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ABSTRACT:

This thesis deals with the use of planar near~field measurements for
characterizing and modeling general electromagnetic radiators, particularly
non-directive ones.

Relationships between the measured field on a plane and the equivalent
currents on the radiator plane were established. These were used to determine the
resolution with which these currents can be mapped. The equivalent currents
then serve as a model from which the radiator external field can be calculated, It
was shown that significant filtering of measurement errors results from the
utilization of such a model. The consequent reduction in errors was estimated.

The behavior of the measurement probe was studied in depth. The two general
probe types, wire and aperture, were analyzed, and field extraction formulation
and procedure were established.

The techniques developed were applied to the experimental study of three
different radiators leading to new information about their behavior. Results show
close agreement between the calculated field values from the model and those
measured directly.
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RESUME

Cette thése porte sur l'utilisation des mesures planaires des champs proches en
vue de la caractérisation et de 1a modélisaticn des radiateurs électromagnetiques
en général, et en particulier des non-directionnels.

Les relations entre le champ mesuré sur un plan et les courants equivalents du
plan radiateur sont établies. Elles sont utilisées pour determiner la resolution avec
laquelle ces courants peuvent étre tracés. Les courants équivalents servent ensuite
comme modéle a partir duquel le champ externe du radiateur peut étre calcule 11
est prouvé qu’un filtrage significatif des erreurs de mesure découle de I'utilisation
d'un tel modele. La réduction des erreurs est estimée.

Le comportement de la sonde de mesure est etudie en détail. Les deux types
généraux, a fil et 3 ouverture, sont analysés et une procédure et une formulation
de I’extraction du champ sont établies.

Les technigues développees ont ete appliquées a I’étude expérimentale de trois
différents radiateurs, conduisant 2 des avancées dans la connaissance de leur
comportement. Les résultats démontrent un bon accord entre les valeurs du
champ calculées d'aprés le modeéle et celles mesurées directement.
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CHAPTER ONE

INTRODUCTION

Near-field measurement techniques have, in the past decade, become an important
component of antenna metrology and are, in many applications, replacing classical ones
such as far-field range techniques. The methods developed have proved practical,
reliable, cost and space effective n measuring the far-tield behavior of large, highly
directive antennas. Accordingly, the methodology of the measurement and the analytical
work, used to determune the far-field, are largely ditected to deal with this type of
antenna. The work presented here, on the ather hand, examines the near-field
measurement theory for electromagnetic radiators 1n general Dealing with non-diiective
radiators has, therefore, required a re-examination and extension of the current practice
in handling near-tield measurements. This thesis considers the applications of planar
near-field measurement on such radiators to determine the equivalent radiating currents
at the radiating sources This enabled the evaluation of other radiation characteristics of
the radiator, such as the near-field and the far-field from these cuirents.

Large, highly directive antennas are usually complete radiating systems, e.g. satellite
or earth station antennas, and their specifications, particularly the far-field behavior,
need to be tested. Non-directsve 1adiators, on tne other hand, differ in that they may
form parts of the antenna system, such as feeds or array elements. A known radiating
current model 15, therefore, useful for integration into an antenna system. Alternatively,
this might be non-intentional radiatot, such as a junction or a discontinuity in a
microwave integrated circuit, which produce radiation. This radiation is usually not
desirable, but definitely needs to be taken into account.

The following section discusses the basic ideas and the state of the art in the subject
of near-field measurements An extensive amount of literature exists about near-tield
measurements. Introductory references include the chapter on antenna measurements in
the Handbook of Antenna Design(V), and the special 1ssue of TEEE Transactions on
Antennas and Propagation(?) The review paper by Yaghjian(®) is of particular interest,
and it contains a major bibliography on the subject. The physical and mathematical
nature of the problem 1s discussed in the third section as an overview of the ideas that
are dealt with in the following chapters. At the end of this chapter, the necessary
conventions and terminology employed in the subsequent chapters are clarified, followed
by a section pointing out the original features that this thesis has introduced.



1.1. Development of Near-Field Measurements Principles and Techniques:

The ,:actice of near-field scanning of microwave radiators was pioneered in the early
1950's. The main purpose was to understand the radiation mechanism or microwave
antennas, scatterers and lenses, which was »ssential in the development process of radar
systems. Amphtude and phase field maps were indispensable in understanding the
radiation and diffraction phenomena 1n the microwave frequency range, and of the
departure of the radiated field from the geometrical optics approximation in the vicinity
of radiators and scatterers The available scanners and data acquisition permitted the
plotting of some detailed field structures, such as the one shown by Sletten(4) as
Figure (17 5) The computing power and processing algorithms available at that time did
not permit further elaboration For the same reasons, there were no attempts to produce
the original fields from the measurement probe data There was, however, some interest
in the development of probes for that purpose(5)

Some interest 1in the evaluation of the far-field radiation pattern using the near-field
measured data evolved in the early 1960%. Brown and Jull(6) experimented with two
dimensional radiators using cylindrical wave expansion: Field values were extracted from
the measurement probe data using simplified probe models and the radiation pattern was
predicted “rom this data

The 1equirement of smaller space for testing large antennas has led to the
development of incoor testing. Other advantages are gained from indoor measurements,
such as independence from weather, confidentiality, and above all, freedom from
reflections from the surroundings due to the utilization of anechoic testing chambers.
Near-{ield testing of microwave antennas became practical, especially with the evolution
of computer control and data acquisition, and the development of the algorithms
necessary for efficient calculation of the far-field radiation pattern from the near-field
data. This led to the development of modern near-field antenna testing practices, whose
principles are reviewed n the following sub-section.

1.1.1. Radiation Pattern Prediction:

One of the characteristics of a field described by Maxwell's equations is the
uniqueness principle(7?), which implies that the field in a closed region can be uniquely
determined if the tangennal electric or magnetic fields on the boundary are specified. It
follows that when the tangential field on a closed surface surrounding electromagnetic
sources, e.g. an antenna, is measured, the field exterior to that surface can be uniquely
specified. The source-free region in this case is the one bounded by the closed
measurement surface and infinity, at which the field is known to vanish. If the
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measurement surface is of infinite extent, such as an infinite plane separating two half
spaces, the field in the empty half space is unique. This is the basis of the far-field
radiation pattern evaluation of an antenna from the near-field measurement. The details
involve the shape of the measurement surface and the measurement technique. The
Huygens-Fresnel principle(8), which states that each point on a given wave-front can be
regarded as a sccondary source giving rise to spherical wavelet, provides one way of
calculating the fields. An alternative way of expressing this, is by using the Equuwalence
theorem(7) to replace the measured field by equivalent electric and magnetic curtents,
and then calculating the field contribution from these sources, as implied by

equations (2.1) and (2.2) in this thesis.

There are problems in employing this approach of direct calculation of the tui-tield
Performing an integration over the measurement surface for each point on the far-field
is numerically inefficient. There is also no criterion defining the sample spacing on the
surface of measurement, which might result in measuring a prohibitively large number
of unnecessary data points. This approach necessitates measuring both the tangential
electric and magnetic fields at each point, which can be impractical. The assumption
made here is that the field can be measured at a point, which 15 not true, since the
probe has to have a finite size. It is worth mentioning here that such an approach
excludes any possibility of using the measured data to gain information about the field
interior to the surface of measurement.

The modal expansion of the electromagnetic field simplifies the above mentioned
difficulties. Stratton(®) had formulated the modal expansion of the solution of the
homogeneous (source-free) Helmholtz equation, in which a solution is expressed as an
integral of elementary solutions over the mode variables, or:

F(r“-)==fﬁbixt,(a.m’r‘,(a.ni)* An(@. BT (. B.7) | dad (1)

where; E(r)is the electric field as a function of the space variable 7. /', .(a.}./)are
the TE and TM elementary solutions, respectively, as functions of the space variable,
and defined by the modal variables a and 3. The weights for each mode are 1, ,.(a.[3).
which, when specified over the domain of the mode variable, wall result in an analytical
description of the field over the source-free region. Examples of elementary modes are
plane, cylindrical and spherical waves, for which the specific forms of Equation (1.1)
can be found elsewhere(13)

The above description of the field made it possible to design practical measurement
procedures. In these, the measurement of the near-field over planar, cylindrical or
spherical surfaces results in the determination of the weights of each mode in planar,



cylindrical and spherical field expansion respectively. The main reason for specifying
measurement surface shapes is the fact that the Helmholtz equation is separable in these
coordinate systems, and the modes are orthogonal over these surfaces. This allows the use
ol Fourier transformation for planar surfaces and equivalent transforms for the other
two shapes(!), This will be shown in Chapter Two when dealing with the planar field
expansion. The modal field expansion facilitates the derivation of asymptotic expressions
for the far-tield directly from the modal weights, as derived by Collin(19) for
plane-wave modal expansion, and as summarized by Yaghjian(3) for the three forms of
expansion indicated here.

The modal field expansion also allows the definition of measured field sampling
criteria. This is demonstrated in Section (2.5) of this thesis for planar measurements, and
there exist similar criteria for the other scanning schemes(11,12), The utilization of field
expansion represents the state of the art in near-field measurements for radiation pattern
prediction. Research on this subject concentrates on improving the accuracy and
efficiency in calculating the far-field(2),

There has been some work reported recently(13.14) which uses the equivalent currents
at the radiator aperture to evaluate the far-field. These equivalent currents are calculated
from exterior field measurement This approach is similar to that employed in this thesis
in the sense of utilizing the equivalent currents, but differs in the method of evaluation
of these currents. This has resulted in major differences between the two approaches
regarding experiment design and measurement error handling. A comparison between
them was, therefore, detailed later in Chapter Five.

1.1.2. Antenna Diagnostics and Near-Field Metrology:

One application of near-field measurements is to gain information about field
structure in the vicmnity of the radiators. As stated earlier, the first near-field
measurement practice was concerned with using near-field data to produce field maps,
which can be used to understand the radiation phenomena of different antennas and
scatterers. There were no attempts to process these results further. There is still some
interest in this approach. especially for antennas where understanding of the radiation
mechanism is not highly developed Levine(15) reported some work on probing the field
very close to microstrip radiators He produced pictures of the field by scanning the
measuring probe very close to microstrip patches and arrays. In spite of the valuable
information that can be gained from these plots, they cannot be used for quantitative
evaluation of the immediate field of the radiators because of the close proximity of the
measuring probe to the radiator surface. This proximity causes modification of the
original radiation mechanism of the radiator by the measuring probe.
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Frayne(16) has recently repcrted a technique he developed for surface-field metrology
of open microstrip structures. The technique uses a small monopole for producing
detailed electric field maps of the normal component over these structures, for diagnostic
purposes. This technique has been developed independently here, and used by the authos
to produce similar maps for model confirmation and qualitative field probing as
demonstrated in sections (3.1) and (3.2). The method, however, cannot be used to gain
precise quantitative information about the immediate field, because of the strong
interaction between the radiator and the measuring probe,

The modal field expansion allowed the development of some techniques, that use the
near-field data measured at moderate distance from an antenna, to predict the immediate
field at the surface of the radiator. These techniques are based on the fact that once the
complex amplitude of each mode, A. .(a.8) in Equation {1.1), is determined, an
analytical representarion of the whole field structure throughout the source-fiee 1egion
results. However, this can also be used to evaluate the field back at the radiator surfuce,
provided the radiator itself is excluded from that region. The limitation in this case is
that some modes grow larger as they are referred backwards, and their calculation at that
surface will result in significant multiplication of the measurement errors. These modes,
sometimes called nvisible, are contributed by the reactive part of the field around the
radiator, which decays rapidly away from the radiator. The inability to use these modes
in radiator surface-field metrology permits only the possibility of gaining partial, or
smoothed, reconstruction of the field. This limitation is discussed in detail in chapter
two of this thesis for the planar near-field scanning scheme.

The above technique 1s applied in antenna diagnostics, in which the field on a
reflector antenna surface 1s estimated io locate deformations of the reflecting surface
using near-field measurement on planar(17), plane-polar(18) or complex radiation pattern
measurement, which is similar in principles to spherical near-field scanning(19). Another
application in antenna near-field metrology is to locate faulty elements in large planar
arrays, by measuring the near-field and referring back to the array plane(20), All these
applications involve large reflectors or arrays, for which only a small range of modes
need to be considered in mapping the antenna surface because of the high directivity of
these radiators. The type and behavior of the measurement probe, also, does not pose

serious issues in dealing with the measurement results as will be demonstrated in the
following two chapters in this thes:s.

There have been some attempts to map the immediate field of small, non-directive
radiators, such as a shit, using near-field measured data{21), and employing an extension
of optical holographic techniques into the vector electromagnetic field. The method uses
modal field expansion, but makes assumptions about the radiator, such as boundary
conditions and analytical continuation, to predict the non-radiating modes. This resulted



in improved imaging resolution, but quantitative uncertainty. In fact, source imaging in
this case uses a form of regularization discussed in Section (2.2). The resulting mapped
sources, therefore, cannot be used to represent the radiation behavior of the radiator.
The work reported by Joy(22:23.24) which uses spherical backward transform, to find the
immediate fields of radomes and small radiators, 1s successful in dealing with the
non-directive radiator because of the use of spherical near-field scanning, It is
necessary, however, to enclose the whole radiator including the supporting structure, by
the scanned surface The method is therefore not applicable to small radiators with large
supporting structures, such as those dealt with in Chapter Four

The utilization of the equivalent currents of the radiator to calculate the exterior
fields at non-asymptotic distances, ie. near-field, is discussed in Chapter Two of this
thesis. Lewis and Newell(25), evaluated the near-field of a directive antenna directly
from the plane wave spectrum (modai expansion in cartesian coordinate system) of the
measured field, using local integration of the plane wave spectrum. The main problem in
applying this approach to a non-directive radiator is the accumulation of certain
measurement errors on small area of the plane wave spectrum as will be discussed in
Section (2.7). This might effect the accuracy of field calculation if the local spectrum
integration was carried out over this area.

1.1.3. Field Probe Consideratinns:

In the early applications of near-field measurements, the measurement probe output
was considered to be proportional to one of the field components at the point of
measurement. This required the selection of probes with small effective aperture, highly
polarized with enough output power to activate the measuring instruments(5),
Woonton(26) concluded that a probe should not be longer than one-half wavelength,
linearly polarized, and not more directive than a half-wave dipole. These requirements
were convenient for qualitative field mapping. Probes that fit these requirements are still
be.ng used in investigative and diagnostic measurements(16,27,28),

Interest in near-field measurement for radiation pattern prediction had imposed the
consideration of detailed behavior of the measuring probe. The 2arly work on this
subject by Brown and Jull(®), using cylindrical near-field measurements, had considered
the averaging effect of the field probe discussed in Section (3.1). They proposed
compensating for that effect by multiplying each mode by a constant which could be
derived from the probe radiation pattern using the reciprocity theorem.
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The emergence of near-field scanning as a technique of antenna measurements had
encouraged the search for more rigorous methods to account for the measuring piobe,
One of the early works is the introduction by Kerns(29.30) of the plane-wave scattering
matrix, which deals with the problem as three cascaded networks the antenna under test
is a single-input multi-output network, with the anteana feed as the input and each
planar mode as an output port The space separating the antenna and the probe modities
each mode according to the propagation constant of that mode, and the measuring probe
is a multi-input single-output network. with each propagated mode as an wmput, and the
measured probe voltage as an output. This enabled the utilization of an S-parameter
circuit representation to construct the planar modal expansion of the radiated fietd from
the measured near-field on a plane The far-field is evaluated asvmptotically from that
expansion as stated earlier. This theory. which was later documented in a book(30) uses
the circuit form of the reciprocity theorem and assumes that negligible multiple
scattering occurs between the antenna under test and the probe The multiple scattering
will complicate the interaction mechanism between the antenna and the probe by
modifying the electiomagnetic behavior of the antenna while the probe is scanning,
Coupling between the probe and the radiated modes, which is otherwise a linear
convolution relation, e g Equation (3 1), becomes a highly comphicated phenomenon.

The use of modal expansion, the reciprocity theorem and the assumption of nepligible
multiple scattering 1s used throughout subsequent work pubhished about this subject,
Variations exist such as consideration of different scanning geometries(12,31.32) applying
the electromagnetic fields version of the reciprocity theorem(33), and the analytical
convenience resulting from expressing the measured probe output as a vector with each
component corresponding to a probe orientation. The latter proved valuable in this thesis
in representing the probe output voltage.

