above the ground-plane, to the required height of the
horizontal wire. The launching device was preceded by a double-stub
tuner, to effect the iﬁpedance transformation required for matching
the antenna to the coaxial cable.

The physical parameters of IPAl were identical to those of

IPAE, given in the previous section, except for the parameters given

below (see Figs. 5.8 and 5.9)

length of corrugated plane, L 1.10m

length and width of 'ground-plane' extension

behind the antenna

O.12m x 0.57 m

extension of wire beyond the corrugated region, L' 0.07 m
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5.5. Preliminary Measurements

5.5.1. Evaluation of the Test-Site

A series of tests were carried out to estimate possible limitations
on the accuracy of antenna field measurements due to test-site
imperfections =.this exercise was necessary due to lack of any previous
eﬁaluation of site performance. In this section we shall report only a
selection of measurements carried out for the above purpose.

Fig. 5.10 indicates a plan of the part of the roof of the Electrical
Engineering Building, at Imperial College, which was used as the test-
~-site (photographs : Figures 5.1 and 5.2). To evaluate site
, reflections,va broad-side array of two dipoles with a small reflector
was used as reference antenna. This antenna, which we shall designate
DA for brevity, was originally designed for optimum performance at 1.5 GHz.
The DA was mounted on the mast (HR ~ 2.3 m), and the CRA on the
turntable (HT ~ 2.3 m). The horizontal spacing between the antennas,

R, was approximately 9.5 m; this spacing was dictated by the
sensitivity of the receiver (Rhode and Schwartz) which was available
for these measurements : sensitivity ~ - 57 dB m, dynamic range ~ 13 dB,
output proportional to indicated signal voltage.

With both antennasrmounted for vertical polarization, pattern
recordings were made in the horizontal plane fop three different positions
of the turntable (indicated in Fig. 5.10 as A, B and C). The frequency
of 2.5 GHz was chosen so that the reference antenna would have a pattern
'with high sidelobes in order to emphasize the effect of scattering
objects and surfaces on the site. The (theoretical) field pattern of
the reference antenna DA (at 2.5 GHz) is indicated in Fig. 5.10.

The field patterns of CRA, recorded with the antenna in different

positions, are shown in Fig. 5.11.
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The above test yielded the following observations : first, the
main lobe of the recorded pattern was néither sensitive to the location -
of the antenna under test, nor influenced by site reflections. Second,
the position and levels of the measured side-lobes were
significantly influenced by site reflections (which were emphasized
by the unorthodox patterﬂ of the reference antenna). Third, the range
over which the recorded pattern was most sensitive to the position
of the turntable (and therefore to site reflections) was the
back-lobe regionvof the antenna uﬁder test, and the side-lobe region in
the negative-azimuth (i.e., left-half) directions.

In another test to observe the effect of ground reflections,
one CRA was used as test antenna (HT = 1.75 m; turntable position B,
Figure 5.10), and another CRA was mounted on the mast; both antennas
were mounted for veftical polarization. Two horizontal patterns were
recorded with the reference antenna at heights HR = 1.9 m and
HR = 2.5 m respectively. Comparison of these patterns yielded the
following observations ! both patterns indicated some degree of
asymmetry, particularly with regard to the level of some side-lobe
peaks. Increasing the height causéd a shift in the position of some of
the side-lobes. There was also a change in some of the peak
levgls ! the magnitude of this change was less than % dB, and the highest
side-lobe recorded was at a level of - 14 dB relative to the main beam. -
However, the average side-lobe level recorded was the same for both
heights of-the reference antenna.

The sbove variations were largely attributed to ground reflections
because : (1) both antennas héd relatively large beam widths in the
vertical plane (Figs. 5.1lh and 5.15); and (2) the change of height

was not associated with an increase- or decrease- in the side-lobe
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levels which was uniform in all directions. Thus ground-reflections
could be a source of spurious response in pattern measurements;
nevertheless, this is a tolerable limitation - unless detailed
information is required regarding the sidelobe distribution of the

antenna under test.

5.5.2. = Examination of Far-Field Conditions

Tﬁe test described in this section was_carried out to check
whether.the field radiation by the reference antenna sufficiently
approximated a 'locally plane wave' in the vicinity of the test antenna.

A CRA was mounted (for vertical polarization) on the mast at
a height HR = 2.55 m. The turntable was plaéed at a distance
R X 11 m from the mast. A rectangular sheet of aluminium
(0.92 m x 1.8%3 m) was placed, with its plane horizontal, on the turn-
table, at a height HT = 1.8 m; the longer sides of the sheet were
parallel to the line of sight of the mast.

A short vertical monopole (Fig. 3.12) was used to check the
amplitude and phase distribution of the 'incident wave' on the (alumihium)
'ground-plane'. Measurements were carried out at 1.0 GHz and
3.0 GHz.

In the following description, the distance of the probe from the
'leading edge' of the conducting plane will be denoted as x, where the
'leading edge' is the one nearer the transmitting antenna, and the
'trailing edge' the one further away. Thus the x-direction is parallel
to the line-of-sight of the mast. The horizontal direction transverse
to the line of sight will be denoted as the y—direcﬁion; ¥y was
measured from the centre—line of the conducting plane.

Along y = O, the phase variation with x was linear and
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corresponded to the free-space value, both at 1.0 GHz and at

3.0 GHz. However, there were significant deviations in the signal
level. At 1.0 GHz, the mean signal level (dB) decreased uniformly
with x, in the forward region of the conducting plane : the signal at

x = 1.0 m was - 3.0 dB (approx.) relative to the signal level at

x = 0.2 m. There was also a fluctuation of + 3 dB (approx.) about
the mean signal level. In the rear region of the conducting plane, a
higher fluctuation of + 1% dB was noted, but there was no
significant variation of the mean signal level with position. At
3.0 GHz, the mean signal level did not change significantly with x;
the fluctuation in the signal level was less than + 1 dB.