In the formulation associated with the near-field measurement, the mathematical
representation of the probe was by either the modal expansion of the fields exterior to
the probe as a radiator or by the phasor radiation pattern of the probe This represents
both analytical and experimental convenience, since the phasor radiation pattern of the
probe can be measured with acceptable space investment. This is attributed to the small
size of the probe, and to the fact that the radiating part of the modal field expansion
can be evaluated from this phasor radiation pattern(34) Coupling between the antenna
under test and the measuting probe is expressed in terms of the modal expansion of the
fields radiated by both(1), or their complex far-field radiation pattern(35). The selection
of the probe and the evaluation of the probe performance under near-ficld measurement
environment are determined by the characteristics of the probe such as the gain and the
shape or location of nulls in the radiation pattern. In other words, the probe output is

supposed to respond, in a measurable way, to all the expected significant radiated modes
from the antenna under test.

-7-



The effect of the probe behavior varies depending on the shape of the measurement
surface and the antenna under test(3). The most severe case is in the planar scanning
surface, and non-directive radiator, where the coupling between the probe and the
radiator under test will depend on the probe receiving characteristics for large
off-boresight angles, while for the spherical scanning surface, the boresight direction of
the probe will always be facing the radiator under test, so that for a scanning surface
radius of several radiator diameters, the probe behavior need not be considered
off-boresight,

1.2. On Thesis Objectives and Methodology:

A unique definition of the electromagnetic fields can be accomplished through
defining the sources, or the radiating currents. In the Near-Far-Field transformation
technique, the near-field data is considered to represent secondary sources from which a
unique far-field can be defined. The complete description of the radiation from a
general electromagnetic radiator, however, requiies the definition of equivalent radiating
currents on the radiator surface, from which the field at any point exterior to the
radiator can be calculated The equivalent sources can be measured directly if there is
available some measuring probe that does not interact electromagnetically with the
measured sources. Usually this is not possible even as an approximation, since a
measuring probe must absorb power from the sources, and consequently, must have a
finite size. Its presence, therefore, may highly modify the sources or the radiation
mechanism It is possible, however, to use the near-field data, measured at some
reasonable distance from the radiator, to gain information about the radiating sources.
Chapter Two in this thesis deals with the problem of employing planar near-field
scanning to determine the source distribution,

The limitations in the evaluatioa of the equivalent sources are defined for different
source representations in Chapter Two Measurement configuration and parameters for
this purpose are suggested Furthermore, the chapter defines the problem encountered in
finding the field quantities in the near-field region from the measured near-field data.
These data are available, for practical purposes, in the form of plane-wave spectra. A
method is, therefore, suggested for evaluating the near-field quantities. A study of the
effect of etrois on the near-field evaluation is carried out in the same chapter, and the
problems in the calculation of the near-field directly from the plane wave spectrum are
discussed for non-directive radiators. A major consequence is that it can be shown that
the use of the equivalent current model to determine the external fields tends to filter
out some of the measurement errors. The extent of this filtering is evaluated.



¥

¢

Rl

W

It is assumed in Chapter Two that the field data at the surface or plane of
measurement is available from the measuring probe. Chapter Three deals with the
extraction of the field quantities from the measurement probe output voltage. It is
demonstrated there, that the characterizatu n of the measuring probe i1s of significant
importance in the interpretation of the rueasurement results. The probe behaviot undet
the planar near-field measurement environment 1s examined thotoughly tc determine, in
addition to the method of field extraction, the lhimitations imposed by the measurement
noise and uncertainty, and the significance of the probe type on the interpretation and
extraction process. This chapter introduces some theoretical and experimental methods
for determining the field extraction parameters for the measuring probes, and finally,
indicate the advantages of the adopted technique in comparison with the known
approaches.

Chapter Four deals with applications of some of the developed theory. The first
radiator dealt with is an approximation of an infinite, open, microstrip edge. Diagnostic
field probing is used to validate the approximation, and scanned measurements are used
to gain useful information about the edge. The second part deals with a small microstrip
patch radiator. In this case, the field has three dimensional structure compared to the
two dimensional structure of the previous case The aim, in this case, is to examine the
extent to which the near and immediate field measurement can be used to reveal the
radiation behavior of such a sub-wavelength sized antenna. The third radiator considered
is a horn cluster used as a feed for a satellite reflector antenna. This represents a case of
a relatively larger radiatoir, which is stilt not highly-directive. Dealing with this kind of
radiator is an attemipt to find a practical application of the equivalent source mapping to
represent the external field of the horn cluster It is noticed that for the three cases
considered, the planar near-field scanning offers the most practical way of probing the
field close to the radiator, because of the relatively large size of the supporting structure
compared to the size of the radiating areas themselves.

1.3. The Theoretical and Mathematical Nature of the Problem:

Most of the theoretical and analytical work that this thesis deals with falls into one of
the following categories:
i) The evaluation of far-field from near-field, or the near-field from the equivalent
sources.
ii) The evaluation of the equivalent sources from the near-field measured data.
iii) The extraction of the field values from the measuring probe output voltage.



These cases are mathematically modeled throughout the thesis, such as equations (2.1)
and (2.2), with the unknown outside the integral for case (i), the same equations with
the currents as the unknown inside the integral for case (ii), and Equation (3.1) for the
case (iii).

It is noted that the basic mathematical form of the three cases can be described by the
relation:

Ax=0 ....(1.2)

where Ais a convolution operator, x is the function describing sources (cause) on which
A would operate to produce the effect b. By analogy to the cases described above, x is
the measured near-field, the equivalent sources, or the field incident on the measuring
probe for the three cases respectively. On the other hand, & represents the far-field, the
measured near-{ield or the measuring probe output voltage, respectively. This way of
looking into the problem will identify case (i) as the forward evaluation of an integral,
for which one has only to worry about ensuring proper sampling of the sources (the
measured near-field) to guarantee a correct evaluation of the far-field.

Cases (1i) and (ii1) involves the solution of an integral equation, with the unknown,
the equivalent sources or the near-field respectively, inside the integral, from the
knowledge of the quantities outside the integral, the measured near-field or the probe
output voltage respectively. This is easily distinguished as an inverse problem. One has to
worry, in addition to the source and effect sampling, about the existence, uniqueness,
and the sensitivity of the solution(36:37), It is necessary to modify the convolution
relation to facilitate partial solutions, and to examine the limitations of these solutions.

The physical nature of the problem comes from the fact that the operator A is defined
by the measurement configuration in cases (i) and (ii), and additionally, by the probe
geometry and orientation in case (ii1). This implies that these factors play direct roles in
defining the mathematical pioblem and the possibility of a solution. This link enabled
setting criteria and rules for measurement configuration, probe selection and design as
demonstrated by the following two chapters.

It seems that the majority of the theoretical work in this thesis can be described in
the above abstract fashion, except at some points of the work, where it is important to
use unprocessed information gained from raw measurement data for investigative or
diagnostic purposes,

-10-
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1.4, Comments on Conventions and Terminology:

The terms immediate, near- and far- field are used extensively in this work, to define
regions in the space exterior to the radiator, based on the nature of the field at these
regions. The immediate field region is that where the 1adiator reactive field is
measurable, due to the existence of the non-propagating modes in addition to the
radiating ones. The near-field region, which is further away from the radiator, is
dominated by the radiated modes, while the reactive modes are not detectable. The {icld
at a point there, however, cannot be assumed as the contribution of a single plane wave
as is the case with the far-field region. In the far-field region, on the other hand, the
radiator is far enough that it will behave like a pcint radiator. The field quantities will
accordingly have o '**" /) dependence where: 1 is the radial distance and i, is the
intrinsic wave number of the medium.

There are no strict criteria to define boundaries between these regions, but based on
experience in near-field measurements, the immediate (or reactive) ficld region extends
to within one wavelength away from the radiator surface. The near-field region extends
up to 2D?/A+ N from the radiator, where /2 is the largest antenna dimension and A is
the wavelength at the operating frequency. Sometimes the immediate {ield region is
considered as a sub-region of the near-field region(3). The use of modal expansion made
it convenient, occasionally, to use the term evanescent region for the immediate field
region, because of the significant contribution of the evanescent (or reactive) modes in
this region.

Great advantage was gained 1n this work by employing the concept of duality between
the electric and magnetic fields and currents The terms field, current or current
distribution when used without specifying their type, implies that the discussion applies
to both electric or magnetic fields and currents.

The modal (or eigen function) expansion has been used in this work, as is the case
with most of the literature dealing with near-field measurements. The planar modal
expansion has particularly been used, for which different terms were employed to
designate this expansion such as plane wave spectrum(39), spectral domain representation
or angular spectrum(38), because of the Fourier transform relationship between the modal
representation and the space domain dependence. This terminology was discussed by
Zucker(10) and accordingly, the terms spectral domain representation and spectral
variables refer to the planar modal expansion and the modal variables, as opposed to the
space domain representation and space variables. The terms field or current mapping
indicate the evaluation of space domain description of the fields and currents.
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1.5. Claim of Originality:

The author would like to claim the originality of the following features presented in
this thesis:

1. The utilization of an equivalent current distribution, calculated from planar
measurement data, as a model from which the external fields of the radiator under test
can be calculated. It is shown in Section (2.6) that this will result in stable calculation of
the near-field quantities, and also shown in Section (2 7) that the possibility of space
domain truncation of the equivalent current distribution will result in significant
reduction in measurement errors The amount of reduction in measurement errors was
estimated. The technique was applied to the radiators tested in Chapter Four, where the
utility and the advantages of the approach was demonstrated. These measurements in
themselves are also original contributions.

2. The definition of the mapping liinitations of the equivalent currents (or the immediate
fields) at the radiator plane (Section (2.4) and figures (2.4) and (2.5)). The important
feature of this definition is the handling of the evanescent modes, or the reactive field
components. Measured evanescent modes were actually used to calculate the current
distributions shown in figures (4.5), (4.16) and (4.17).

3. The proceduie of field extraction using the Vector Field Extraction Coefficients which
are linked to the measurement probe electromagnetic behavior(39), This link allowed the
new interpretation of the output of the measuring probe demonstrated by Figure (3.4),
and the evaluation of measurement validity limits as shown in Figure (3.6). An
experimental procedure and the related analysis were suggested and implemented within
Section (3.4) for the measurement of the field extraction parameters of a dipole
probe(40),

4. The suggestion and implementation of an experimental model in Section (4.1), which
approximates an infinite microstrip edge. This claim includes the use of the near-field
measurement on this model to reveal the characteristics of an infinite edge. This
approach can be applied to study other infinite two dimensional structures, such as slits
or edges.
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CHAPTER TWO

THEORETICAL FOUNDATIONS OF MFASUREMENTS

This chapter deals with the problem of defining the mathematical relationships which
permit the determination of a radiating source from a measurement of its external ficld
The conditions and the parameters of the measurement process are also defined. First, a
general model of the radiator 1s introduced in the form of equivalent electric or
magnetic current distributions, then, the relations between these currents and the
measured field are established Such a problem is recognized to be an ill-posed inverse
problem when formulated in the space domain The spectral domain approach is
therefore utilizerl to permut a well-posed formulation of the problem.

Practical considerations are taken into account 1n the formulation, such as the nature
of the available measuring instruments and the field probe (whose detailed considerations
is the subject of Chapter Three) The mechanical structures involved are such that the
planar field scanning is of main concern in this chapter. This is evident in the
applications described in Chapter Four. Also, since only the two field components
tangential to the measurement surface may be available, this possibility is considered as
well as the general case.

Additionally, the measured sources determined from the measurement will be sensitive
to noise and errors in the measured fields. This sensitivity is determined analytically to
obtain suitable formulae for the maximum measured field resolution. The required
measurement sampling rate is also considered The computational determination of the
near-field surrounding the radiator from planar near-field measurement is investigated,
and a method is proposed towards this objective, taking into account the non-directive
nature of the radiator under consideration.

Finally, this chapter discusses the sources of measurement noise and errors, with
specific attention to non-directive radiator measurements, and examines the measurement
error contribution to errors in the radiator model.

2.1. Radiator Models:

This section reviews the well established principles on which the radiator models are
based, and discusses some of the concepts needed to structure an appropriate model.

-13-



Electromagnetic fields are naturally generated from electric currents and charges, and
since the charges are related to the currents by the equation of continuity ( V.J=-p ),
the radiator can be described by electric current distributions alone. Consequently, the
antenna radiation behavior can be <pecified umquely by such a current distribution
within its volume. The electric ~urrent distribution can work as a convenient model for
certain type of antennas like the dipoles and loops, where the radiated fields are
generated by relatively simple electric current distributions. For other antennas with
more comphlicated structures, the description of the antenna in terms cf the actual
electric currents 1s rather comphicated 1f not impossible Different types of aperture
antennas are good examples of these cases, e g electromagnetic horns The radiation
sources for these antennas would be simpler when described in terms of the aperture
electric field distribution. The exterior fields of these antennas can be calculated from
the aperture field using the Huygens-Fresnel principle(8), The equivalence principle(7)
can also be used to replace these aperture fields by equivalent fictitious magnetic
currents without changing the external fields of the antenna This will result in a
complete symmetry of Maxwell equations The duality between the electric and magnetic
currents 1s used to unify the approach of treating electric current and aperture radiators.

It can be shown that, for a planar source model, and using the image principle, the
field sources can be represented by cither equivalent electric or magnetic current outside
the source region(41), In the planar source representation adopted 1n this work, the
choice of the current type will affect the shape of the resulting current distribution. For
exampie, if a horn antenna is modeled as a magnetic current source, the current
distribution will be locahzed in and about the horn aperture area. Representing the horn
with electric current sources will result in distributing that current over a large area
within the plane containing the aperture This leads to the conclusion that it is
preferable to take the nature of the radiator into account before selecting the type of
equivalent current that can best represent the radiation behavior.

The problem of characterizing the external behavior of the antenna can be restated
here as that of finding the equivalent electric and/or magnetic currents that contribute
to the external {ield of the antenna. Figure (2.1) shows examples of antennas with thcir
suggested equivalent currents. It can be demonstrated that, in general, wire antennas and
aperture antennas are more conveniently represented by electric current and magnetic
current sources respectively. The problem of determining the sources from the measured
field, is easily recognized as an inverse problem for which, the existence, uniqueness and
sensitivity of the solutions(36) have to be considered.
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It is known from the principles of inverse problem formulation(36:37.42) that one way
of facilitating a solution is to include some assumption or a prior: information about the
solution. There seems to be logical contradiction between this requirement and the fact
that an investigative measurement is attempted. Any assumptions will imply that the
nature of the measured results is already known, which 1s not always the case. The only
trade of f employed here is that the sources are located on a plane (radiator plane), since
this thesis deals with antennas with planar apertures.

2.2. General Relation between Source Currents and Measured Fields:

A general geometry which corresponds to the problem of defining the current
distribution of a radiator from the measured field quantities on a surface, is illustrated
in Figure (2.2). The radiator is represented by the tangential electric and magnetic
currents J(+') and M()’) respectively on the surface S' surrounding the radiator. The
field measurement surface 1s S on which it is assumed that E(r) and (/or) H(r) are
determined by measurement, The relationship between the sources and the field is as

follows:

F(/)-f.[?;‘,(r/, Y. J 1Y+ T (r/r ). M(r)]dr e (2.1)
5

and

Ti(r)-f C,(r/r).d,(r')+C (r/r')y. M (r')).dr ... (2.2)
s

Where the kernels G, and G, are, in general, the free space dyadic Green’s functions(7).

Practically, either E(r)or H(r) are measured, so only one of the above relation would

be used. Also, from the preceding section either J or M is used to define the external
field.

The above equations are Fredholm’s integral equations of the first kind which are
generally ill-posed for smooth kernels(42). This is the case here, since the measurement
surface does not coincide with the sources. This kind of problem is encountered in many
electromagnetic problems in addition to the inverse problem undcc consideration. The
conventional approach 1s to limit the possible current distributions, or in other words to
apply constraints on the permissible solutions of equations (2.1) and (2.2). This
approach, which is called the regularization of the problem(37:42), relies on the trade off
between accurate current distribution evaluation and the problem condition. This can
take many forms, such as applying a smoothing factor to the current distribution, or
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expanding the currents into orthogonal distribution functions, as is often used in
numerical treatment of scattering problems, by expressing the currents as mutually
orthogonal basis functions or modes (43),

In this work, considering the nature of the problem, the source expansion into
orthogonal functions is adopted for the following reasons;

1. When the currents are expanded into certain entire domain modes(43) for which the
Helmholtz equation 1s separable, and when the fields are similarly expanded, the modes
will decouple The relation between the sources and fields will be algebraic which will
allow separate treatment of the modes. This is advantageous numerically, and also allows
the examination of the rehability of the inversion for each mode This will facilitate
quantitative evaluation of the effect of the measurement noise and uncertainty on the
determination of the sources

2. The predetermination of the modes, that can be reliably used towards the inversion
procedure, gives an idea about the resolution with which the sources can be mapped for
certain measurement configuration. The modal description of the field also allows
establishing criteria for the sample spacing of the measured field, which was impossible
for the general field description. This is demonstrated in Section (2.5) for the planar
source model.