Measurements in the transverse direction to the line of sight
were made along the line x = 0.83 m. The phase variation (across
the aperture) was less than + 10° at 1.0 GHz, and less than + 13° at
3.0 GHz., The fluctuation in the signal level was less than + 1 dB
at 1.0 GHz, and less than + 2 dB at 3f0 GHz. However, if the
measurements made within one wavelength's distance from the edges
(parallel to the y direction) are disregarded, then the following
figures are obtained for maximum fluctuations in the signal level :
+ 3% aB at 1.0 GHz, and + 1 dB at 3.0 GHz. |

The above results indicated that the test range was
satisfactory for field measurements in the band 1.0 - 3.0 GHgz,
provided the length of the antenna under test was of the order of
1.0 metres or less. The variation in the mean signal level near the
leading edge of the conducting plane indicated significant ground
reflections at 1.0 GHz, which could lead tb a maximum error of
+ % dB in the measurement of side-lobe levels in the H-plane. At

3.0 GHz, however, probe measurements indicated no significant
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errors due to ground reflections.

5.5.3. Reference Antenna Characteristics

One CRA was mounted on the mast (HR ~ 2.55 m), and the other on
the turntable (position M, Fig. 5.10; Hp = 2.2 m)., With this
arrangement, radiation patterns of the CRA were fecorded at + 1.0 GHz,
2.5 GHz and 3.0 GHz. H—plane recordings are given in Figs. 5.12 and
5.13; for these measurements both antennas were mounted for vertical
polarization, i.e. with their dipole feeds vertical. The dashed-lines
in these recordings indicéted the response of the'CRA to crossed-
-polarized radiationy the latter respomse was obtained by mounting
the test antenﬁa - i.e. the CRA on the turntable - for horizontal
polarization.

Figures 5.14 and 5.15 indicate the E-plane radiation patterns of
the CRA, measured at 1.0 GHz and 2.5 GHz respectively. These
measurements were carried out with both antennas mounted for horizontal
polarization - i.e., with their dipole feeds horizontal. An important
observation was that E-plane recordings at 2.5 GHz indicated a
significant degree of asymmetry, at levels below - 12 dB relative to
the maximum.

Inspection of the above recordings indicates that the choice of a
CRA as reference antenna is entirely satisfactory. It might be argued
that the reference antenna should always have a narrow beam-width in.
the vertical plane, in order to provide sufficient discrimination
against ground reflection; but, in the BE-plane, the CRA has a
beam-width - ranging from 60° to 120O over the frequency band - which
is too large to allow accurate pattern measurement in the H-plane.

To alleviate such anxiety, it should be noted that the test antenna
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employed for H-plane measurements was of the typeIPA1 : the
'ground-plane' extensions on this antenna would provide sigrificant
discrimination against ground refleetions partieularly in the main-beam
direction; however the width of the conductihg plane on IPA1

was insufficient to provide satisfactory screening against ground

reflections at frequencies below 2.0 GHz.

5.6. Comparison of Experimental and Theoretical Results

5.6.1. H-Plane Characteristics

Experimental H-plane patterns are presented at frequencies 3.0,
2.5, 2.0, 1.5 and 1.0 GHz in Figs. 5.17a through 5.2la
respectively. Corresponding computed pattersn are presented in
Figs. 5.17b through 5.2lb. A summary of measured and computed data
is given in the table of Figure 5.3%0. Measured 3 dB beam-widths
(b.w.) are accurate within + 10% approximately, and computed b.w. within
+ 2°. Measured average side-lobe levels (s.4.4.) are within + 1 dB
approximately, and computed s.f.Z. within + 0.5 dB.

At 2.0 GHz and higher frequencies very good agreement is
obtained between theory and experiment. It should be noted that
computed side-lobe levels (s.£.4.) represent an upper limit to the
actual s.f.4.. This is because for purposes of analysis (Sub-section
4.6.%.) it was assumed that the current in the load termination of
the transmitting antenna is equal to the input current. In general,
however, there would be some radiation from the regioﬁ before the
load termination; consequently the load current would actually be less
than the assumed value.,

At 1;5 GHz and 1.0 GHz, Figures 5.20 and 5.21 respectively, the

discrepancies between experimental and computed results (b.w. and



s.4.4.) become significant. It is believed that the above discrepancies
are due to experimental error-arising from ground reflections. This
explanation is strongly supported by results of probe measurements
reported in Sub—seétion 5.5.2, and the observation thatvthe :

error in measured s.£.4. appears to be + 3 dB approximately; It should -
be noted that there 1s excellent correlation between the ghapes of |
corresponding experimental and computed patterns.

The gain of IPAl was measured at 1.5 GHz and 3.0 GHz. The.
'technique chosen was the gain comparison method : first the test
antenna was connected to the receiver aﬁd matched at the input
for maximum signal 1ével (using a‘boncéntric double~stub tuner); then
a half-wave dipole was substituted‘ip the plaée of the test
antenna, at approximately the same height as the fixed CRA, and the
same procedure employed to maximize the signal level. The vertiﬁal
dipole was then mépoeu&red into a position of minimum signal variation,
and the difference (in dB) between the signai levels waé taken és the
gain of the test antenna. The fluctuation in the signal level with
dipole position was taken as the possible error in the measured gain.
The measured gains of}IPAl (relative to a half—wéve dipole) were
- 1.5dB £ 1.5 dB at 1.5 GHz, and 9 dB + 1 dB at 3.0 GHz. These
figures yield corresponding‘absolute gains for IPA2 of 3.6 + 1.5 4B
at 1.5 GHz and 14.1 dB + 1 8B at 3.0 GHz (see Eq. 4.96).

Cbﬁparison of these figﬁres with computed absolute gain values
(2.5 dB at 1.5 GHz and 15.0 dB at 3.0 GHz) indicates satisféctory
‘correlation between theory énd experiment.

| Experimental H-plane cross;polarization patterns are présented at
%.0 GHz and 1.0 GHz, Figs. 5.28 and 5.29 respectively. The following

experimental procedure was employed. The test antenna, IPAi, was
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connected to the generator and the reference CRA to the receiver.