3. In near-field measurements, the determination of the radiated field fiom the field
probe output is possible only when the field 1s expanded into orthogonal modes, except
for the special cases specified 1n Chapter Three Thus, the field data is already available
in the form of orthogonal modes

4. Other regularization schemes can be used to determine the radiating sources from the
measured field but require pre-assumptions about the nature of the radiator to enable
well-posed inversion formulation This can be useful in some cases where there is some
confidence about the validity of the pre-assumptions. In general, presuming anything
about sources may conflict with the objectives of investigative measurement.
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2.3. Spectral Domain Formulation:

As stated in the Introduction. the external field in free space can be expanded as an
integral of simple modes(7:9) over the domain of a mode vector, each mode having a
complex ampliiude as a function of the mode vector. The expansion of the field into
planar modes is specified here, because planar immediate and near scanning is chosen in
this work. This choice is justified by the fact that it is not necessary to enclose the
whole radiator including the supporting structure, by the surface of measurement in
planar scanning. This would be necessary for the other two available schemes, which are
cylindrical and spherical scanning. The planat scanning surface will enable measuring the
field close to the radiator, while minimizing the contribution of the supporting structure.
This practical advantage can be demonstiated by observing the structure of the radiators
dealt with in Chapter Four As described in Appendix (C), the measuring equipment
used is particularly convenient for planar measurements. Similar principles apply to other
field expansions, such as cylindrical and spherical wave expansions, used in cylindrical
and sphetical measurements respectively(1)

The plane wave spectrum(38) (PWS) representation of electromagnetic fields is
employed, but the decomposition of the field into TE and TM modes implied by
Equation {1.1) is not considered here This decomposition is based on the assumption
that each mode can be looked at as a transmission line, whose characteristic impedance is
determined by the mode variables and the mode type (TE or TM). This can be uselul in
gvaluating the interaction between the radiator under test and the measuring probe using
circuit concepts (S-parameters)(30) Maxwell’s equations are used here instead, to
characterize the propagation and the interaction with the measurement probe of each
mode, without the need for the type decomposition. This is useful in observing the
influence of the probe’s electromagnetic behavior on the measurement.

The measurement procedure is described here with reference to Figure (2.3). The
probe is scanned over a plane S exterior tc¢ the radiator, using a field probe. Phasor
output voltages are read from the probe on a regular grid, for different probe
orientations, and the plane of measurement 15 extended to include an area over which
the field magnitude is measurably significant. The extraction of field information from
the probe output voltage is the subject of the next chapter. In the following
development, however. it is assumed that the field quantities are already extracted from
the measurement output data.
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2.3.1. Field-Source Relation in the Spectral Domain;

The equivalent currents on the antenna surface S'can be expressed as:

My(x' y)=2M (¢, y )+ IM(x".y)

and J(x,y')=2J,(x y)+9JI,(x" ¥

Alternately, these currents can be described as:

ﬁs(x'.y')=f fMs(kx,k,)e"(***“‘”)dk,dk, (2.3 )

ky ky

and 7,(x‘.y‘)=f f 7s(kx.ky)e"("*""‘”)akxdk, (2.3 - 1)
ke ky

where; M,(k,.k,) and J,(k..k,)are the two dimensional inverse Fourier transforms
of the magnetic and electric currents respectively. It is recognized that the Fourier
transform and its inverse are dual operations. Either will transform a function from the
space domain (x,v) into the spectral domain (ky,ky) or vice versa. In this work, the
inverse transform is used to transform from the space domain into spectral domain and
the Fourier transform is used to transform fiom the spectral to the space domain, A
single mode with spectral variable (k,.k,), therefore, can be described as:

e, v vk,y')

M@x vy )= (RM (k, k) *+IM (k. k,))e

and T,y )= (2, (k) + 9, (K ke T )

The electric and magnetic fields can be related to these currents, but at this point, only
the electric field is considered, since the magnetic field relations can be constructed by
the duality properties of Maxwell’s equations as stated earlier.

Considering the planar mode orthogonality(?), the vector potentials will have the same
tangential (x,v) space dependence as the currents, but the z dependence is expressed in
terms of a normal wave number &, such that:

-l(kxkayy'k,z)

F(x,y,2)=F (k. k,)e and  A(x,y,z)= A, (k, ke "R

where(7); k2=k2+k2+k2, and F and Aare the contributions of M and 7 respectively.
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To comply with the radiation conditions for z>0 the normal wave number k, is
expressed as:

k,=ykZ—ki-k2 for k, real
k,o=-Jk2-ki-k2 for k, 1maginary

The electric field for z>0, which includes the measurement sutface, can be evaluated
from these potentials using the relations E = ~VxF and E=—-jwpA+ ;2=V(V.A) . The
mode magnitude of the potentials can be evaluated using the boundary conditions
M=2xE, and J=-2xII atthe source plane. This results in expressing the electric

field in terms of the magnetic and electric currents as:

0 PRk
Ex(kx'ky)
) “Iky M (k.. k)
E kg k)|=| © 0 [M" . k’} e (2.5-a)
Euky k)] | 2 Kygmer Bxomgs LMW(Rce k)
kz kl
lc_’2’+kz P ——-—kxkye_lk'z
Fo(heoky) k, k. Tk kL)
F k. . k) |= ~keky 2 k? . [ BE Ty ] e (25-b)
y A y — Y z X x
E(ky . k), Jwe k. e k,”cz e Jy(ky k)
“tkyz -Jk,
~k e kye ‘

Rewriting Equation (2.5) in a simplified form:

—

Eylkeky.2)=C (ky k) 2). M 0k, k) (2.6~ a)

F ok kg z)=GoCk, ky 2).T (ko k) eea(2.6~D)

The electric field in the plane of measurement z=d, due to the radiator equivalent
electric and magnetic current on the surface S', is expressed as:

Zf,(,\'.y.d)-fk ];[El(kx.ky.d).ﬁ,(k,,ky)+52(k,,ky.d).:f,(k,.ky)]
x y

o I(kx*"‘yy)dkxdky....(2-7)
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Two observations may be made at this stage about the above relations:

1. The algebraic form of the relations between the sources and fields facilitates a
simplified determination of the condition of these relations. 1t is possible to evaluate J
or M from E only for the modes (k,.A,) for which the determinants of G, or G, are
non-zero or small enough to cause multiplication of measurement noise and errors
beyond a pre-specified limits. An elaboration on this is detailed in the following section
to determine the useful range of field measurement in the spectral domain and the
attainable source mapping resolution.

2. Equation (2.7) is a Fourier transform relation which indicates that the determination
of the modal fields over the spectral domain is equivalent to the determination of the
space dependent fields. While this is mathematically correct, it will be shown in
Section (2.6) that an under-sampling problem may exist when dealing with the spectial
domain expressed as discrete data.

2.4. Source Mapping Limitations:

Practical considerations have to be taker into account in estimating the limitations in
mapping the sources. As will be discussed in Chapter Three, the nature of the measuring
probes, usually, allows high resolution measurement of only those two components of the
field that are tarigential to the plane of measurement, when a single probe is used, The
measurement of the normal component involves the use of a different probe.
Accordingly, the following three cases can be distinguished:

1. Calculation of equivalent magnetic current distribution from two measured tangential
electric field components. The same conclusions apply to the dual case of calculating the
equivalent electric current distribution from two measured tangential magnetic field
components,

2. Calculation of equivalent electric current from two measured tangential electric field
componenis. The same conclusions apply, also, to the dual case of calculating the
equivalent magnetic current distribution from two measured tangential magnetic field
components,
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3. Calculation of equivalent electric or magnetic current from three measured electric or
magnetic field components.

It will be shown below that cases (1) and (3) are equivalent. In the following
sub~section, the mapping limitation for the first case is examined, and in the subsequent
sub-section, the second case is considered.

2.4.1. Magnetic Current Source Model from Measurement of two Tangential Electric
Field Components and the Dual Case:

Referring to Equation (2.5-a), it appears that only the two tangential electric field
components may need o be used to determine the equivalent magnetic currents. The
z (normal) component is especially noise sensitive, since it is weakly coupled to the
source currents, as evident from the third row of the matrix in the same equation. The
measurement of this component, therefore, is not necessary. If the three components of
the magnetic field are measured, the electric field can be calculated directly using
Maxwell equation Vx 77 = jw¢ F for each mode. The conclusions from this case,
therefore, apply to the first and the third cases listed above.

The measurement errors component in the measured electric field is €,= X e, + Ye,,.

and the resulting error in estimating the equivalent magnetic current is €, = X €.+ Y€y
The relation between their magnitudes from Equation (2.5-a) is:

|€n] =", . (2.8)

To establish the limits of the usable range of modes (k.. k,), for use in calculating the
currents, it is useful to express the tangential wave numbers as:

ky=k,cos¥

hy=Kk,sinV¥

where ki =k3 + kj. The wave number k, is then the magnitude of the tangential wave
number for the mode (k,.k,)and V is its direction.
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Using the relation between the three wave number components indicated in
Equation (2.4), the normal wave number &, can be expressed as:

k,= Jki-k? for k, <k, .

k.= —EE-KE  for K>k, S
The above two cases indicate radiating and evanescent modes respectively.

Equation (2.8) can be rewritten as:

€] = TCky ) |E,] e (2.10)
where:
T(k,d)= 1 for k,<k,

- 2432
T(hpdy= e V%% qor gk, >k,

1t is obvious from the above relation that the field-current transformation is
well-conditioned for the radiating modes, while the possibility of ill-conditioned
transformation arises only for the evanescent modes, and is dependent on the distance d.

To set a criterion for the maximum acceptable measured tangential mode %,,,,.. a

mode is considered usable in transformation if the error power in the calculated currents
does not exceed twice that of the error in the mode (k,=4A,=0.)(i.e. k,= 0) for the
same measurement noise power. In other words:

F] 2
I Kimax -k d 1

T(kimax d)=e ’E
By manipulating the above equation and expressing the distance as dy=d/A\:
m2\2
ko di+(52) )
Kimasx = —————— (2001
A

Figure (2.4) shows the relation between the maximum tangential wave number and the
distance in wavelengths between the equivalent currents and measurement planes. It can
be seen that the evanescent modes are useful only in the proximity of the radiator
surface while k.. approaches k, as the distance gets larger. The dashed curves in
Figure (2.4) shows the maximum attainable k., when the error power is allowed to
multiply by four and eight, raspectively, instead of the above mentioned double power
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Figure (2.5). Equivalent currents mapping resolution for maximum noise
power multiplication of two, four and eight.

The resolution is defined here as the maximum distinguishable number
of points per wavelength.
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criterion. These represent different levels of measurement errors and noise significance
compared to the original field contribution. By inspecting the three curves, it can be
concluded that the evanescent mode measurement is possible only {or d on the order of
0.1A . Strong interaction between the radiator and the measuring {ield probe is highly
possible in this case.

Since k.. is the highest radial spectral frequency component of the mapped tadiator

current distribution, it can be used to define the attainable resolution of that
distribution. The first step in doing so is to find out how a magnetic current ideal point
source at x' =y =0 would be mapped, with the constraint of &,,,,. The point source,
being an impulse in the space domain, has a constant spectral response over the entire
spectral domain, With the limitation of a maximum measurable tangential wave number
imposed by Equation (2.11), the space domain measured point source R(\ .y') is by
Fourier transformation:

.. ik v Lk
R(x.vy )=ffk e feexon,y jdkdky
]

<"lmaz 4 n ?

Expressing the space variation in terms of the radial distance from the origin r instead
of the rectangular coordinates x', vy, to account for the radial symmetry of the space
response, and integrating along r':

Jl(klmaxr‘)

R(r'y=k -
(r) 2nr

tmax

e (2.12)

As a measure of the resolution, one can consider that two point sources on S,
separated by a distance r,,, are distinguishable, if the response of either of them decays
to, at least, half power at the location of the other point. In this case the resolution can
be defined as the maximum number of distinguishable point sources per wavelength on
the radiator plane. According to the definition used here, a higher resolution number
indicates a better resolution. This criterion is used in plotting the results in Figure (2.5),
which relates the attainable mapping resolution to the distance between the measurement
and the antenna surfaces. The solid curve corresponds to a permissible measurement
noise power multiplication of two, while the dashed curves are for noise power
multiplication of four and eight respectively. It can be seen that except for small
distances (d, < .1), the resolution approaches 2 points/wavelength, independent of d, .
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2.4.2. Electric Current Source Model from Measurement of two Tangential Electric
Field Components and the Dual Case:

This is the second case indicated in the beginning of this section. In this case
Equation (2.5-b) applies to relate the electric currents to the two measured components
of the electric field, excluding the last row of the matrix in this equation. By duality,
similar relation applies to relate the measured magnetic field components and the
equivalent magnetic currents representing the radiating sources, except that ¢ is replaced
by p. Excluding the last row of the matrix in Equation (2.5-b), it can be used to relate
the error in the calculated electric current E,. to the errors in the measured field €,, as

follows:
k ?
X
_c'x kze'lk,d l"‘(’E’;) —kxky Glx
Gy | 2wck, w2 || e (e (2.13)
-t -k, k, 1-|=2 1y
X y ko

The matrix in the above equation has two distinct eigenvalues:

5 -jk,d
k2o !t

YT

- Ik

k,e
2wc

A,=

As was done in Equation (2.10), the field and current errors can be related such that
<)) = T(k, )|, | e (2.14)

For a certain mode, the minimum value of T in the above equation is 1/A,, and the
maximum value is 1 /A, which corresponds to the worst case of noise multiplication, and
is considered in evaluating k,,,, for this case. Using the same criterion as in

Equation (2.11), the maximum tangential wave number for which the source electric
current density can be measured is:

k,
K tmax =\/——?- . (2.15)
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The resolution can be fcund in a similar fashion as the previous sub-section using the
' above k... The source mapping resolution for the cases of this sub-section is far lower
than that of the cases of the previous sub-section. It will be shown in the next chapter,
however, that a proper choice of the measuring probe will enable a high resolution
measurement of the tangential components of the desired field type. This will facilitate
dealing with only the cases of the previous sub-section, and will result in relatively high
resolution equivalent current mapping at the source plane.

g e

<o

The following table lists a summary of the results of this section:

Measured field | Number of | Equivalent |Resolution™”
type components” | Current type

Electric Two Magnetic High

Two Electric Low

Magnetic Two Electric High

Two Magnetic Low

Electric or Three Electric or High
Magnetic Magnetic

* Two measured components are tangential to the plane of measurement

- ** High resolution is defined using Equation (2.11), and Low resolution is defined using
A Equation (2.15).
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2.5. Experiment Design and Field Sampling Criterion:

The design of an experiment is highly dependent on the nature of the radiator under
test and the accuracy required in field mapping. The factors to be determined when
designing a measurement are; the distance d between the radiator and the surface of
measurement, the dimensions of the measurement surface, the sampling spacing of the
measurement points and the field probe to be used. The last factor is considered in detail
in the next chapter

The choice of the distance d between the radiator and the measurement plane depends
on the objective of the measurement. If the measurement is intended to investigating the
qualitative immediate field behavior of the radiator with high resolution, the distance d
should be as small as possible, so that A,,,.. described by Egquation (2.11) is large enough
to give high resolution to the mapped radiator currents Figure (2.4) shows that d has to
be in the order of | A, so that the evanescent modes contributed by the fine details of
the current distribution can be detected. The fact that the evanescent modes are
measured, tmplies that there is strong interaction between the measurement probe and
the reactive field of the radiator under test This makes such a measurement inadequate
for quantitative evaluation of the radiator immediate field, especially in narrow
bandwidth radiators such as a resonant microstrip patch, but very useful for qualitative
purposes. It should be mentioned here that a distance too close to the radiator in not
always enough to gain a high mapping resolution of the source currents, since, as will be
seen in Chapter Three, the probe 15 able toc measure the field components up to a certain
maximum tangential wave number depending on the size of the probe, so that close
proximity of the probe might not increase the mapping resolution.

When a quantitative accuracy 1s required for the mapped field, it is logical to increase
the distance d, typically to more than a wavelength() to avoid mutual interaction, or
multiple scattering, between the radiator and the field probe At such a distance, the
evanescent modes have decayed enough to be too small to be measured, and k., Will
equal to &, as demonstrated by Figure (2.4). This means that the larger 4 implies dealing
with only the radiating (or visibie) modes, which will limit the attainable field
resolution.

The choice of the dimensions of the plane of measurement is such that the field
magnitude exterior to that plane is below the sensitivity level of the measuring
instruments. This implies that this field is considered zero in the subsequent
measurement data processing. This will also limit the number of data points to a
manageable amount. As the distance 4 is increased, the radiator will “illuminate" a larger
area on the plane of measurement. This will necessitate a choice of larger dimensions of
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the measurement plane, and subsequently a larger measurement facility and more data
points with the benefit of less mutual interaction between the radiator and the field
probe.