The CRA was mounted on the mast with its dipole feed vertical for
principal-polarizalion measurements (HR = 2.45 m); and with its

dipqle feed horizontal for cross-polarization measurements (HR = 2.65 m).
For each polarization the height of the CRA was adjusted for maximum
signal level prior to pattern measurements.

The maximum variation of signal level with CRA height was also
measured. At 1.0 GHz the SWR (standing-wave-ratio) was L4 dB for
vertical polarization and 6 dB for horizontal polarization. At
3.0 GHz the SWR was 1 dB for vertical polarization and 10 4B for
horizontal polarization. These observations are an excellent indication
of errors due to ground reflections.

It is readily seen that cross-polarization at 3.0 GHz is negligible
(Fig. 5.28). At 1.0 GHz, however, measured levels of cross-
~-polarization (Fig. 5.29) were significantly higher than indicated by
analysis - even if allowance is made for ground-reflection errors.

The only plausible explanation which can be suggested for this
discrepancy is that the sizes of 'ground planes' employed in the
construction of IPAl were too small ! consequently significant

edge currents were induced, at lower frequencies, which resulted in
high levels of measured cross-polarization.

Fiﬁally, we note that (at every frequency of measurement) two
overlapping H-plane pattern recordings were made, covering the
full 360o of azimuth; direct comparison of each pair of recordings
indicated a degree of symmetry which was always satisfactory and

often excellent.
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5.6.2. E-Plane Characteristics

Experimental E-plane patterns are presented at frequencies
3.0, 2.5, 2.0, 1.5 and 1.0 GHz in Figs. 5.2%a through 5.27a respectively.
Corresponding computed patterns are presented in Figs. 5.23b through
5.27b. It should be noted that the ﬁooﬁ direction marked on the
experimental E-plane patterns corresponds to the direction of IPAZ'S
long-wire axis (i.e., Oobcorresponds to the end-fire direction);
however, the noOn difection marked on the computed E-plane patterns

corresponds to the direction normal to IPA_'s long-wire axis, and

2
ngo©nt corresponds to the end-fire direction.

Mathematically, the above difference can be expressed as:

experimental = -.etheoretical + 90 degrees

It is recognized that differences in presentation (of experimental and
computed E—piane pattérns) might unfortunately complicate comparative
inspection of results. |

A summary of measured and computed data is given in the table of
Fig. 5.31 : tolerances and errors are the same as for Fig. 5.30,
for which details were given in the previous section.

Compared to H-plane measurements, fewer E-plane measurements were
carried out, in less detail and less thoroughly. Also, in many respects
the E-plane results are less sétisfactory than H-plane results - and
certainly less reliable. Qualitatively, there is reasonable correlation
between experimental and computed patterns; for example, as regards
the shape of radiation patterns, number and position of side-lobes, and
variation of the aforesaid characteristics with frequency. Quantitatively,

however, the agreement betwéen theory and experiment was not entirely
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conclusive. For example, there was a significant lack of symmetry

in the experimental E-plane patterns, particularly within the main
beam region; experimental 3 dBvbeaﬁ—widths (bew.) were nearly one-half
the computed b.w.; and experimental average side-lobe levels (s.f.4.)
were'often higher than computed s.Z.4. (It should be re-

called that computed s.f.4. represent an upper liait to actual s.£.£.).

Fortunately discrepancies between experimental and computed
(E-plane) results can be analysed and explained with confidence. There
were four sources of error - of which three are experimental - which
we shall consider separately.

For purposes of analysis it was assumed fhat the surface of the
reactance plane was flush with the conducting-plane surface (Sections 4.5
and 4.6). This assumption does not strictly apply to the test antenna
IPA2 constructed for E-plane measurements : in the experimental
model the effective thickness of the doublé-sided reactive-plane was
3.5 cm, which corresponds to 0.35 wavelengths at 3.0 GHz. This thickness
has the effect of introducing a space-factor in the E-plane pattern,
resulting in narrower beam-widths than indicated by computation.
| A relatively minor source of error was ground reflections. The
reflection coefficient of ground near grazing incidence is higher
for horizontal polarization than for vertical polarization. Thus errors
due to ground reflections might seem more important in E-plane
meaéurements than in H-plane measurements; however, vertical b.w. of
the reference antenna was much narrower for E-plane measurements than
for H-plane measurements. At %.0 GHz, variation in signal level with
height of the reference antenna corresponded to a SWR of 5 dB
~approximately, for E-plane measurements (compared to a SWR of 1 dB for

H-plane measurements). The effect of such ground reflections is



that the recorded pattern represents a weighted average of two patterns
one in the plane ¢ = 0, and the other in the plane ¢ =~ 22°. Assuming
similar patterns in the d = constant planes, the measured pattern can
be regarded as the E-plane pattern with a maximum possible error of

+ 2 dB and - 3 dB.

This type of error generally changes slowly with direction,
especially when the test antenna has relatively broad lobes; in the
present case, the expected error is less than + 2 dB, and it is
probable that the sign of the error remains positive in all directions.

Another minor source of error was scattering in the plane of
measurements, by perimeter walls on the test-site. (This error was
negligible in H-plane measurements due to better directional properties
of the reference antenna, CRA, in the horizontal plane when the CRA
is mounted for vertical polarization). Approximate calculations based
on diffraction theory indicate that the scattered signal level in the
receiver would be below - 24 dB felative to maximum level of the direct
signal ¢ this would cause maximum errors of + 3 dB and - 4 dB in
actual side-lobe levels of - 16 dB. Furthermore, the error would
change rapidly with direction of the test antenna; thus this error is
detectable as 'amplitude modulation' of the computed pattern.
Comparison of experimental and computed patterns (particularly at
%.0 GHz, 2.5 GHz and 2.0 GHz) reveals such modulation effects which
indicate some perimeter wall scattering.

The major source of error in E-plane measurements was traced
to impeffections and lack of symmetry in the construction of the test
antenna, IPA2. Any mechanical asymmetry about the conducting plane of
IPA2 would be expected to lead to asymmetry in directional character-

istics in the E-plane.
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It was discovered that the wire-to-corrugation-tip spacings were
different on opposite sides of the conducting plane; the spacings were
b+ = 19 mm and b = 17 mm, where subscripts + and - refer to the wire
on the right and left sides of the conducting plane respectively
(looking from the feed point towards the load termination).