From the above discussion, it seems that the logical way of setting the distance 4 and
the measurement plane dimensions is to conduct several trial scans to gain some idea
about the radiator field structure, before attempting to perform a final measurement,

The remaining factor in designing a measurement is the choice of the spacing 1

between the measurement points. Starting from the definition of Nyquist rate(44) g5 the

minimum sampling rate at which a band himited signal can be completely reconstructed

from a sampled one, which equals twice the maximum frequency content of that signal,
and using the fact that the tangential wave number is the radial spatial frequency of the
field (Equation (2.3)), the sampling spacing can be defined as:

1 it
’LSZf = c (P10)
tm tm

where k,,is the maximum detectable mode tangential wave number, which is different
from k,,..defined earlier and f,,. = k,,,/2mn . Choosing a larger sampling space will cause
distortion in the Fourier transformed field representation and subsequently the mapped
current due to frequency aliasing(45),

When a part the measurement plane is located in the evanescent region of the radintor,
there is no way to predict the maximum detectable field mode, since the original
currents contributing to the evanescent modes are unknown. The best way is probably to
over-sample the field for this case, so that the field with significant magnitude will be
confined to a small area of the plane of measurement This will enable a choice of a
smaller dimension plane of measurement and a manageable number of data points, On
the other hand, when the measurement plane is totally located in the radiation region of
the radiator d > A, the maximum detectable tangential mode is k,, and in this case, the
sample spacing is:

i
N

e (2.07)

si=

The duality between the Fourier transformation and its inverse implies that the
Nyquist rate can be used to specify the spectral domain sampling rate, based on the
measurement plane dimension. The sample spacing in the spectral domain (Ak,aundAL )
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can be expressed in terms of W, and W,, the plane of measurement dimensions, as:

Ak, ,=2IW, . (2.18)

Exceeding this spacing will cause distortion in the mapped current due to
under-sampling, while selecting a lower value will result in an unnecessarily large
amount of spectral domain data. It is worth mentioning at this point that the sampling
rate specified 1n the above equation 1s necessary to preserve the space domain
information, but 15 not always useful for the numerical evaluation of the space domain
data using Fourter transformation as will be clarified in the next section.

It seems that the choice of the measurement dimensions, distance and sample spacing
is a matter of experience that can be gained by investigative experiments and by
considering the nature of the radiator itself. For example in determining the distance d,
a narrow-band (high Q) radiator, such as a resonant microstrip patch, is expected to be
more internally influenced by the presence of the measuring probe than a wide-band
horn antenna This is attributed to the fact that a high Q of an antenna indicates that a
large proporuon of the field energy 1n and around the antenna region is reactive (stored
energy), which s represented in the modal expansion by the evanescent modes. This can
lead to the possibility of measuring evanescent modes in close proximity of the radiator,
but consequently indicating that a small 4 means significant interaction between the
radiator and the measuring probe These judgements are applied in Chapter Four, in
which all the experimental work directed towards source mapping was preceded with
preliminary field probing to gain some idea about the field structure.

2.6. Experimental Evaluation of the Near-Field:

One purpose of defining the equivalent radiating currents is to define the field in the
vicinity and around the radiator, i.e the external field. A question may arise in this
context about the necessity of dealing with the equivalent sources; since the plane wave
spectral representation of the field is available from measurement, why not mapping the
near-field region directly from spectral domain data using Fourier transformation? This
was attempted using real measurement data, and it was found that determining the
mapped field was unsuccessful and yielded extremely noisy results. Calculating the
near-field from the equivalent radiating currents, using Equation (2.1), proved successful
as shown in Section (4.3). Explaining this phenomena is important in exploring
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the limitations involved in using the plane wave spectrum, particularly considering the
fact that the spectral domain representation is adequate in calculating the immediate
field and the far-field of the radiator under test.

The explanation starts by expressing the space domain electric field in terms of the
plane wave spectrum E(k,.ky). transformed into the radiator surface, using Fourier
transformation:

- 1 R ) ~iCk Xtk ek, x) .
E(L%@“m[ﬂf_mﬂk,.k,)e Rk dk, e (2.19)
Transforming into spherical coordinate system 7(r,0,¢):

I 1 (= i o
E(r)= Z;?;f_‘f_@E(kx,ky)e ®rdk,dk, e (2.20)

where 7 =r(£sin0cosd+ysinOsiné+2cos0), and the phase term is:
Er=rr sk, +9k,+ 2 k2- k2-12) e (2.21)

It is evident from the above equation that the phase term variation in Equation (2.20)
is proportional to r as the integration is performed over the radiation region in the
spectral domain. For small values of r, this term is slowly varying and the integral can
be numerically evaluated with a moderate spectral domain sampling rate. This is the
reason why the Fourier transform is adequate for evaluating the equivalent currents. As
r grows larger within the near-field region, but not large enough into the far-field, the
phase term will change faster with respect to the spectral variables. This requires very
small sampling intervals in the numerical integration of Equation (2 20), and the major
contribution to the integral will be from the integration of a small area around the
stationary phase point(46), while the contribution is supposed to average to zero for the
rest of the spectrum. In the far-field, the field is evaluated directly from a single point
in the spectral domain for each direction of propagation, since the integral can be
approximated analytically using the method of stationary phase(19), The far-field
evaluation, therefore, does not encounter the undersampling problem because it does not
involve numerical integration to begin with.
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The approach used in this work was to use the spectral domain data to evaluate the
equivalent radiating current, using the theory presented in this chapter, and from that,
the near-field is evaluated using the space domain relations of equations (2.1) and (2.2).
This approach has the advantage of added efficiency when dealing with small radiators
because the equivalent currents are confined to a small region around the radiator
physical aperture, requiring a small number of integration points.

The near-field as opposed to the immediate field, contains only radiating modes. This
suggests that for the puipose of evaluating the near-field, only the radiation region
needs to be considered in finding the equivalent radiating currents, This implies that the
equality in Equation (2.17) can be used to define the space domain sampling rate of the
equivalent currents when using 2quations (2.1) or (2.2).

It is possible here to define the steps for evaluating the exterior field distribution
from planar near-field data. These steps are shown in the block diagram of Figure (2.6).

2.7. On Measurement Errors Sources and Contribution:

One of the purposes of the near-field measurement in this work is to obtain quantities
which represent the radiation behavior of the radiator under consideration. In the
commonly used spectral domain representation, the weight of each discrete mode is
extracted from the near-field measurement data, so that it can be used to evaluate the
fields exterior to the radiator, within the limitations discussed in the previous section.
The equivalent currents, considered here, are an alternative space domain representation
of the radiation behavior.

The errors in these representations will result in reduced accuracy in evaluating the
external fields of the radiator. In this section the sources of errors are defined, and the
effect of these errors on each representation is estimated, particularly for non-directive
radiators. Considerations for highly directive radiators are discussed in detail by
Newell(47),
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Figure (2.6): A block diagram of the suggested processing sequence of the planar
measurement data to obtain the near-field or the far-field distribution.
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2.7.1. Sources of Errors in the Equivalent Currents:

The common source of errors in any measurement is the random errors encountered
due to noise from the measuring instruments and circuits, and the quantization error
when digitizing the measured samples. These errors can be minimized by improving the
quality of the measuring instruments, reading multiple samples at a point and increasing
the quantization levels. Random errors are uniformly distributed throughout the points
on the plane of measurement. The inverse Fourier transformation results also in uniform
distribution of these errors over the spectral domain. When the evanescent modes are
considered, this type of error becomes the limiting factor in source mapping resolution.

There are other types of errors that can be assumed to behave in a similar fashion, i.e.
uniformly spread over the spectral domain, such as random probe position error,
amplitude and phase nonlinearity, the effect of variation in measurement environment,
such as tempeiature and frequency. The logic behind this assumption is that there is no
reasoen why these errors should accumulate in one or a few spectral components,
therefore, these errors can be treated as random errors.

The types of errors discussed above differ from other types which tend to accumulate
in certain spectral components or within a small region in the spectral domain, affecting
noticeable distortion on the plane wave spectrum representation at these regions. For this
reason, these alternative types of errors are called here spectral errors. The leakage from
the cables and joints of the radiator feed circuits and guides is an example of these
errors. Since the lcakage points are relatively far from the plane of measurement, they
produce nearly a plane wave, originating from the leakage direction, at this plane.
Transforming the measured data into the spectral domain will result in the accumulation
of the leakage error on specific and neighboring spectral components. Because of this
error accumulation, it can be significant compared to the contribution of the radiator
under test, even though it might not be noticeable in the space domain data. The same
discussion applies to scattering from the surioundings within the measurement facility.
These errors can be minimized by careful setup and shielding of the radiator feed, and

by using high quality absorbers in the anechoic chamber enclosing the measurement
facility,

The coupling, or cross-talk, between the reference channel and the reference channel
of the network analyzer, Appendix (C), used in measuring the amplitude and phase of
the measurement probe will produce a constant error component over the plane of
measurement. This will accumulate in the spectral domain only at the component
(ky=k,=0) which corresponds to the plane wave travelling along the boresight
direction away from the radiator.
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Leakage and coupling errors are more significant in non-directive radiator
measurement, because the radiated power is spread over a broad solid anglc, which
makes the local distortion of the spectral domain more observable,

One of the error sources that is specific to the non-directive radiator is the truncation
of the measurement plane. This source of error was mentioned by Yaghjian(3) as a
limiting factor in applying planai near-field measurement to broad-beam antennas. The
explanation given in the same reference about the effect of truncation on an antenna
with an end-fire radiation response, is that this response will decay asymptotically as
e *"/r, where r is the distance between the radiator and the extremity of the
measurement plane. The measured field can decrease to a neghigible quantity at points on
the boundary of the plane of measurement Considering the above radiator response, the
integral of the boundary measuted points around the plane of measuiement has a finite
value even if the area of the measurement plane is extended to mtinity. This
phenomenon will cause an error in the (4 .=k, = 0)component in the spectral domain,
that oscillates with increasing the area of the plane of measurement,

An alternative presentation of the mechanism causing this error is presented here,
which may facilitate better understanding. The truncation of the plane of measurement
can be considered as equivalent to multiplying the original field 7 (x,y)over an infinite
plane of measurement by a window function ¥ (x,y), which equals unity within the
actual plane of measurement and vanishes outside that plane. The measured field,

E .(x,¥). can be expressed as:

E (x.y)=W(x,y)E(x.y) e (292)

The inverse Fourier transform will result in the expression of the above equation in
the spectral domain as:

Em(k,.k,)nffu/(k;,k;)f(k,+k;,k,+k;)dk;dk; e (2.23)

which shows that the effect of plane of measurement truncation is the distortion of the
measured spectrum caused by convolution with the window spectrum. A theoretical
evaluation of the spectral domain field of a broad-beam radiator, such as an elementary
dipole, shows that the spectral representation is singular on the perimeter of the

radiation circle, (k3+k%=4k%,k,=0.). The rectangular window function can be expressed
in the spectral domain as:

Wk, ky)=4W W sinc(k, W, /2)sinc(k, W, /2) v (2.24)
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where W, and Wy are the measurement plane dimensions defined in Section (2.5).

The window function spectrum has a main lobe centered at k, = k,= 0.and side lobes

whose amplitude decay away as 17k, k,. The use of the spectral domain sampling rate
of Equation (2.18) will result in zero coupling between adjacent points in the k&, and &,
directions, because of the first null in the window function spectrum. The significant
error contribution is the coupling between the singularity in the field specttum described
above, and the field spectrum within the radiation circle. This coupling seems to add
coherently at the &k, =4, =0 spectral component, which results in field spectrum
distortion at this point. This error can be classified as spectral error as in the case of the
leakage and coupling errors, but it differs from the other two by the fact that it
originates fiom the measurement configuration rather than from apparatus imperfections.

The spectral errors can be a limiting factor in evaluating the near or the far fields
directly from the plane wave spectrum, because this evaluation involves the use of small
range of propagating modes(25) to evaluate the near-field, ur a point in the spectral
domain to evaluate the far-field. The evaluated field will suffer an observable distortion
if a point or region containing spectral error is used in this evaluation.

2.7.2. Error Contribution to the Equivalent Current Model:

In this sub-section, it is shown that the use of equivalent current model of a radiator
results in a reduction of the effects of measurement errors. The amount of this reduction
is estimated here. As shown in Figure (2.6), the evaluation of these currents involves a
transformation to the spectral domain, then a transformation into spectral equivalent
currents at the radiator equivalent plane, and finally transformation back into the space
demain. The error under consideration is, therefore, normalized at each stage to the
power of the unperturbed contribution from the radiator under consideration.

The measured field Z,, can be decomposed into three components;

Eo(vy)=E(v.y)+ €, (x.y)+E,(x.y) ce.(2.25)

where E is the contribution from the radiator, €, is the contribution of the random
errors, and €,is the contribution of spectral errors defined in the previous sub-~section. x
and y are within the truncated plane of measurement.
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The distance between the plane of measurement and the radiator is assumed to be
large enough so that only the propagating modes contribute to the measured {ield. This
assumption is a consequence of the discussion in Section (2.5) dealing with the selection
of that distance. The transformation into the spectral domain, therefore, will restrict the
radiator contribution to within the radiation circle shown in Figure (2 7-a). The spectral
error will increase, due to the measurement plane truncation ertor described earlier, by
an amount that depends on the dimensions of the plane of measurement and the original
field structure of the radiator, as evident from Equation (2.23). The spectral domain will
retain all the space domain information if the sampling rate of Equation (2.18) is used
and the range of the spectral variable is within;

~n/Ax Sk, SH/Ax, ~t/AYy Sk, S/Dy e (2.76)

where Axand Ay are the x and y spacing between samples. The above range of the
spectrum is one of the properties of the discrete Fourier transform(48),

The truncation of the spectral domain, by setting to zero all the modes outside the
radiation circle, will filter out the portion of the random error component which is
outside this circle. Since this error is uniformliy distributed over the spectral domain,
error power will be reduced proportionally due to this truncation. The error contribution
will be reduced to the ratio of the radiation circle area to the area of the domain of the
spectral variable described by Equation (2.26). This ratio from Figure (2.7-a) is
k2Axny/4an. This truncation neither affects the original radiator field nor the spectral

noise component because both have their spectrum confined mainly to within the
radiation circle.

The transformation of the fields backward into equivalent radiating currents will not
modify the nature of the errors if the current type is chosen ptoperly, as evident from
Equation (2.5-a), in which & is real for the propagating modes under consideration. This
means that these modes will only encounter phase change by this transformation.

The transformation of the currents into the space domain at the equivalent current
plane will not change the relative power of the errors, and the area in the space domain
that contains the truncated spectral domain has the same dimensions and vrigin as that of
the plane of measurement. This is based on the assumption that Equation (2.18) is used
in sampling the spectral domain, and on using the properties of the discrete Fourier
transform. It is expected that the unperturbed equivalent radiator currents will be
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confined to an area A, on and around the physical aperture of the radiator. On the other

hand, the contribution of the errors, random and spectral, is expected to be uniformly
distributed over the area of the equivalent current plane 1, with dimension W, and W,.
The truncation of the equivalent radiating current plane to include oniy 1,.

(= W'y X W'y, as shown in Figure (2.7-b)), will effect a reduction of the relative error
power by the ratio of this area to the area of the original plane of measurement, i.e.
A,/ A,. without significant effect on the original sources.

In summary the error power is attenuated by the ratios &, and R, for random and

spectral error types respectively, by using the truncated equivalent current model. These
ratios can be expressed as:

p o kedxayA, (297 1)
T 4nW LW, T

A, o oy
R,-—way (227 = 1)

The relative error power, €,,,, in the truncated equivalent current model is, therefore:

A, kinxAy .
Elol-wxwy(es"' At €, ....(2.?/"()

Where ¢, and e, are the original spectral and random error power components
respectively prior to the spectral and space domain truncations,

Two points have to be emphasized concerning the effect of space domain truncation
of the equivalent currents:
1. The aperture area of a non-directive radiator is usually small compared to the area of
the plane of measurement. This makes such a truncation effective in filtering out the
measurement errors, in comparison to corresponding measurements on directive antennas,
where the area of the measurement plane is comparable to the effective aperture area of
the antenna(3).
2. It was pointed out in the previous sub-section that the problem with the spectral
errors is that they tend to accumulate on certain modes. The truncation of the equivalent
currents plane will, in addition to reducing the relative error power, smear the error in
the spectral domain, which will further reduce its peak value in this domain. For
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example, if a relative coupling error of €c is superimposed on the measured field at the
measurement plane, its contribution in the spectral domain is similar to the window
function of Equation (2.24), and will be:

Cp (ko k,))=4C, W, W sine(k, W, /2)sinc(k, W ,/2)

whereas the field spectrum from the equivalent currents, under the assumption that the
equivalent current truncated plane dimensions of W and I/, is:

€pclky k,)=4€, W, W, sinc(k, W, /2)sine(k,W,/2) ....(2.28)

From the above two relations, it can be concluded that the peak error in the spectral
domain fields is reduced by A,/ A,, while the r.m.s. error for the same component is
JA,7 A, as evident from Equation (2.27-b), where A, and A, are the truncated
equivalent currents plane and the measurement plane areas, respectively. This further
reduction in the peak error comes from the broadened spectral response demonstrated by
the above two equations. The same argument applies to the remaining spectral errors,
such as the leakage and truncation errors described in the previous sub-section.

2.8. Concluding Remarks:

In defining a procedure for the measurement and the subsequent data processing to
determine the equivalent current distribution on a radiator surface, this chapter
introduced possible models for such equivalent radiating currents. These models are
constrained to tangential currents on a planar radiator equivalent surface. In addition,
cither electric 02 magnetic currents were considered. It is apparent that the problem of
mapping the currents directly from the measured field is an ill-posed inverse problem. It
is possible, however, to use the modal expansion of the field to formulate a well-posed
source mapping procedure This i1s at the expense of limited mapping resolution. The
planar measurement design is discussed in the context of defining the measurement plane
dimensions, the distance from the radiator and the sample spacing. Some of these factors
are quite indeterminate beforehand and it is concluded that several investigative
measurements need to be conducted before undertaking a final measurement,

Based on computer simulation, Wang(48) suggested larger sampling intervals than that
implied by Equation (2.17) when the radiator is highly directive. The analysis of this
chapter and the experimental results of Chapter Four contr, this suggestion. In the
case of practical measurements, sampling intervals larger than A/2 may incur the danger
of aliasing, and will introduce distortion in the spectral domain when an unknown and
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uapredicted behavior of a radiator is encountered. This implies that Equation (2.17)
defines the absolute maximum sampling interval for a measurement conducted in the
radiation region of the antenna under test.

This chapter has demonstrated and explained the difficulty of evaluating the space
domain near-field directly from the plane wave spectrum, and an alternative approach is
suggested. This approach employs space domain integration of the equivalent radiating
currents over the radiator aperture. This technique is applied in Chapter Four for
evaluating the near-field quantities of antennas using planar near-field measurements,

The classification of measurement errors into two types, random and spectral,
according to the behavior of the error type in the spectral domain, facilitated the
estimation of error power and peak reduction for each error type, using the equivalent
currents model of the radiator. The basic factors affecting the error power reduction is
the exclusion of the noisy areas in the spectral domain and similarly in the equivalent
current plane. It was shown that the second factor can be effective for error reduction in
non-directive radiators, because of their small aperture area.

The consideration of near-field measurement is not complete without examining the
effect of the field probe on the measurements. The behavior of the probes, the
interpretation of their electrical output and their influence on the near-field
measurement process is the subject of the following chapter.
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CHAPTER THREE

MEASUREMENT PROBE CONSIDERATIONS

This chapter deals with the problem of determining the effects of the probe on the
measurement of the field, and the methods of accounting for these effects. The name
commonly given in the literature(3:34) for such a procedure is Probe Correction, and this
term was previously used by the author(3940) It can be argued that the effect of the
probe on the measurement is by no means an “error" which needs "correction”, it is
simply part of the measurement apparatus which should have a contribution to the
measurement data Tt will be shown later that the field values can be extracted accurately
from the measured data, if there exists an exact model of the probe. The only errors
involved arise from the approximations made in determining the probe model. The term
used in this waork, therefore, 1s field extraction, which can be defined as the extraction
of field quantities from measured probe output voltage.

The derivations and formulae introduced in this chapter aim at the determination of
the field quantities at the plane of measurement from the measured probe output
voltage. The main purpose 15 then to evaluate the equivalent current sources. In addition,
the extracted field values can be used to calculate the far-field directly. No specific
assumptions are made about the nature of the measured field. Available literature
published about probe correction, for example, generally presume that highly directive
radiators are being measured, and only in the radiation region. On the other hand,
certain assumptions are made in this chapter about the probes themselves. These include;
linearity, reciprocity and single frequency operation.

3.1. Formulations for a General Probe:

When the electric or magnetic field measurement is attempted, the measured phasor
voltage is expected to be proportional to a weighted average of the incident field over
the probe surface. An assumption of a probe with finite volume, and made of materials
that have linear electromagnetic parameters is made here. This means that a practical
probe cannot measure the field at a point, because it has to have a finite volume, so that
it can withdiaw enough energy from the field to activate the measuring instruments. In
addition, the currents induced on the probe by the incident field will disturb and modify
the original incident field. Another consequence of the existence of a finite probe is that
it can be viewed as a scatterer which in turn will modify the radiation mechanism of the
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radiator under test. This in turn will modify the field values which existed before the
introduction of the measuring probe. The latter effect, which is called multiple
scattering is a very complicated phenomenon with a secondary infiusence on the
measurement results for moderate separations between the probe and radiator(3), The
approach employed is to insure that the measurements are made (see Chapter Four) in a
manner to ensure that the multiple scattering eftect is negligibly small instead of trying
to account for it. When the antenna and the field probe are close enough to effect
noticeable multiple scattering, the extracted values may still be useful for qualitative
evaluation but not for quantitative use.

Considering the above discussion, neglecting the multiple scattering and taking into
account the implications of the linearity of the antenna, the output voltage of a probe,
u,, for a field, F,, incident on the probe, in reference to Figure (3.1) is:

v (Py= [ E(F+ 7.7y pa @)

where pais the effective probe area and the weighting function is /(' ). which depends
entirely on the probe geometry and materials.

It is obvious from Equation (3.1) that extracting the incident field from the output
voltage involves two steps: the determination of the weighting function over the probe
area, and then, solving the integral equation for the incident field.

Before going into the details, it 1s appropriate to mention three distinct cases of
measurement and identify the nature of the probe behavior for each case:

The first case is when the probe dimensions are small enough in terms of wavelength
such that it is possible to assume that the incident field is approximately constant over
the probe surface. The field variable in Equation (3.1) then, can be placed outside the
integral and the equation will be:

Uo(F)”F.(F)-fpa?(F')dpa o (3.2)

The integral in Equation (3.2) is entirely dependent on the probe geometry and
orientation which is a constant vector for a fixed frequency of operation. This means
that the probe output voltage is proportional to the incident field at the measurement

point. The field can be extracted, in this case, by multiplying the output voitage by a
constant vector.
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Fxgure (3 1): General probe configuration. Probe local origin is located at

r.and F is the coordinate of a point at the probe surface relative to the
probe origin.
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The second case is when the measurement point is far enough from the radiator, such
t that the incident field can be approximated as plane wave originating from the radiato
direction, in this case the electric field can be expressed as:

E(ry=F e’ e (3.3)
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be

where K is the wave number vector of the incident field with the magnitude &, (the
intrinsic wave number of the propagation medium), and direction of the incident plane
wave. The output voltage from the probe will be:

vo(F)=E,. ﬂ_f'(;"')e'"(;’;)dpa (3 1)
p

The value of the integral will be a vector which depends on the direction of the plane
wave in addition to the probe geometry. It can be shown, using the reciprocity theoiem,
that this integral can be expressed in terms of the phasor radiation pattern of the probe
and the direction of the incident plane wave. The form of Equation (3.4) indicates that
the field can, again, be determined at a point from a single phasor voltage measurement.
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The third case is the general case, when no assumptions can be imposed on the nature
of the incident field. This is the case for a practical probe used in the near or the
-~ immediate field measurement of the radiator. Equation (3.1) in this case is a Fredholm
integral equation of the first kind which is ill-posed with a non-singular weighting

Anald
. function. When the field, however, is expressed in terms of an integral of orthogonal
5 modes as described in the previous chapter and for certain shapes of the surface of
: measurement, Equation (3.1) can be rewritten 1n an algebraic form In this case the
! magnitude and phase for a certain range of modes can be determined from the phasor
f output voltage. The rest of this chapter deals with this problem. The ficld
‘ decomposition into elementary plane waves introduced in the previous chapter is utilized
‘ to permit a field extraction methodology.
3.2. Probe Considerations in Planar Near-Field Measurements:
When the planar measurement configuration of Figure (3.2) is considered, and the
probe surface is assumed to be located on the plane of measurement (z=0),
Equation (3.1) can be rewritten for this case as:
vo(x.y)=ff E(x+x,y+y).f(x",y)dx'dy L (329)
pa
A
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Figure (3.2): Field probe in planar near-field scanning configuration.
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This convolution integral equation is ill-posed as stated earlier, but when inverse Fourier
transforming both sides in two dimensions to express the variables in the spectral domain

as a function of the spectral variables (k.. k,), the space domain convolution relation
will yield a spectral domain multiplication as follows:

Uolk k)= E (kyo k). Fky k) o (3.6)

where (k. k,) is the inverse Fourier transform of incident field, and F(k,.4k,)is the
Fourier transform of the weighting function,

It is evident here that the recoverable field modes are the ones for which the
transformed weighting function is not small enough, so that the calculation of the mode
amplitude is sensitive to errors or noise in the measured voltage.

The procedure of planar field measurement considered here is described in
Section (2.3). To collect enough information about the field, the output voltage in planar
scanning is measured on a regular grid over the plane of measurement S for two
orthogonal probe orientations. This is done to acquire information about the two
perpendicular field polarizations. The two orientattons can be labeled as v and v,
indicating the direction of a particular axis of the probe geometiy which lies within the
surface S. Then, for each point of measurement on the plane S. it is possible to define
the vector measured voltage by the following relationship:

0(x,y) = Ru,(x,y)* Fv,(x.y) (3.0
whose inverse Fourier transform is:
Vike k) =2V (kb)) + 9V, (ko ky) 0 (3.8)

The above definition of the measured voltage combined with Equation (3.6) results in
a set of two algebraic equations with three unknown field components. The third
relation, necessary for completing the set, can be obtained using the fact that the
measurement plane is source-free. The incident field divergence is, therefore, zero, i.e.
V.E",(k,.ky)= 0., which leads, using Equation (2.19), to the third relation:

E.E (k. k,)=0

This indicates that it is possible to write the three incident field components in terms of
the vector measured voltage as follows:
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Eo(koky)=Colky k) V(k, k)

-t -

E (kg k,)=C ke k)P (k, k) er(3.9)

7

E,Ckeky)=C,(ke k). V(k, k)

where C, ,..(k,, k,) are the vector field extraction coefficients that have to be
determined. These depend on the probe structure, the operating frequency as well as the
tangential wave numbers. C,(k,.k,) can be written as:

Colhyk,)=%Co (ki k))+9C (K, k) ....(3.10)

The two remaining vectors C,(k,, k,) and C,(ky, k,) can be constructed similarly.

Expressing Equation (3.6) in the form of Equation (3.9) has the following advantages:

I. The ability to include the cross polarization of the probe as part of the measurement
data. Under the assumption of a perfectly polarized probe, the coefficients C, and 5,
may have only one component if the probe axis is chosen properly.

2. The logic that led to Equation (3.9) applies to both the electric and magnetic incident
fields. Only the values of the field extraction coefficients will be different for the same
probe as will be shown later.

3. It is possible to evaluate the sensitivity of the calculation of each field component to
the error in the measured vector voltage. Therefore, the range of validity of the
measured results in (A,.k,)can be defined after setting some acceptable error limit
criterion. To illustrate this point, if the error in the vector voltage for a certain mode is

expressed as ¢,=<c,+yc, then the error ¢, in calculating one of the field components
is:

€, (A k)= Clk, k)6 (k k)= |C(k, k)| €,Ck, k)| cosB e (3011)

where O is the angle between the field extraction and the voltage error vectors. This
angle can be set to zero to represent the worst case. This relation is used in defining the
range of validity of measurements for the dipole and open ended waveguide probes
considered in a subsequent section, The abil.ty to define the range of valid measurement
in (k,.4,). or alternatively the maximum tangential wave number for which the mode
can be measured reliably, implies that the field mapping resolution on the measurement

-50-




¢ 9

R

2

surface can be determined employing Equation (2.12). This capability would not be
possible if the probe measured voltages were considered for each probe orientation
separately instead of considering a single vector measured oltage.

3.3. Theoretical Determination of the Vector Field Extraction Coefficients:

For any field probe with a linear behavior, there exist a set of vector field extraction
coefficients. Their existence is based on the validity of Equation (3.1), for which the
linearity of the probe material is the only assumption made. Further constraints on the
probe structure are necessary to facilitate analvtical expressions for these coetticients:
first, the probe and its feed ciicuit must be reciprocal, 1e made only of material with
symmetric permittivity and permeability tensors(49), so that the apphication of the
reciprocity theorem is possible in relating the behavior of a transmitting probe to a
receiving one, The second constraint 1s that the probe teceiving (or radiating) elements
are either wires contained within a plane that coincides with the planar surface of
measurement, or an aperture whose plane coincides with the suiface of measurement as
shown in figures (3.3-a) and (3.3-b) It 1s worth mentioning that most of the piobes used
in near field scanning meet these constraints A fuither assumption made here is that the
electric current distribution on the wire probe or the aperture tangential electric field
distribution on the aperture probe are known when these probes arc transmitting. These
distributions may be determined using measurements, existing numerical techniques ot
by reasonable, experience proven, approximations. In the latter two cases, only the
receiving (or radiating) elements of the probe have to be reciprocal.

The details of the procedure used to find expressions for vector field extraction
coefficients in terms of their current and aperture field distributions are shown in
Appendix (A) in reference to Figure (3 3). The basis of the procedure is the application
of a form reciprocity theorem(?), This form refates the probe output voltage to the
incident modal field. The probe is represented in this relation by the electric current or
the aperture electric field distribution at the radiating elements for a unit input voliage.
This result in a relation between the field components and the output voltage of the
probe, in which the vector field extraction coefficients can be easily recognized.

The electric field extraction coefficients for the wire probe are thus:

Co=~(RF,=9F,) (B 7 =)

> R

= 1 .o P
C,=K(£Fy+ny) (312 -0)

(3072 -¢)
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Figure (3.3): Field probe and probe feed line cross-section configuration.

a- Wire probe.
b- Aperture probe.
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and correspondingly for an aperture probe, the electric field extraction coefficients are:

Cym (f(k3+kg)F;—k"k’FL3"“5%5)[:”“““) L (3.18-a)

k. k.

z .1 (.(k§+k§)F;—k,kyF;+y(k§+k§)Fx+k"'cyF,)

: {30130
k. k, ( )

-~

-——1 Y * * Y, . .
C2=sz(x(kxe+kyFy)+y(kny“kxFy)) W (313 -0)
[

where A=F,F,+F,F,. F (k.. k,)and F (k,.k,) are the < and ¥ components,
respectively, of F(k,,k,), which is the Fourier transform of the wire electric current
distribution or the aperture electric field distribution, and F ' (A,. k)= F(Ak,.=4,).

It is evident from Equation (3.12) that the output voltage is completely coupled to the
electric field tangential to the plane of measurement in a wire probe, except for the
averaging effect introduced by the finite size of the probe. The coupling for the
component normal to the plane of measurement =, is dependent on the incident mode, in
addition to the averaging effect, and will approach zeto for & =0, which is the border
of the radiation region in (&,.4,), because of the singular value of ¢ at these points.
The opposite holds for an aperture probe as concluded from Equation (3.13), which
indicates that the two probes complement each othet, thus providing a wider range of
validity of measurement of the three field components.

The aperture probe is characterized by the tangential electric field distribution on the
aperture. The equivalence principle(”) can be used to replace the aperture ficld
distribution by an equivalent magnetic current, M = ix / for a planar aperture, where 7
is a unit vector normal to the aperture plane (= - ) This will affect slight modification
on Equation (3.13) by replacing I, by -/, and / , by /| so that 7" will stand for an
equivalent magnetic current distribution on the probe aperture In this case, the wire and
aperture are exactly dual, which implies, from the symmetry in Maxwell equations, that
the expressions of the vector magnetic field extraction coefficients are simply
Equation (3.12) for an aperture probe, and the modified Equation (3 13) for the wire
probe. In this manner, the field extraction coefficients of Equation (3 12) which yield
the electric field components for a wire probe, will also yield the magnetic field
components when applied to an aperture probe, and the opposite hold for the modified
Equation (3.13). This is shown graphically in Figure (3.4).
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Wire Probe Data
(Spectral Domain)

Aperture Probe Data
(Spectral Domain)

C,.C,and C, are defined
by Equation (3.12)

V(k k) Vik, k)
! '
'xl‘ ":
\...‘:»‘“
e’ ‘.“
: 1
ﬁL S x.
E,=C,.V H.=C,V H,=-C,.V F,=C,V
E,-C,V  H,=C,V H,=C,.V  E,=C,V
F,=C,.V H,=C,V H,=C,V  E,=C,V

C..C,and C, are defined

by the modified
Equation (3.13)"

1
v

E(k,.k,) H(k,. k)

i !