Approximate calculations indicate that the above imperfection
would cause errors in the main beam less than 2 dB, and a difference
less than 2 dB between s.f.4. on opposite sides of the main beam.

" Observed experimental»aSymmetries greatly exceeded estimates due to
unequal wife spacings. Therdegree of asymmetry increased with frequency
of measurements ¢ at 3.0 GHz, the maximum main lobe asymmetry was of

the order of 6 dB, and the s.f.f. asymmetry 5 dB approiimately.

It was concluded that symmetry errors were due to imperfect
construction of the feed structure (Fig. 5.7) which resulted in wire
currents of unequal amplitude and a phase differénce differing from
180°. This conclusion is supported by the following observations:

(a) at 1.0 GHz, there is a difference in the level and direction
of magimum intensities due to the two wires (Fig. 5.28a thebdifferences
are 1 dB and 50 respectively); these indicate wire-current amplitude
and phase errors respectively. |

(b) the s.l.L. on‘opposite sidesbof the main beam are different;
at 1.0 GHz, the difference is 1 dB, and increases to 5 dB at 3.0 GHz.
This indicates wire-current amplitude error.

(¢c) the pattern symmetry near (experimental) direction 1.80°

deteriorates as the frequency increases.
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5.6.3. Concluding Remarks

Measurements of radiation characteristics were carried out in
order to check the accuracy of amalysis and computer programs developed
for~prediction of characteristics. The conclusion is tﬁat the theory
is correct, the assumptions and approximations reasonably justified,
and the results of computation.accurate. This conclusion is
principally on the basis Qf H-plane measurements. E-plane errors, due to
site imperfections and asymmetries in the construction of the test
antenna, prevented conclusive interprétation of experimental
results; however, it must be emphasized that this limitation was
confined to E-plane measurements only, and was partly compensated by .-
a satisfactory amalysis of errors, based on theory and =upplementary
measurementse.

One class of errors has mnot been mentioned; that is, errors
due to the non-infinite separation between the test and reference
antennas [Ref. 5.4]. However, when these errors were significant
their céntribution to the overall errors became negligible, due to
the presence of other sources of error. One particular effect is worth
noting @ side-lobe nulls became deeper as the frequency of measurement
was decreased. This effect is feadily seen by comparing experimental

patterns at different frequencies, particularly in the H-plane.



i

-
-

A
1n

v
i

receivers

e
i

t
RSSO S

ntenna!vas-

i
a
i

)‘r;tc;': the 3

)
|

“(CRA

1

Sy

B

The test’

‘plane.
‘antentia

i
!

atter

-~

L the'.

tion

i

:Jéjz:

3N

L

He
ence’

the fixed refere

H
O

.
:
k3

RN

T

P etatioeyin

zation!

Py
4
-

“beam_,

B)

tionra

iz

in

g
i

10

ar

N ma

%ér
g

1
PR SO

bl
3 gn

SR SU p

Tecor

th'the receiver terminated

ded,

n-cireuit! (8)..

“levels

ise

»

ve

ot

pe

:
ced by

rizatio

du

-1

pol

-
{
!

inci

|

~Pr

&.

igain-re

i (receiver

.%1?

P
o

nerator

ge

i
Ll

ment ‘of'| cross=po

ftgé#

v
i
t
il

cateno

i

3

in

d

-measure

e
.
i

¢onnected to

[

JEURE DR U0 S

.

ines

ed 1

Do

Fig.| 5:28 . IP




T
L

i

nil
,!:'1

4

rizatio

i
s

~Pr

e i

ipal-pola

ing

tion |

ariza

pol

' Cross—

. [ R
iation.

4

“ira

noise

level

L.(z

1
A

pYREI W

rsdesgel

v
|

o

the H-plane, at 1.0 GHz.

The test-antenna was connected to the genecrator, and the fixed

!

ization in

volar

y

IPAl': measurement of cross-

Fig. 5.29

230

reference antenna (CRA) to the receiver.
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Freq. (GHz) 3.9 | 3.00 | 2.40 2,00 | 1.50 | 1.24 | 1.00
A (m) 0.086 | 0.100 | 0.125 | 0.150 | 0.200 | 0.240 | 0.300
I/, 12.79 [11.00 | 8.80 | 7.33 | 5.50 | 4.58 | 3.67
b/ A, 0.21 [0.18 |O0.14 | 0.2 |0.09 |0.075 | 0.06
B/k 1.0229 1.0227 1.0225| 1.0224] 1.0223| 1.0223| 1.0222
X 0.%29 | 0.280 | O.221 | 0.18% | 0.1%7 | 0.114 | 0.091
% -dB 22° 26° 30° | 32° | 320 30° 32°
beam-width (27.5°)[(26.5°) | (34.5%) | (42°) (25.5°)
average side- | -15 |-13 | -11 |- 8 |- 6 |- 5 |- &
lobe-level (dB) 1= 15) J(- 1) (- 11) (- &) (-
maximum absolute|17.7  [15.1 [11.0 7.6 2.5 |-0.4  [-2.7
gain G(aB) (14.2) (3.6)
Fig. 5.30 IPA, ¢ Table of H-plane Characteristics. Quantities

in Brackets Indicate Corresponding Experimental Values

[exception :

of 2.5 GHz was used]

1nstead of 2.4 GHz, experimental frequency
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Freq. (GHz) 3.49 3.00 2.40 2.00 1.50 1.24 1.00
A, (m) 0.086 | 0.100 | 0.125 | 0.150 | 0.200 | 0.240 | 0.200
L/x, 12.56 [10.80 | 8.64 | 7.20 | 5.40 | n.50 | 3.60
b/ké 0.21 | 0.18 | 0.1z | 0,12 | 0.09 | 0.075 | 0.06
8/x 1.0229] 1.0227| 1.0225] 1.0224] 1.0223| 1.0223| 1.0220
X_ 0.329 | 0.280 | 0.221 | 0.183 | 0.137 | 0.114 | 0.091
3 dB 29° | 33° | w2 | w0 | 58° | e’ | 93
beam-width (dB) (12.5)(( 217 ){ 24 (27.57) ( 75 )
average side- - 18 - 16 - 13 - 11 -9 -9 -7
lobe-level (dB) (- 12) |(~-12) [(~12.5) (-~ 10) (- 1)
maximum absolute|17.5  |14.9  [11.1 8.1 3.6 1.0 |-1.4
Gain G(dB)
main-beam -0 0 g 2, 1 1% 12,
dip (dB) (3.5) [(7.5) (5) (5)
Fig. 5,31 IPA2 ¢ Table of E-plane Characteristics.

[exception :

instead of 2.4 GHz, experimental

Quantities in Brackets Indicate Experimental Values

frequency of 2.5 GHz was used]
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CHAPTER VI

APPLICATIONS

6.1. Introduction

Two broad categories of research can generally be identified firét,
'basic research' which is concerned with determining the nature of a
particular phenomenon, or with thé evaluation of the general
characteristics of a particular system. Second, 'applied research' which
often requires the fulfilment of a particular specification; or the
solution of a specific engineering problem.

| The study reporfed in this fhesis is more akin to the former
research category (see‘Section 1.1). In Section 6.3 we propose some
improvements to the IPA configurations considered in the previous chapters;
and Section 6.4 contains a qualitative appraisal of the IPA for
communication;systems applications.

The preseht é%udy also overlaps with the 'applied research‘
category in two respects:

First, it should be recalled that the research study presented in
this thesis was initially triggered off by a requirement for a wide-
-band directive antenna, for which the specification was given in
Section 1.2. Even though, in the early stages of this study, this requirement
was fulfilled by a different antenna (see Section 1.2), originally it was
hoped that the IPA might turn out as a worthwhile contender. This
. expectation was based on the results of a first-order (perturbation)
analysis which indicated that the veloéity of propagation along the IPA
should be invariant with the frequegcy of operation. However, further
analysis, supported by near-field measurements (Section 3.6), indicated

that the phase velocity decreases with frequency ¢ i.e., B/k increases.
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with frequency (where B is the phase constant and k the free-space
wéve;number). This is in contrast with the requirement forloptimum-
—directivityrend-fire arfays, for which B/k should degrease with>
frequency [Ref. 6.1]. Consequently the IPA has a pattern band-width of
2:1 (approximately), which does not fulfil the specification of 7:1
bandwidth in the initial requirement (see Section 1.2).

Second, recently thére has béen a search for some means of improving
the efficieﬁcy of the Beverage antenna, for transmission applications
at HF and VHF (see Section 1.3); In this connection, we shall presenf
a tentative proposal, which is based on the pefformance characteristics
of the IPA, for increasing the efficieﬁcy of the (single-wire) Beﬁerage
antenna. ihis proposal and other pertinenf material are contained
in Section 6.2.

There are three aspects of the IPA design problem which have been
omitted from consideration in this thesis. The firstlproblem is related
to the wide-band design of launching devices requifed_to energize the'
antenna. However, this is essentially a question of wide-band design of
baluns and impedance transformers, which has been treated extensively in
the published literature [Refs. 6.2 - 6.4].

The second probleﬁ is associated with thé availability of discrete
impedance elements suitable for wide-band matching of the IPA at its
load fermination. This does not appear to be a serious practical problem,
particularly as weAsuccéssfully employed standard low-frequency resistors
to provide the anténna with a matched termination gbove 1.0 GHz (see
Section 5.3, and Fig. 5.6).

The third»and final'questioﬁ‘is concerned with the mode of excitation

of the IPA (Section L4.4). It has been shown that the anti-symmetric

mode of excitation (Figs. 4.3 and L.Lb) yields wide-band radiation
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characteristics, with the main beam directed along the wire axis. . It
turns out that‘the'gxmmetric mode of excitation (Fig. 4.l4a) would result
in a deep null in the direction of the wire axis. .This conclusion
only applies to‘IPAZ, but similar résults should also be obtained for
IPAl‘if the single wire is réplaced by two parallel wires excited in
the balanced mode (see Appendix 3C.1).

The above property of the IPA makes it eminently suitable for

direction-finding and position-fixing applications.

6.2. Proposals for Increasing the Efficiency of the BeveragebAntenna

The motivation for attempting to improve the efficiency of the
Beverage antenna was discussed in Sectioﬁ 1.3. _It should be emphasized
that the principal objective is to increase the antenné gaing reduéing
the antenna losses generally increases both the directivity and the
radiation efficiency, with a consequent improvement in the antenna
géin figures.

| The problem of increasing the efficiency of‘the Beverage antenna
can be approached in three différent wayss

(1) The antenna wire is modified such that the radiated power along the

| length of the antenna is increased relative to the power dissipated
in the ground.

(2) The grouhd is modified such that ground losses are reduced for

‘(substantially) the same magnitude of surface impedance.

(3) The wire is modified such that the magnitude of tangentialrfields
at the ground surface is reduced, thereby reducihg the antenna
losses.'

The first methed given above has already been employed by El-Enein-

and Professor Brown [Ref. 6.6]. El-Fnein's proposal essentially consists
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of periodic series loading of the horizontal wire with capacitive
elements. The resulting structure is a leaky-wave antenna (IWA) which
supports a fast-wave mode. This remarkable proposal appears to be the
only efféctive solution to date to the problem of increasing the
efficiency of the Beverage antenna; Because of the potential
applications of the ILWA, a critical appraisal of El-Enein's work is given
in Appendix 6A. |

El-Fnein has presented a comparison between the radiation
characteristicsvof the IWA and ﬁhe Beverage antenna in the band 3-30 MHz.
Unfoftunately this comparison is not éntirely realistic because the two
antennas_choéen'for comparison had very diffefent ﬁhysical parameters.