H(k,. k,) E(k,. k)

Equation (3.12) implies:

High Resolution x and y
components.

Low Resolution z component,

Equation (3.13) implies:

Low Resolution x and y
Components.

High Resolution z component,

Figure (3.4): Illustration of the consequences of the symmetry of Maxwell equations.
Either electric or magnetic field data can be extracted from the probe measured voltage,
but with varying resolution for the three components.

* Equation (3.13) is modified by replacing F, by -F, and F, by F,, so that these
quantities represent the spectral domain equivalent magnetic current at the probe
aperture instead of the aperture electric field distribution.
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As illustrative examples of the application of the vector field extraction coefficients,
two common types of probes are considered; a half wave length dipole as a wire probe,
and an open ended dielectric loaded rectangular warveguide as an aperture probe. These
probes are shown in Figure (3 5). When the probes are transmiutting, cosing current
distribution is assumed along the A /2 dipole, and the TE,; mode 1s assumed at the
waveguide opening with dimensions (A/5.A/2). This assumes a dielectric constant of
approximately 2.2 so that the two probes are operating at the same frequency. These
distributions are, of course, {irst order approximations More realistic distributions could
be used, but would unnecessarily complicate the following expressions, Thete is no loss
of generality if the propagation constant A, 1s set to unity, which cotresponds to a
wavelength of 21t. Considering the above, the current and aperture distribution functions
can be written in the space and spectral domains as:

1
FealX. %)= 58(¥)C08(¥). [yq(x.¥)=0.

FraCkyik,)= ’Z‘[smc(g(l —k,))+ smc(g(l . k,‘)ﬂ

i

Fralx,y)= %[U(ﬂg)-U(x‘—g)]mS(y)' [ya(x.¥)=0.
Foa(hy k)= Esmc(gk,‘)[smc(g(l -Icy))+ smc(g( 1+ ky))_‘

where the subscripts (d) and (a) indicate the dipole and aperture probes, respectively,
The field extraction coefficients are evaluated from the above spectral domain
distributions using equations (3.12) and (3.13).

To evaluate the range of validity of the measured field components, a measured ficld
component for a mode (4 ..k,)is considered acceptable if the error power multiplication,
calculated using Equation (3.11), for this mode does not exceed twice the error
multiplication for the mode (0,0). This criterion takes into account the fact that the
radiation pattern peak s in the boresight direction for both probes. Other criteria can be
applied depending on the nature of the probe, the quality of measuring nstruments and
the accuracy requirements. The value of the field extraction vectors lengths for the two
probes and for the three field components are evaluated. Equation (3.11) is then applied
to determine the error in the extracted field relative to the measured voltage error. The
range of validity of the three electric field components for the two probes are shown in
figures (3.6-a) and (3.6-b) for the cases of the dipole and aperture probe, respectively.
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Figure (3.5): Probes used as examples of wire and aperture probes

respectively.

a- Dipole probe, L =A/2.

b- Open ended dielectric loaded waveguide. Aperture dimensions:

a=A/2and b=A/5. (N <free space wavelength)

The dielectric loading the waveguide is assumed to have

a dielectric constant, €, =2.2.
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Figure (3.6): Measurement validity limits in the spectral domain for the
three components of the electric field.

a- half wavelength dipole of Figure (3.5-3).

b- Open ended dielectric loaded waveguide of Figure (3.5-b).

The dashed circle in both above figures is the radiation circle, within
which: kZ+k2<k?
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By inspecting Figure (3.6), it is concluded that the dipole probe can measure the
tangential field components (x.y) for wide range in the spectral domain which covers
smoothly the whole radiation region in (&,.k,)and extends to the evanescent region.
This is not the case for the normal (z) component, because of the singularity in the
expression for C for k =0, the boundary of the radiation region. The opposite holds for
the results of the open ended waveguide as evident from the same figure.

3.4. Experimental Determination of the Vector Field Extraction Coefficients:

The logical approach in trying to measure the characteristics of a probe is, simply, to
measure the output of the probe in a known field. This is usually not possible, because
of the difficulty in establishing a reference field distribution. On the other hand, by
inspecting equations (3.12) and (3.13), and referring to the derivation of these equations,
it is evident that there are no approximations involved in relating the currents (electric
or magnetic) on the probe surface to the field extraction coefficients. The only
approximation is in evaluating the current distributions on the probe. The relation
between the phasor radiation pattern of an antenna and the Fourier transform of the
current distribution is well established (10.41). One can, therefore, evaluate the current
distribution in the spectral domain using a measured phasor radiation pattern and by
substituting these values either in Equation (3.12) or (3.13) to evaluate either set of the
field extraction coefficients,

The complex radiation pattern of the probe is conventionally used as the probe model
to recover the radiation pattern of the antenna under test from the near field
measurements(3.3050) The only objection that can be raised is over the inability to
measure the phase in the probe far-field accurately. The far-field measurement by
definition involves large separation between the probe under test and the far-field
probe, while the phase error is proportional to the error in the distance between the
probe under test and the far-field probe, in wavelengths The difficulty is in allowing a
large separation between the two probes to conform with the far-field assumption while
keeping the phase accuracy within certain limits for that large separation.

In this work an alternative approach is suggested, using two identical probes. First,
the current distribution on the first prote is considered as the unknown, The field
generated by this distribution in the spectral domain can be evaluated using
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equations (2.5) or (2.6). If planar scanning is performed using the second probe, for the
field generated from the first probe, the output voltage can be predicted using
equations (3.12), (3.13), (A-6) or (A-8). These relations are again related to the current
distribution. A set of relations for each mode can be constructed such that:

Vox( 4o k)= cD(F (ky ok, d), (B

Voy (koo k)= eD(F (k k)0 d) 0, (31 1-1)

where D(F(k,.k,).d)is a function of the spectral current distribution on the probe
surface and the normal distance between the transmitting probe and the plane of
measurement, ¢ is a constant, and F (k.. k)= Fk.. ~4,). The measurement of field

extraction parameters is conducted, in this case, in an environment similar to that of the
actual measurements.

The above procedure was applied in measuring the spectral domain electric current
distribution of a dipole probe(40). To simplify the measurement and the numerical
processing, the dipole 1s assumed to radiate cylindrical waves and consequently, the
receiving pattern is symmetrical around the dipole axis This comes from the
approximation that the dipole arms are thin enough that the electric current is {lowing
only along the dipaole axis. Considering Figure (3.7-a) for the dipole configuration, the

current distribution along the dipole is f(x) with Fourier transform # (A ,) for unit input
voltage.

The x component of the radiated electric field at a distance d can be expressed as an
integral of cylindrical modes over A, (7);

E,‘(x..c[)=fk AChIHP ke " dk,

where k, = k2~ k2and A(k,)is the mode amplitude. The modal field can be expressed
in terms of the spectral domain current distribution as:

Eo(kyd)=2—

F(k)H Pk, d)k?

Jwe,
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Figure (3.7-a): Dipole under test configuration. The dipole is described in
Appendix (B) as probe #1],

Receiving dipole

Nel work
Analyzer

y (X=%")
)
1
|
_— > D - =D — - -
{
' {
d
o —— - . X l
Radi1at ing dipole
(X=0)
RF
Source

Figure (3.7-b): Configuration of measurement of field extraction coeffi-

cients of a dipole probe. The two dipoles are identical, and the receiving
probe is scanned along the x'-axis.
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By substituting the above relation into Equation (3.12-a) with the special case that the
output voltage vector has a single component, and including all the constants in one
constant, ¢ :

vk, d) = cF2(k YHP (k,d)kZe ™" e (3.19)

The above relation is similar to Equation (3.14) from which the spectral domain
current distribution can be evaluated using the inverse Fourier transform of the
measured output voltage.

Measurements are necessary only along a line parallel to the two probes axes as shown
in Figure (3.7-b), where the receiving probe is moved along the x’ axis and the
transmitting dipole is fixed at x=0. The separation distance between the two axes is d,
and the output from the receiving probe is measured in amplitude and phase, relative to
the input voltage at a regular sampling rate along the x’ axis within a range which
includes significant interaction between the two probes. The measurement was repeated
for several values of d for comparison.

The output voltage, as a function of x' is Fourier transformed to get v, (A..d), which

is shown in Figure (3 8). The measurement was performed at a frequency of 11.65 GHz.
(A =2.575cm.), and two distances d of .5 and 2. cm., = .2and.8X respectively. The
interaction due to evanescent modes (k,>k,) is evident in the first case, while it is
negligible in the second case. The current distribution function F(k,) can be evaluated
using Equation (3.15). The distance d was increased in steps of = .2\ until the
distribution was nearly independent of the variation of d. This represents negligible

multiple scattering between the probes. A distance of 2.cm was found to be enough for
this purpose.

The current distribution function is normalized to uuity at k,=0., so that the constant
¢ in Equation (3.15) can be evaluated. The current distribution function appears squared
in Equation (3.15), which results in two values of that function. Therefore, analytical
continuity was considered to choose one of them. The resulting distribution function is
plotted in Figure (3.9) versus k, using the d=2.cm. data. Even though there was no
assumption of real-valued current distribution, the results have negligible imaginary
parts. On the same graph, a numerically determined current distribution is shown. This

distribution was calculated for the dipole probe under consideration using the method of
moments{41),
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Figure (3.8): Inverse Fourier transform of the output voltige, for the
moving dipole probe, versus the normalized tangential wave number
k. 7k,

Solid curve: distance d= 2 cm. (= .81).

Dashed curve: distance d= 0.5 cm. (=.2X\).
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Figure (3.9): Axial slectric current distribution on the dipole in the spec-
tral domain (versus k,/k, ).

Solid curve: Experimental results using distance d= 2 c¢m. data.
Dashed curve: Calculated using the method of moments.
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In the above special case, some assumptions were used to facilitate the measurement
procedure and subsequent processing. These included neglecting the cross-polarized
currents and the effect of the feed and support structure. In general. it is necessary to
perform a two dimensional planar scan, in the two orthogonal probe orientations, to be
able to apply Equation (3 14). In this case, 1t 15 possible to find the two components of
the equivalent current distribution Equations (3 12) or (3.13) can then be used to
evaluate the vector field extraction coefficients Separate measurements and calculations
would be necessary for each frequency of operation

The choice of the type of current distribution model to represent the probe appears
initially, from the above procedure, to be independent of the physical structure of the
probe. The values of the field extraction coefficients, however, have to be the same,
independently of that selection This leads to the conclusion that in choosing, fo
example, electric current to represent an aperture probe, Cquation (3 12) would be used
to calculate the field extraction coefficients However, the spectial domain cusient
distribution has to be singular at & =0 . so that the resulting n and v field extraction
coefficients will also be singular, as they are supposed to be Choosing magnetic cutients
on the other hand, will result 1n non-singular spectral domain current distribution, and
the singularity in the field extraction coefficients will emerge because of the singulatity
in equations (3.13-a) and (3.13-b). This leads to the conclusion that the choice of the
type of current to represent the probe is an essential factor n obtaining a well-behaved
spectral domain current distribution.

3.5. Comparative Discussion of the Vector Field Extraction Coefficients Approach:

The method developed here, of extracting field information from the measuiement
probe output voltage, does not differ in principle from that developed carhier under the
name of probe conrection. It was stated in sub-section (1.1 3), that ali the field extraction
techniques characterize the probe by its behavior as a radiator, and use the fields(5%) or
circuit(39) forms of the reciprocity theorem in relating that behavior to the probe
performance in the planar measmacment environment The conventional purpose of the
planar near-field measurement 15 to evaluate the far-field of mghly directive antennas,
while the general objective of the planar measurement here, 1s to map the equivalent
currents at the aperture of the non-directive radhator under consideration, as indicated in
Chapter Two. The method proposed here can also be used to evaluate the far-field
radiation pattern from the extracted spectral domain electric or magnetic fields(4l), while
keeping in mind that the extracted fields, here, are the inverse Fourier transform of the
space domain fields. [t is necessary at this point to enumerate the features of the
approach proposed here in comparison with the existing practice:
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1. The measured probe voltage is described as a space vector (Equation (3.7)). This is
linked to each field component at the plane of measurement by a proportionality
constant, which is the field extraction vector for a certain mode. This will unify the two
components of the measured voltage as one quantity, which enables defining the
contribution of measurement errors on each field component by Equation (3.11). The
definition 1s valid over the spectral domain, including the evanescent region.
Accordingly, the probe performance can be determined, even for evanescent incident
modes, once the field extraction coefficients are evaluated.

2. The probe 1s characterized here by the aperture electric or magnetic current
distribution when radiating This permts the definition of the field extraction
parameters over a wide range in the spectral domain, starting from analytically or
numerically evaluated current distributions. This 1s an alternative to defining the probe
by its phasor radiation pattern, which would enable extracting the field values only to
within a limited area of the radiation circle The other advantage of this
characterization, is that a link can be established between the radiation mechanism of the
probe and its performance in the planar measurement environment. This link gives better
insight into the field extraction process.

3. A unified approach is employed here for the extraction of the electric and magnetic
fields. A unified approach is employed, also, in dealing with wire or aperture probes
under the constraints specified in Section (3.3). This feature is necessary in field
extraction since it was shown in Section (2.4) that it may be necessary to extract the
magnetic field from the measured probe voltage if the radiator under test can be
modeled by an equivalent electric current distribution.

4. The main advantage of formulations using S-paramaters is to account for multiple
reflections between the radiator under test and the measurement probe. This advantage is
not used in practice because of the complexity of the coupling between radiator and the
moving probe(3), The reveise scattering coefficients, consequently, are set to zero. Here,
the assumption of neglecting the multiple reflection is posed as basic assumption, thus
resulting in a simphfied formulation.

5. The TE-TM decomposition(}) of the measured field is also a circuit concept. The
characteristic impedance for each mode will differ for its TE and TM components. This
concept 1s also not used here, because the modal characteristic impedance is not used to
link the electric and magnetic fields. Maxwell equations are used for this purpose.
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3.6. Concluding Remarks:

This chapter dealt with the problem of the extraction of field quantities from the
measured field probe voltages. The problem was presented analytically tirst, to
investigate the probe response for the three distinct cases:

i. A small probe.
ii. Plane wave incident field.
ili. The general case of unspecified probe and incident field.

The derivations are performed, in keeping with the previous chapter, for the planar
measurement configuration, using the plane wave spectrum representation of the
electromagnetic fields. The vector freld extraction coefficients are introduced to model
the probe for a single frequency of operation Their use in {inding the range of
measutement validity in the spectral domain is demonstrated. The method of
theoretically estimating the field extraction coeflicients is detailed for fairly geneial wire
and aperture probe configurations, and examples of measurement validity for two
specific probes are demonstrated [t was concluded from these examples that a complete
description of the electromagnetic field 15 not possible using a single probe type for the
entire radiation zone of the plane wave spectrum However, guidelines were established
for probe selection for particular measurement tashs,

Realizing that a theoretical model of a probe might not be accurate enough to use as a
basis of the field extraction procedure, a general method 1s suggested for measuring the
field extraction parameters by scanning two identical probes. The experimental results
are shown for the special case of a half wave-length dipole This method can be
extended to find an unknown probe from a known one. In this case, the unknown probe
is a radiator under test for which the aperture current distr bution is unknown, which is

the problem dealt with in Chapter Two, while this chapter dealt with accounting for the
known probe.