The heights of the IWA and the Bevefage were 7.5 m and 3.0 m respectively;
the lengths wére'180 m and 300 m respéctiveiy. Nevertheless it is |
possible to conclude that series capactive . loading of the wire would lead
to a useful increase in the radiation efficiency, ovef a significant
portion of the transmission band envisagéd. Consequently a reduction

in the overail length of the antenna is also pOSsiblé, but only at the
expense of reduced directivity at lower frequenceis.

it is worthwhile noting that Ege [Ref. 6.7] haé soived both boundary-
-value problems.(the Beverage antenna and the IWA) b& numeriCalkmethods,
employing point-matching techniques. His resﬁlts indicate that
El-Enein's énalysis might yield inaccurate results above 20 MHz, for
the particular configuration prdposéd.

The second method proposed for improving the efficiency of the
Beverage antenna is directly related to the research work on the IPA
reported in this thesis. For example, a set of conducting strips could
be constructed at the ground surface (Fig. 6.1), béneéth the wire, to

simulate a corrugated-plane effect. This arrangement would have the
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horizontal wire

conducting strips

lossy
ground

IR
00000
Fig. 6.1 Proposed Corrugated-Plane Geometry to Reduce

Ground losses

effect of reducing the ground losses by increasing the ratio XS/RS,
where Zs = Rs + jXS is the effective surface impedance of the gropnd.
However, the realizafion of such a system might prove too costly at HF
where antenna lengths of the order of 300 m would be required. However,
it might be possible to obtain similar reductions.in ground losses by
employing grids of wires to simulate the conducting-strip arrangement,
for example as indicated in Fig. 6.2.

The third proposal could be reaslized either by periodic series
loading of the antenna wire with inductive elements, or by coating the
wire with a thin layer of dielectric material. Both méthods would yieid
a reduction in the phase velocity of the antenna; it is expected that
there would be a significantly higher concentration of power density near
the 'inductive wire', resulting in lower ground losses. It is likely that»
the.dielectric coating would be a better practical proposition, and would

result in lower ohmic losses than series loading with inductive elements.
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antenna wire

2l A::': D /
777777,

lossy ground

Fig. 6.2 Proposed Wire-Grid Geometry to Reduce Ground

Iosses

It is worth noting that propoéals (2) and (3)-have two distinct
advantages over proposal (1), i.e., the LWA. Firstly, both proposals
would reduce the total attenuation along the Beverage antenna : this
would result in increased efficiency and increased directivity,vin
contrast to LWA's increased efficiency but reduced directivity at
low frequencies. Secondly, proposals (2) and (3) would offer larger
transient bandwidths than the LWA. This observation is based on
a comparison of B - w characteristics of the IPA and the LWA; the
lattef indicates greater non-linear behaviour.

Proposals (2) and (3) are both novel céncepts, and consequently
' require further ihvestigation to validate them. In particular it is

likely that the anténna load termination might depict critical interaction
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with radiation from the horizontal wire in proposal (3).

Finally it must be noted that horizontal arrays of closely
spaced Beverage antennas have been investigated, also for the
purpose of increasing the radiation efficiency [Ref. 6.8]. Theory
indicates that an array of 11 parallel wires, with a regular spacing
of 6 m, yields an increase of 5 dB approximately in antenna efficiency

(at 6 MHz, T increases from 56 to 15%).

6.3%3. Proposed Modifications to the IPA

The geometric configuration of the IPA chosen for analysis and
experimental evaluation, in the research study reported heretofore,had
the advantage of simplicity - which facilitatéd validation of the theory
and correlation between analytical and measured data. In this
section we shall éropose two simple modifications which should yield an
improvement in the antenna characteristics; these proposals are
equally applicable to IPAl and IPA2.

The first modification is related to the input terminals and the load
-termination of the antenna ¢ it is proposed to replace the wires which
.are perpendicular to the interface By sloping wires, as indicated in
Figure 6.3. With this modification, broad-band matching would be easiér,
Both ét the load termination (to reduce standing.waves along the antenna
length) and at the input terminals (to match the antenna to the feeder

cable).

The second modification consists of replacing the single wire
parallel to the interface by an array of parallel wires,‘aS’

indicated in Figure 6.E which shows a periodic array of four wires.
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} sloping wire at
sloping wire at input terminals load termination

reactive interface perfectly-conducting
‘ ground~plane

Fig. 6.3 Proposed Modification to the Input Terminals

and the load Termination of IPA1

The array spacing SA should be at least twice the wire-to-interface
spacing b, so that adjacent wires are only loosely coupled. This
modification has the following effects:

(1) Doubling the number of wirgs nearly halves the characteristic
impedance Zc’ and therefore the input impedance. For example, if Zc

for the single-wire IPA. is 300 ohms, the corresponding value for the

1
array of Fig. 6.4 is 75 ohms approximately. This would facilitate

the design of a broad-band balun for feeding the antenna from a

coaxial cable [Ref. 6.2].

(2) It seems that doubling the number of wires increases the
antenna gain by nearly 3 dB (see (1) above and Eq. (4.94)]. From a
mathematical view-point, this effect can be explained as follows; for
a given total wire-current, the maximum perr intensity remains constant

in the far-field; whereas the input power to the antenna is reduced

by increasing the number of wires.” However , physical considerations of
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From the Plane Interface

power conservation indicate that the increased gain can only arise from
a corresponding improvement in directivity. |
(3)‘ Proper choice of array spacing S, reduces the s.4.4. and

increases the directivity : for'optimum results from the fow -wire array,
SA should approximately correspond to the free-space wavelength at the
highes£ operating frequency. It should be noted that this improvement
is directly related to the array‘space-factor.

~ The above fesults.are based on the assﬁmption of equal wire currents.
Consequently the results somewhat depend on the method of interconnection
lbetWeen the wires, both at the input and at the load termination. The
symmetrical arrangement of Fig. 6.4 should yield at least approximately

equal wire currents.
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A practical factor which has been neglected in the above considerations
is the finite width of the reactive interface. This would redﬁce the
relative contribution of the outside wires to the radiation field, '
particularly if the separation between the outside wires and the

'edges of the reactive interface is less than one-half the waveiength.
For a particular appiication, it is expected that both the number of
wires and the width of the reactive plane would be determined by

practical physical constraints.