The features of the field extraction procedure employed here, are listed in
comparison with existing probe correction procedures, which are used mainly to deal
with highly directive antennas. It is concluded that, while all the procedures use the
same principles, the procedure employed here is more powerful in predicting the probe
performance in planar measurement by using 1ts detailed electromagnetic behavior. In
addition, it has been shown (see Figure (3.4)) that by using any prabe, either the electric
or the magnetic field can be determined using the appropriate set of field extraction
coefficients,
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It was shown in Section (2.4), that when a radiator is modeled by an equivalent electric
current, it is necessary to measure the magnetic field components tangential to the plane
of measurement, or the three electric field components, to be able to map the equivalent
radiating sources. Similarly, it 1s necessary to measure the electric field components
tangential to the plane of measurement, or the three magnetic field components, to be
able to map the equivalent radiating magnetic currents It was also shown in
Section (2.1), that the choice of the type of currents to represent the radiation is
dependent on the nature of the antenna, or radiator, under test. By consulting the results
of Section (3.3), 1t seems that a fundamental selection criterion can be employed for the
type of probes to be used 1n the measurement 4 wue probe 1s a mome appropriate choice
Jor measvring frelds radiated by apertwr e radiators, while an aperture probe 1s more
appropriate for measuring the radiation from wire radiators

The above criterion seems to be 1n conflict with the general practice of using aperture
probes for near-fieid scanning of directive aperture antennas. By consulting Figure (3.6),
it is apparent that both types of probes are adequate when only a finite range around the
centre of the radiation circle in the (A,.A,) plane is considered, which is enough when a
highly directive antenna 1s under test With a broad-bcam radiator however, it is
necessary to measure a broad range of spectral field components within the radiation
circle, or even some part of the evanescent spectrum 1f the plane of measurement is
close to the radiator In this case, the choice of the type of measuring probe is critical,
and the above criterion should be employed towards that purpose,

The ideas developed in 1this and the previous chapters are used in the following
chapter for designing measurements and the subsequent data processing to study
particular antenna forms The external fields of three different types of radiators are
investigated to apply and demonstrate the utility of the results, and because of the
general interest in the three cases chosen.
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CHAPTER FOUR

APPLICATIONS

in this chapter, the experimental work based on the theory introduced in the previous
two chapters is reported. Three cases are considered as representative examples of
non-directive radiators. These cases are of general interest, and their study s also of
practical utility. A separate section is devoted to each case. 1 was shown in Chapter Two
that the measurement configuration ts highly dependent on the particular radialor
configuration. The decisions and choices taken in this chapter for each specific case ate
discussed from that perspective. The chapter aims at establishing expernence in
conducting the measurements and 1n processing the results, with the objective of
investigating possible efficient models to represent the radiators under test. it will be
demonstrated that some conclusions can also be made about the nature of the radiation
from the radiator under test Such conclusions might not have been possible without
applying the theoretical and the experimental techniques introduced in this work, These
conclusions are drawn taking under consideration also the available literature and current
information dealing with such radiators

The work presented here fails into the major category of field measurements on a
plane in the vicimty of the radiator. The field values are then extracted from the
measurec voltage using the principles discussed in Chapter Three, and finally, the
extracted field values are processed to find the immediate field distribution, or the
equivalent currents, on the radiator plane Other useful characteristics, such as the
radiation pattern and the plane wave spectrum, are evaluated, whenever these
characteristics can be used to gain more understanding of the behavior of the radiator.
Such measurements assume that the behavior of the measuring probes is adequately
understood, and can be modeled mathematically, so that the extraction of the field
quantities from the measured voltage 15 possible In these measurements, dipole probes
are employed and their description 1s detailed 1n appendix (B)

In addition to the above describcd marn stream line of measurements, several
measurements were conducted to confirm certarn assumptions, to gain an initial idea
about the field structure, or to compare field calculations with measurements.

The experimental facility used, which includes a precision tri-axial scanner for
volumetric near-field measurements 1s described 1n Appendix (C). In order to meet the
requirements of these measurements, considerable modifications were made to the system
to improve stability, accuracy and dynamic range.
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The computer programs used in processing the measurement data to produce the results
shown in this chapter, as well as the other programs used throughout this thesis are
described in appendix (D).

In the following sections, three types of radiators are dealt with, The first one is an
approximation of an infinite open ended microstrip edge, which is a sub-wavelength
radiator with two dimensional field structure. The second is a rectangular microstrip
patch operating around resonance frequency, which is still small in size, but has a three
dimensional field structure. The third radiator is a horn cluster of a type used as a feed
for a satellite reflector antenna, with multiple wavelength aperture dimensions. The first
two cases represent attempts to gain more understanding of the field structure around
these radiators. In the third case, however, an effort is made to obtain practical,
application oriented radiator model through the planar near-field scanning and the
utilization of the equivalent current model.

The ficlds and currents that this thesis deals with are single frequency time harmonic,
for which the field and current distributions are defined by a phasor space variable. In
the experimental rzsults presented here, the amplitude and phase of the measured and
calculated fields and currents are available, but in most of the cases, only amplitude data
are presented The phase information, however, is essential in the definition of the field
structure, but it has the predictable nature of regressive phase proportional to the
distance from the radiator. This behavior can be observed in the phase maps that are
presented in this chapter. Most of the conclusions drawn from the experimental work
are, therefore, based on the amplitude field and current distributions behavior.

4.1. Microstrip Edge Field Probing:

The infinite microstrip edge configuration, Figure (4.1-a), has been considered
analytically in the past(5)), The major interest in the literature, however, has been in an
accurate internal model for the edge. By internal is meant the edge behavior as seen
from the feed point of view rather than the field in the space outside and around he
edge. The reason for treating the problem this way is that most of the research efforts
are directed towards obtaining a model for the edge equivalent lumped parameters, i.e.
the input impedance of the edge looking from the feed point. In addition, the external
field behavior is an open boundary problem, for which an accurate analytical solution

-68-



¢

$..3

—_———

copper ,L ___ ’x (a)
E E copper \

feed dielectric

b
feed — (o)

I~ dielectrice

§
b e e e e ——— . Tt-_absorber

Figure (4.1); Experimental approximation of an infinite microstrip edge.

a) Side cross-sectional view. The field inside the patch is excited by
the feed, and the microstrip edge is located at x=z=0. The geometry is
ideally unchanged along the y-axis. The dielectric used as substrate is
RT/Duroid 5880, with dielectric constant of 2.2 and thickness of 0.7 mm.

b) Top view of the experimental approximation The exterior field is
expected to resemble that of an infinite edge at points close to the origin
(x=y=2z=0.). The location of the feed at the centre of the circle sector is
expected to achieve a uniform field structure along the circular edge. The
dashed line indicates the area covered with absorbing material

The dimensions are not shown to scale. The circular sector patch has
14.0 cm. radius and the sector angle is 70° The diclectric substrate has x

and y dimensions of 257x204 mm. respectively. The distance between the
feed point and the substrate edge is 3 cm.

The line measurements are carried out along lines paraliel to the x-axis
and with z distance of d.
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does not exist currently, and the numerical methods dealing with such a problem are not
yet well developed. The existing analytical approximation, internally, is the substitution
for the edge by a shunt reactance to account for the fringing field at the edge, and a
resistance to account for the radiation and the launched surface wave(52). This model,
however, is good enough to produce a fairly acceptable approximation of the edge when
used in the context of modeling the microstrip antenna internal behavior. The edge is
modeled externally by replacing it by an equivalent magnetic current line placed along
the edge(83.54) [t 1s attempted to devise some experiments to gain more understanding of
the field behavior outside the edge, and to examine the limitation of these experiments.
The techniques, presented here, can be used to study other radiators or scatterers, with
two dimensional field structure, such as shts, strips or long wires.

4.1.1. Experimental Implementation of the Microstrip Edge:

Figure (4.1-b) shows an experimental realization of an approximate infinite microstrip
edge. The structure, which is a circular sector patch is printed on an RT/Duroid 5880
dielectiic (¢,) = 2.2, thickness 0.7 mm., with conductive backing. The patch is fed
through the back at the circle center in expectation that placing the feed at this point
will result in the propagation of circular wave-fronts under the patch, which would
illuminate the circular edge of the patch uniformly. This assumption has to be verified
experimentally as will be shown later. To avoid radiation from the feed point and the
straight edges, microwave absorbing material was placed over these edges. This material
was grooved along these edges to avoid direct contact of the absorber with the edge.
This is intended to reduce loading the straight edges excessively, thus enhancing the
circular nature of the aforementioned wave-fronts. The location of the absorbing
matetial 1s indicated by the dashed line in Figure (4.1-b). The only edge exposed to the
air is the circular one, which is expected, at close distances, to resemble the behavior of
an infinite straight edge The range of distances from the edge for which this
expectation is valid has also to be determined experimentally.

The advantage of such a configuration is that it is of a reasonable size, and that only
a single feed point is needed The obvious limitation is that the field has to be probed
only close to the edge to resemble infinite edge behavior, and therefore, no direct
measurement of the far-field can be carried out.
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4.1.2, Model Confirmation and the Experimental Procedure:

It was first necessary to confirm that the field is uniform along the microstrip edge,
both in amplitude and phase, Once this 1s established, 1t can then be assumed that there
is uniform illumination of the edge indicating that the field inside the patch has circular
wave-fronts originating from the feed, as was expected The test 15 accomplished by
scanning a probe in a plane parallel to the patch surface, with the probe very close to
that surface (1 mm from probe centre to the patch surface), and reading the probe
output amplitude and phase at each point The probe used was the longitudinal short
monopole probe #3 described in Appendix (B), with the recewving element aligned along
the =-axis. The advantage of using this probe s its small size, which allows detailed
field mapping and little interaction between the probe and the edge The fact, indicated
in Appendix (B), that the reading of such a probe is unrehiable for evaluating the actual
field quantities, does not contradict 1ts use n this case, since the objective here 1s to
check the uniformity of the field along the edge rather than evaluating 1t [ he planar
scan was performed for different frequencies within the X-band (8-12 GHiz ) The
results of one of these scans are shown 1n figures (4 2-a) and (4 2-b) showing the
amplitude and phase respectively at 10.2 GHz The results for other frequencies are
similar, except for a change in the signal fevel and phase, possibly due to the varying
mismatch between the patch and the feed line The uniformity of the field amphtude
and phase, for fixed distances from the edge line, 1s evident from the above figures. It
will be noted that the actual scans are along straight lines parailel to the edge tangent at
y=0. This is an approximation to the curved edge for small ranges of y

After gaining some confidence that the edge is umiformly illummated, it is possible to
perform some measurements to reveal some of the infinite edge characteristics using the
above described sector patch. One of the objectives 1s to determine the map of the fiefd
surrounding the edge and of the far field. This cannot be performed by direct
measurement, because the infinite edge behavior is restricted to the proximity of the
edge (at small - values in Figure (4.1)) as stated earlier It 1s possible, however, to
measure the field close to the edge using a probe with a well defined model, and to
transform the field values towards or away from the edge and to the far-field using the
techniques described in chapters Two and Three In addition, only line measurements are
necessary along hines parallel to the v-axis of Figure (4.1). nstead of planar
measurements, because of the assumed field uniformity along the y-axis. The concern in
this case, is that for small distances between the patch surface and the line of
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Figure (4.2). Experimental validation of the infinite edge approximation.

Longitudinal monopole (probe #3, Appendix (B)), is scanned over a
plane parallel to the patch plane at a distance of | mm. from the patch
surface. The probe output voltage is shown here, which is approximately
proportional to the z component of the electric field distribution.

a) Relative amplitude distribution in dB.

b) Constant phase contours, with 45° contour interval.

The results indicate uniform amplitude and phase excitation of the
edge (x=0) within -1.0 <y< 1.0.
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measurement, the interaction between the probe and the patch may disqualif'y the results
for subsequent calculations. If the distance, on the other hand, is too great, the infinite
edge assumption will eventually fail The approach used is to perform measurements at
varying distances from the patch surface, and examining the calculated far-field trom
each measurement. The far-field should be independent of the line of measurement
distance when the infinite edge approximation holds.

The probe used in the measurement was the short dipole probe #2 described in
appendix (B), oriented along the \-direction (line of measurement) This has been chosen
because of the small size, so that there i1s mimmum nteraction between the probe and
the edge, and also, because the field values extracted fiom the measured voltages are
insensitive to the approximations in the probe model The probe was scanned at y=0,
x=(-4,,4.) cm., in | mm. steps, with different z-axis distances ( =d) ranging from
0.2 cm. to 1.5 cm. between the line of measurement and the patch surface. This was
performed at an operating frequency of 11.6 GHz. (A =2.L9cm.). The results of some of
these measurements are shown in Figure (4.3). The edge coordinate in this and the
following figures is x=z=0.

4.1.3. Processing and Presentation of the Measurement Results:

The mapping of the immediate field, or the equivalent currents, over the patch is
performed using the methodology established in Chapter Two The inverse Fourier
transform of the measured field s evaluated, and then, Figure (2 4) 15 used to set the
range of tangential wave number (4,) in the spectral domain that can be used towards
calculating the equivalent currents using Equation (2 5-a) The spectral variable (4 ,) is
set to zero in this equation as a consequence of the two dimensional nature of the
configuration. The magnitude of the plane wave spectrum of the measured field,
extracted from the measured probe voltage, 15 shown 1n Figure (4.4) for ditferent
distances of the hine of measurement indicated The decay of the evanescent modes
(Jk</h,/ 2 1) can be observed in this figure as the distance 1s made larger The results
for the immediate x-component of the electric field, which s proportional to the
y-component of the equivalent magnetic current, versus y-coordinate, are shown in
Figure (4.5), for two distances (d) of the hine of measurements Secondary lobes are
observed in the immediate field results, which can be attributed to the truncation of the
plane wave spectrum. The larger immediate field amphtude resulting from the d=02cm.
data is affected by the inclusion of the contribution from the evanescent modes, and
because of the smoothing of the other figure as a consequence of specltrum truncation,

which will spread the calculated immediate field energy over a larger region around the
edge.

-73-



The evaluation of the far-field in this case was performed using the far-field
approximation(4U), from the equivalent line magnetic sources aligned along the y-axis.
Because of the two dimensional structure of the radiator, the spatial Green's function for
the source is a Hankel function of the second kind, 1/{?(k,|r—r']). In the far-field, the
Hankel function can be approximated to be proportional to o halir I/\/—r_:_r_'. The
far-field approximation considers only the phase variation of Green’s function,
therefore, the far-field can be expressed as follows:

tk,sin0x

E0)=04 [ M, (x e dx (1)

where Qis the angle between r and the z-axis, £,(0)is the far field electric field, 4 is
constant that includes the radial field dependence, and M ,(x ") is the equivalent magnetic
current source at ==0., which is proportional to the x-directed immediate field at the
patch surface.

By inspecting the above equation, it is obvious that the far-field can be calculated for
this configuration directly from the plane wave spectrum of the measured electric field
as follows:

Fo(0)=E(k,) . k,=k,s1n0 e (4.2)

Figure (4.6) shows the normalized radiation pattern calculated using the d=0.5 cm.
measurement data.

To have an idea about the field behavior in the area surrounding the microstrip edge,
the discussion in Section (2.6) is recalled, in which an explanation was given for the
drawbacks of using the plane wave spectrum for near-near field transformation.

Figure (4.7) shows the x component of the electric field calculated using aperture
integration, or in other words, integrating the infinite line magnetic current along the
x-axis. Equation (2.1) was used in evaluating the exterior electric field, with J, =0, and
the dyadic Green's function was derived considering the fact that the field due to the
infinite line current has a Hankel function of the second kind (/147 (k,r )) radial
dependence. This field distribution was calculated using the data for d=0.5 cm. (= .2\).
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Figure (4.3): Measured probe
output voltage versus x probe
position, for the distances
d=.2,5 and 1. cm. indicated
(=0.08,0.2 and 0.4A).

Dipole probe #2 described
in Appendix (B) is used in
these measurements aligned
along the x-axis to couple
with the x-component of the
electric field.

Phase information is also
available from these measure-
ments.
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Figure (4.4). Lincar amplitude
of the x-component of the
electric field in the spectral
domain normalized to A,
These field distributions are
extracted from the phasor
voltage measurements in
Figure (4.3), with the dis-
tances d used in these mea-
surements indicated. The
phase mformation is also
available.