" 6.4. Comparison of the IPA with Other Antennas

In the design of any particular communication system, the antenna
engineer is faced with the problem of choosing and optimizing one specific
antenna system. The material of this section is pertinent to the above
problem.

For comparisbn purposes ﬁe have chosen two anternmas which have
extensive applications in the VHF and UHF bands : the Yagi [Refs. 6.9 -
6.11],‘andvthe log-periodic dipole (IPD) antenna [Refs. 6.12 - 6.16].

The cgmparison presented isAmainlj qualitative since we are not
concerned with the defailed analysis for only one specific system
application.

The Yagi antenna has the advantage of simple construction, with
relatively large tolerance requirements for manufacturing. In contrast
the IPD antenna has the diéadvantage that its construction requires small
tolerances for satisfactory operation [Ref. 6.12]; for example, for a
LPD operating in the band 0.45 - 0.85 GHz the element spacings have been
specified to within 0.5 x 102 1 (~ 1.5 x 1072 kb at the maximum frequency)
[Ref. 6.16]. On the other hand, although the construction of the IPA

is more complicated, the tolerances required are approximately one order
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of magnitude larger. Both the Yagi and the LPD have the additional
(mechanical) advantages of relatively low weight and low wind
loading, compared to the IPA. However, IPAl can be flush mounted

on a structure (e.g. on a building, sh ip, or sattelite), whereas the
other two antennas generaily require significant clearances for
satisfactory operation.

The differences between the three antennas become even more
significant when fheir electrical characteristics are considered. The
most important difference is the (steady-state) bandwidth B, defined
as the ratio of maximum to minimum frequencies. (The bandwidth is
defined with reference to a specification of minimum required gain,
or directivity, and maximum permissible standing—wave;ratio at the
input; for example see the specification given in Section 1.2).
Typical feasible values of Bs are 1.2, 10 and 2 for the Yagi, IPD and

IPA respectively. However, the above figures refer to the steady-state

bandwidth only. The transient bandwidth Bt of the LPD is much smaller
than its BS [Ref. 6.14]. This is predominantly due to the active
region of the LPD moving along'the antenna towards the apex with
increasing frequency. Consequently, when a wideband signal (e.g., a
narrow pulse) is transmitted the higher frequencies are radiated before
the lower freguencies. The Bt of the IPA is expected to be much
closer to its BS due to two factors ! its B - w characteristics are
fairly linear; and the phase cehtre of the antenna is almpst fixed near
its physical mid;point. Hence the IPA might be a more attractive
propositibn than the ILPD for some wideband-signal (or pulse) applications.
Both Yagi and LPD antennas depict faifly constant gain

characteristics over the bandwidth : typical gain variations are + 1.5 dB

and 0.5 dB respectively [Refs. 6.11 and 6.16]. In contrast, the gain of
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the IPA increases with frequency.  Again, this might be regarded as
a desirable feature of the IPA if it is noted that the transmission
loss between two isotropic antennas also increases with frequency
[Ref. 6.17]. Furthermore, the gain-frequency characteristics of the IPA
can be controlled by proper choice of the corrugation depths.

Finally we note that both Yagi and IPD antennas have more
compact sizes than the IPA, for similar (average) gain figﬁres.
The LPD and the Yagi have the lqwest and highest s.Z.4.'s respectively :
< - 20 dB, and < ~ 8 dB. On the other hand the IPD has the widest
beam-width (~ 60°), whereas the IPA has the narrowest beam-width

(~ 30°, at the maximum frequency).

6.5. Suggestions for Future Work

In the final analysis there remains one approach to fesolve the
controversyAassociated with the Beverage antenna (Sections 2.2 aﬁd L.3)
and that is the experimental technique. We suggest that the attenuation
and phase constants should be measured along a prototype Beverage
antenna, for a number of different launching devices, over the band
20 - 100 MHz. Furthermore, the variation with frequency of the
tangential field components.at the surface of the ground, say directly
Vbelow the wire, should be determined. Another experiment, which would
provide further insight iﬁto the mode of action of the antenna, would
‘consist of determining the spatial variation of the field above the
wire, preferably at a number of discrete distances from the antenna
input terminals. |

The two novel proposals for increasing the efficiency of the
Beverage, Section 6.2, also constitute suggestiouns for futuré work.

As regards the IPA, there are many possibilities for further



research work. However, we shall confine ourselves to only two
suggestions.

The theory presented in this thesis is relatively simple and
depends on the validity of many physical approximations. It should be
very useful to determine the quantitative limits of its validity by
cafrying out further complementary measurements on sfructures with
deeper corrugations and different wire-to-interface spacingé.

Finally, it might be possible to achieve shorter IPA lengths,

or wider (steady-state) bandwidths, by departing from the uniform
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cross-section principle. In this connection, we offer two suggestions :
’ .

a linear variation along the antenna length, of either the wire-to-
~interface spacing or the corrugation depths; and, secondly, a
periodic variation of the corrugation depths to simulate a modulated

surface reactance.
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APPENDIX 6A

A CRITICAL APPRAISAL OF "A LEAKY-WAVE

TRANSMITTING ANTENNA FOR THE BAND 3 - 30 MHz" [REF. 6.5]

generator - termination load

—_—

—HHHHHHHHI——{HH

7% 7 7

lossy ground

Fig. 6A.1 Schematic Representation of the Leaky-Wave

Antenna (IWA)

- The Leaky-Wave Antenna (IMA) has been proposed as a modificatioﬁ to
the Beverage antenna, in order to increase the efficiency of the latter
so that the same antenna caﬁ also be used for transmission (as well as
reception) in the HF band [Ref. 6.6].

The basic form of El-Enein's proposed LWA is depicted in Fig. 6A.1.
The antenna consists‘of a straighf length of wire above plane ground;
the wire height is b, radius a, and length L. The wiré is series
loaded with discrete impedance elements 2 (normally capacitance elements),
with pefiodic spacing S. When the antenna is used for transmission,

the generator is connected between one end of the wire and ground; the
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other end of the wire is grounded through a discrete termination load
Zn (which is normally open-circuit).

Unless otherwise stated, details given in square brackets
refer to El-Enein's thesis [Ref. 6.6].

Fl1-FEnein's thesis can be divided into three main parts: part 1
[Chapters 2 and %] consists of the analysis of the basic system (Fig. 6A.1)
when both the wire and the plane ground are perfectiy conducting;
part 2 [Chapter 4] extends the analysis to plane ground with finite
conductivity; and part 3 [Chapter 5] describes and evaluates various
modifications to the basic system, such as multi-wire structures and
distribufed loading techniques. Experimental results presented in the
above>thesis are relevant to part 1 only, i.e., to the study of the
basic system employing a perfectly-conducting ground plane.

The above thesis répresents an important contribution to the field
of.antenna engineering, and the LWA concept is a remarkable solution to
the problem of increasing the efficiency of the Beverage antenna.
However, the thesis contains a number of errors and shortcomings which
should be noted, if only because of the significant applications of the
proposals. In the remainder of this appendix, some important sources
of error in El-Enein's proposals will be enumerated; analytical errors
not affecting the conclusions will be excluded. It is emphasized that
these errors do not detract-from the value of El-Enein's work; merely
that specific applications arising from his proposals might require

some modification in order to achieve optimum results.

Appraisal of Part I (perfectly-conducting ground)

The analysis of the basic system (with perfectly-conducting

ground) is generally elegant and effective. The propagation constant
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along the antenna is obtained by an.iterative process invoiving three
steps:

(1) The phase constant, B, along the antenna and the characteristic
impedance, Zc’ are obtained by a circuit analysis of a uniform
periodic section of the antenna which is regarded as a lossless
transmission line with (periodic) series capactivie loading, jXp
[pp 20-24]. |

(2) The far—fiela of the antenna is represented as an angular
spectrum of plane waves due to a'horizontal line current above plane
perfectly-conducting ground. Integration of the far field yields the
attenuation constant corresponding to the total power radiated per unit
iength of the antenna [pp 26-31].

(3) A series.resistanCe R;, is introduced into the equivalent
circuif‘of the unit section of the antenna, in order to represent
the radiation losses. The propagation constant vy = o + jPB and the
characteristic impedange Zc are calculated again in terms of the new
value of the loading impedance ZL = RL + jXL [pp 31-32].

Theré is excellent agreement between computed and measured values
of the propagétion constant [pp 49—50].

The far-field analysis for calculating the radiation pattern
[pp 53-62] is similar to that presented in the present thesis,
Sub-gection 4.6.2. However, El-Ene;n assumes that the surface of the
LWA is perfectly-conducting [p. 54]: this is incorrect, due to
periodic capactive loading which requires non-zero gaps in the antenna
wire-structure. Consequently, El-Enein;s calculations in terms of an
equivalent space distribution of electric current denéities negleéts
possible contributions from the necessary distribution of magnetic

current densities.
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Another questionable approximation is El-Enein's assumption of
uniform current distribution in the terminal wires [p. 58]. At bvest,
this is a reasonable approximation for an antenna heightvless than
one-quarter wavelength; the height of the proposed IWA is 7.5 m, i.e.,
three-quarters wavelength at 30 MHz [p. 16].

Comparison of El-Enein's computed and experimental radiation
patterns indicate discrepancies exceeding 12 dB in the side-lobe levels;
shapes and.positions of computed and experimental side-lobes are also

different [pp 70 - 73].

Appraisal of Part II (finite ground conductivity)

In this part [Chapter 4] the following sources of error can be
identified:

(1) The ground losses are assumed to be the same for loaded-wire
and unloaded wire structures [pp 79-81]. This assumption seems
unjustified, because the magnetic field at the surface of ground is
heuristically expected to be greafer for a fast-wave line source than
for a slow-wave line source; consequently, El-Enein's results ‘
for 1dssy ground could only be correct to the first order of approximation.

(2) The loading effect of lossy ground is calculated according
to Knight's formula [pp 77 - 8l]. ZEarlier in this thesis (Sections 2.2
and 3.3.3), it was emphasized that Knight's formﬁlaé yielded
substantial errors at frequencies above 10 MHz. Consequently El-Enein's
equivalent-circuit eiemenfs,répresenting the loading effect of the
ground,ére approximatély correct below 10 MHz only.

(3) It is assumed that the attenuation op due to radiation is the
same for perfectly-conducting and lossy grounds [p. 81]. This is

incorrect, since an unloaded wire above lossy ground radiates. However,
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it is possible that the change in O due to ground loading effects,
is negligible at some frequencies. Nevertheless the conclusion

"the directivity of the aerial will decrease as the length increasesﬁ
[p. 85] seems questionable.

(4) The direct comparison between the characteristics of
loaded~ and unloaded-wire antennas above lossy ground [pp 85 - 90] is
somewhat misleading; because the height of the LWA above ground is
7.5 m, whereas the height of the Beverage antenﬁa(unloaded wire above
ground) is 3.0 m only. [The latter height is given by dos Santos:

Ref. 6.8, p. 78].
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LIST OF PRINCIPAL SYMBOLS

wire radius

spacing between the wire axis and the interface
free-space velocity of propagation

depth of corrugations

electric field strength (E% = transverse component)
magnetic field strength (Et = transverse component)
free-space wave number (= ZH/AO)

wave number of medium 1 (= k)

wave number of medium 2

complex relative permittivity of ground
corrugation periodic spacing

thickness of corrugation walls

phase velocity along the artenna

intrinsic impedance of the dielectric medium (free-
-space) »
characteristic impedance of the antenna
characteristic impedance of the ideal transmission-
-line corresponding to the antenna geometry
normalized value of ZCo

surface impedance

normalized value of Zs

propagation constant along the antenna

intrinsic propagation constant of medium 2
dielectric constant of medium 2 (ground)

free-space waveléngth (= 2n/k)

conductivity of medium 2 (ground)

angular frequency
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