The probe #2 model pres-
ented in Appendix (B) is used
in the electric field extraction
from the measured voltages.
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Figure (4.5): Relative linear amplitude of the x-component of the imme-
diate electric field (z=0) in the space domain. These results were calcu-

lated from the measurements with distances d indicated. Phase
information is also available from these calculations. This distiibution 15
proportional to the y-directed line equivalent magnetic current.
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Figure (4.6). Far-field radiation pattern of the microstrip edge calculated
from the phasor equivalent magnetic current distribution of figure (4.5).
The d=0.5cm. measurement data is used in these calculations. Zero degree
in this pattern corresponds to the positive z-axis and 90 degrees corre-
sponds to the positive x-axis.
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Figure (4.7): Calculated x-component of the electric field in a plane x-z
(»=0), in an area surrounding the microstrip edge. The electric field is
calculated at each point by integrating the contribution of the equivalent
magnetic current lines. The d=0 5 cm. set of measurement data is used to
obtain these currents.

a) Linear relative amplitude contour map, with contour interval of of
unity and maximum contour of 1.

b) Phase contour map, with 90° contour interval.
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4.1.4. Comments:

The advantage of probing the field in the vicinity of the approximate microstiip edge.
and the subsequent use of the techniques of chapters two 1 three, is strengthened by
the fact that there 158 no way of directly measuring the near or tar-field for such a
radiator. Although the problem of characterizing the external field for an infinite edge
has no important application, it has a significant advantage for studving other
configurations where a microstrip edge 1s the source of radiation, such as the microstrip
patch antenr:as and microwave printed circuits. This section has established a
methodology of dealing with the measurement of the external field of a microstiip edge
and characterizing the field around 1t

The major conclusion drawn using the results of these experiments is that
approximating the microstrip edge as a line magnetic current located along the edge is a
fairly good one when only a single edge exists. This is evident by inspecting the
immediate field of Figure (4.5), which proves that the source of radiation is centeied at
the edge, and the far-field radiation pattern of Figure (4.6), which shows that the
1adiation pattern versus Qis nearly uniform, indicating that there is only one line souwce
of radiation, otherwise, there would be maxima and minima due to the interaction
between the sources. The other observation from the experimental results, is that the
effect of surface waves could not be measured in the region external to the dielectric
using the available hardware and probes. This does not mean that the surface wave has
absolutely no effect on the microstrip edge field, since it propagates within the diclectiic
and it will cause secondary radiation when it encounters an obstacle within, or the edge
of the dielectric substrate. This latter phenomena has been detected experimentally, and
will be shown in the next section.
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4.2. Microstrip Patch Antenna Field Probing:

Microstrip, or printed patch antennas have gained widespread use as radiating
elements for array antennas Their principle of operation seems straightforward, but the
accurate analysis and prediction of their performance is a difficult task that occupies a
significant amount of the current hterature on antennas(35.56), While their internal
behavior can be approximated as a cavity with lossy walls, with the loss in the walls
contributed by the radation and the surface wave launching(54), the external behavior is
rather comphicated and partly described 1n the Iiterature The 1eason 1s the unavailability
of effective analvtical tools for dealing with the open boundary around the patch edges.
These edges consist of the transition from the patch and the conductive backing
enclosing the substrate, to an open boundary replacing the patch, and the further
complexity of the external interaction between the edges This has led to the
development of numerical techniques of dealing with the microstrip radiator, using, in
principle, the method of moments(57),

Experimental confirmation of the numerical results 1s based mamnly on the agreement
between the numerically predicted resonant frequency and input impedance with
measured values The fact that this kind of a radiator is of narrow bandwidth, or
resonant, imphies that the input impedance is influenced mainly by the fields inside the
patch which accounts primanly for the stored energy The region exterior to the patch,
which the immediate, near and far fields of the patch are parts of, 1s only loosely
coupled to the internal field under the patch surface The model confirmation, therefore,
using only the input impedance measurements, may be unrehable when the external
behavior of the patch 1s of major interest, especially when considering that the
characterization of the external behavior is of prin.ary importance in defining the
coupling between the patch and the surrounding elements and the radiation pattern of an
array.

The external behavior of a patch model can be confirmed using the radiation pattern
measurement, but since the microstrip patch is a weak radiator with an inherently large
supporting structure, direct mersurement of the far-field would be corrupted by the
scattering from the surrounding objects and the secondary radiation from *the substrate
edges. This latter statement is demonstrated by Figure (4.8) which shows significant
radiation from the substrate edge which would certainly contribute to a measured
far-field radiation pattern. The patch and the substrate 1s the same one used in the later
experiments in this section Williams ctal.(58) have considered this effect and managed to
measure the far-field of a microstrip patch .ith considerable accuracy using information
gained from the measurements of the radiation pattern in the back of the conducting
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Figure (4.8): Demonstration of the secondary radiation from the substrate
edge of a microstrip antenna. The antenna used in this expenmem is that
of Figure (4.10) operated at 11.65 GHz. Dipole probe #! in Appendix (13)
is utilized and oriented to couple mainly with the y-component of the

electnc field, with the distance d=1 cm. between the antenna and scan-
ning planes.

plane of measurement

\1/ patch \1/

N surface wave N surface Jrave
'<_—‘// NoTT T \\’"*

Z

ground plane (conductor)
dielectric

Figure (4.9): The plane of measurement and its dimensions are chosen
such that the measured iields will be mainly contributions of the micro-
strip patch. This will weaken the effect of secondary and stray radiation

from the dielectric substrate edges and from the supporting structure, on
the final measurement results.
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ground plane backing the substrate. This technique imposes restrictions on the supporting
structure and considers only one secondary radiation phenomenon. In addition, only the
radiation pattern can be recovered for this case In this section, the external behavior of
a microstrip patch is examined by probing the field in the vicinity of the patch, where
the field 15 dominated by the contribution of the patch itself, to obtain an equivalent
current model that represents the external freld of the patch. The planar measurement
offers in this case a unique advantage of the ability to measure close to the patch, while
avoiding the contribution from the secondary radiation sources, as demonstiated by
Figure (4 9) In the alternative cylindrical or spherical measurements, the patch and the
supporting structure has to be enclosed by the surface of measurement, which makes the
contribution of the these sources unavoidable. Further reduction of the effect of the
secondary radiation s affected by the truncation of the equivalent radiating sources
plane as discussed 1n Section (2 7)

The planar probing of the Tield close to the microstrip radiator has the additional
advantage of the possibility of transforming the field back towards the patch surface,
giving a quantitative dea about the immediate field around the radiating patch, within
the himitations discussed in chapters two and three, This will facilitate the use of the
techniques, described here, for locating and measurement of fields surrounding other
kinds of microstrip structures, such as discontinuities and junctions, which gives an idea
about the, usually undesired, radigtion from them In the following sub-sections, the
experimental procedure is described with a presentation of the experimental results.

4.2.1. Description of the Microstrip Radiator and Preliminary Investigations:

The rectangular patch used in the experiment 1s shown in Figure (4.10). The patch is
printed on RT/Duroid 5880 microwave dielectric substrate, ¢, =2 2= .02, and thickness
0.7 mm., with conductive backing, or ground plane. The patch was designed to resonate
at 11.6 GHz. using the formulation given by Munson(52}, which is used also in locating
the feed point to give proper matching with the 500 feed line The patch is designed to
radiate a mawn, y-polarnisation and a cross, yv-polarization in the boresight direction. In
the following experiments, the frequency of operation 1s chosen such that maximum
radiated power in the boresight (=) direction for the main polarized component of the
radiated field results. Using the monopole probe #3 of appendix (B), the immediate field
component normal to the surface of the patch 1s scanned to obtain a contour plot of that
component as shown in Figute (4 11) This figure shows asymmetry of the modes excited
inside the patch. This can be attributed to the relative thickness of the patch
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Figure (4.10): Rectangular patch microstrip antenna used in the experi-
ments. The patch designed dimensions are 13.4x8.9 mm. in the x and y
respectively to resonate at 11.65 GHz. The substrate x and y dnmensrons
are 25.7 cm. and 20.4 cm. respectively. The substrate dielectric is
RT/Duroid 5880 (dielectric constant of 2.2) with 0.7 mm. thickness. The
patch is probe fed through the substrate copper backing at the point x=0.

and y=2.5 mm. This is supposed to match the feed probe to the 500 feed
line at 11.6 GHz.

The origin of the coordinate system (x=y=z=0) is located at the centre

of the patch surface which coincides with the centre of the rectangular
substrate, This figure is not drawn to scale.
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Figure (4.11): Contour plot of the relative amplitude of the z component
of the electric field measured in dB in the proximity of the patch surface
at 11.65 GHz. Contour level interval is 2 dB and the maximum contour
level is 22 dB. Phase information is also available from the measurement.
Monopole probe #3, Appendix (B) 1s used in the measurements, with the
monopole element aligned along the z-axis. The output voltage of the
probe is approximated as proportional to the electric field component
normal to the microstrip patch plane, within the lLimitations discussed in
Appendix (B).

The distance between the patch and scanning probe centre is 1.5 mm.
The patch is located within an area described as: -6.7 mm.< x < 6.7 mm.
and -4.5 mm.< y < 4.5 mm., as indicated.
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(.031) which is three times thicker than the maximum thickness for which a patch
internal field can be approximated by that of a two dimensional cavity. This was not of
major concern in this work, since the interest is in measuring the patch exterior field as
it actually exists.

Some planar measurements were conducted during early stages of this work close to
the patch, within one wavelength, using measured probe data of Section (3 4) for field
extraction from probe #1 output voltage The measured field data was transformed 1nto
the spectral domain, and the far-field 1adiation pattern was calculated from the spectral
domain representation{41) The Fourier transforms of the main and cross polarized
measurements are shown in Figure (4 12) versus the normalized tangential wave
numbers, and the consequent radiation patterns are shown in bigure (4 13) The problem
of calculating the radhation pattern directly from the spectral representation of the Field,
is demonstrated in these figures by noticing the irregular behavior of the spectral
representation at A, = 4, =0 ., and the radiation pattern at the boresight direction. This s
due to the non-directive nature of this radiator, which leads to the significance of
coupling and truncation errors described in Section (2.7). This necessitates the
employment of the equivalent currents approach towards defining the field exterior to
the patch. The consequent work based on the evaluation of the equivalent cuirents
representation is shown in the next sub-section.

4.2.2. Determination of Equivalent Currents and External Fields:

The measurements of the co-polar, (v), and the cross-polar, (x), components of the
field at close proximity to the surface of the patch (? mm =.08X\), are shown in
Figure (4.14). These pictures give a qualitative idea about the immediate field structure
of the patch. Further elaboration using this data 1s unreliable due to the proximity of the
probe to the patch. The probe used in these and the following experiments is the 0.9 ¢m,
balanced dipole probe #2 of Appendix (B) These figures can be compared to those
obtained be Levine(15), taking attention that they are presented here in dB scale.

Planar scans on planes parallel to the patch surface were conducted, with progressively
larger distances of 0 5, I and 2 cm., (=0 2,0.1and0.8)) for the operating frequency of
11.68 GHz. The electric field values were extracted from the probe #2 output, using the
probe model of Appendix (B) and the theory presented in Chapter Three, after inverse
Fourier transforming the measured voltage. The equivalent magnetic current model is
chosen to represent the patch for two reasons; First, the patch can be physically
described as an aperture radiator that can be replaced by equivalent magnetic currents.
The use of electric current sources will cause the dispersion of the equivalent currents
over larger area as stated earlier. This necessitates the measurement of the tangential
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electric field to the plane of measurement to gain a well conditioned evaluation of the
sources over a wider range of modes as demonstrated by Section (2.4). The second
reason is the fact that the dipole, s.e wire, probe is used in the measurement for its
practical advantage The electric field components tangential to the plane of
measurement are transparent through the measured voltage for the entire radiation circle
and extend to the evanescent region as demonstrated in Section (3 3)

The maximum tangential wave numbers employed in the inversion are estimated using
Figure (2.4) Considening the first set of measurements at a distance of 2 7. shown in
figures (4.15-a) and (4 15-b), the maximum rehably measured tangential wave number
A o 18 @approximately | 34 . which implies the possibiiity of using some vanescent
modes towards the evaluation of the equivalent sources. The results of the calculation of
equivalent magnetic currents are shown 1 Figure (4 16) using this maximum wave
number Figure (4 17) shows the equivalent magnetic currents using a larger A ., of 2k,.
which exceeds that deterinined by the criterion used for reliable measurement in
Section (2 4), but shows that the employment of a larger range of evanescent modes can
reveal further details of the immediate field structure, but with larger quantitative
uncertainty

The evanescent modes cannot be employed reliably in the other two measurements
(surface of measurement distances of 0.4 and 0.8 A, respectively), as evident from
Figure (2 4). The two measurements, however, gave similar equivalent magnetic current
distributions at the patch surface. This indicates that the multiple reflections between the
patch and the measurning probe are neghigible. Figure (4 18) shows the equivalent
magnetic currents using the 1A distance of the plane of measurement, This magnetic
current data can be used to calculate the near and far-fields radiated from the patch.
The reactive fields surrounding the patch cannot be calculated from these currents
because of the exclusion of the evanescent modes when calculating them.

The clectric field was calculated from the magnetic current distribution of

Figure (4 18), at a plane 10 ¢m away from the patch plane for both polarizations. The
magnetic current ts integrated over a truncated aperture of § cm.X 6 cm. on the patch
plane, using Equation (2 1). The resulting fields are shown in Figure (4.19), compared
with the electric tield measured at the same plane using the short dipole probe #2 raw
measurement data. which are assumed, for the distance involved, to be approximately
proportional to the incident electric field. The distance of 10 cm. (= 4.A) falls into the
far-field region of the radiator according to Section (1.4).

The near-field of the patch is evaluated in a similar fashion from the equivalent
magnetic curtent distribution. Figure (4.20) shows the main polarized field calculated on
a plane ( v->) perpendicular to the patch plane, compared to measured values on the
same plane. This plane passes through the near and far-field regions of the patch.
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Figure (4.12): Planar measurements were carried out at 11.65 GHz., with a
distance d=1.0 cm. between the patch and measurement planes, and
10.x10. cm. dimensions of the plane of measurement. Dipole probe #1 is
used in these experiments, The surface plots shows the relative linew
amplitude in the normalized spectral domain of:

a-_Main polarjzed (v) component of the electric field distribution.

b=~ Cross polarized (x) component of the electric field distribution.
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Figure (4.13): Sections of the far-field radiation pattern evaluated from
the spectral domain field distributions of Figure (4.12).

EPy= Main polarization component in the E-plane (y-2).

EPx= Cross polarization component in the E-plane.

HPy= Main polarization component in the H-plane (x-z).

HPx= Cross polarization component in the E-plane.
(HPx is shown here multiplied by 10)
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Figure (4.14): Measurement at a plane close to the microstrip patch plane:

a) Dipole probe #2, Appendix (B) oriented along the y axis to couple
with the main polarized electric field component.

b) The same dipole oriented along the x axis to couple with the cross
polarized electric field component.

Only amplitude data (in dB scale) is shown here, but the phase data is
available from the same measurement. The distance d between the micro-

strip patch and measurement planes is 0.2 cm. (~0.08\)at 11.68 GHz.

The irregular behavior of part (a) of this figure between y=-0.7 cm.
and -1.3 ¢m. is due to equipment failure during scanning, which is toler-
ated here because no further calculations were made using this data.
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Figure (4.15). Planar measurement at a z distance between the microstrip
patch and measurement planes (=d) indicated. The output amplitude is
shown here in dB scale, and the dipole probe #2 is used in this and all
tllxlegéegﬂning measurements, and the frequency of operation is

. 2.

a) d=0.5 cm. (= 0.2)\) main polarization.
b) d=0.5 cm. cross polarization.
{continued next page)

-89



-]

ar
L

AAG12
> L}
T 3
3 8
s A
s . +
L 3 L
3 E s\
~. !
3 L] \ g $9 y .-i B
‘:“ WA W) 14
. N W Qu‘ :g:\ BN \\ .
3 “““‘\‘I“ 53(1&3&&“\\\ TR y
\\ “ ‘\\\\Q\\\\\\\ \\ 000.0
N IR 3‘\“\\ i I e 5
; AN .
o ‘“\ ‘\‘\\ ' h. .- - -
.
e | .
||“\.\\\'-"' o
( C) 2 g ;
e .
by -
3 A
[ .
% ]
% " \\ g N
-8 3 3 Y
Ll i ‘N:m\-:m :. SRR
2 Y ’u/// /" ', ‘\\\\\ o \\3\:\§§\‘§\ 2 "
: ) ,mf/l/// 94, . '0'. A ‘ ‘ ‘\\\\\\\\ \“:‘:::m:‘“i{\\., N :
s-_ G 0! \ RN 3 3
’ /l,u,/l ““I e §§§\ L]
" ”'nf" X ‘\“\\ ~
] Q N\ y
" \\\\ \‘!.‘" .
3 \\ - - el
= L
"
ﬂ‘ “®
-
o -
e f
(e) b (f)

Figure (4.15):

¢) d=1.0 cm. (*0.4A) main polarization.
d) d=1.0 cm. cross polarlzatxon.
e) d=2.0 cm. (= 0.8A) main polarization.
f) d=2.0 cm. cross polarization.

The main and cross polarization mdncates the orieatation of the dipole
probe element along the y and x axis respectively.
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Figure (4.16). Equivalent radiating magnetic currents at the microstrip
patch plane. Amplitude distrihution is shown here in linear scale. The
spectral domain was truncated to include only modes with

ko= JkZ+k2€1.3k, (i kimax = 1.3k, ).

a) Main polarization ( x component of the current distribution).
b) Cross polarization ( y component of the current distribution).
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Figure (4.17): Same as figure (4.16), but with k., = 2.0k,.

a) Main polarization.
b) Cross polarization.

. The result in the above figure should be compared to the immediate
field measurement of figures (4.14-a) and (4.14-b).
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Figure (4.18): Amplitude distribution of the equivalent magnetic currents
at the microstrip patch plane. These currents are calculated from the mea-
sured amplitude data of figures (4.15-c) and (4.15-d) and the correspond-
ing measured phase data. The spectrum is truncated in the calculation
such that k.= k,.

a) Main polarization
b) Cross polarization.

These currents are utilized 1n calculating the exterior electric field of
the microstrip patch in the next two figures.
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Figure (4.19). Surface and contour plot of the normalized electric field
distribution at a plane 10 cm awav and parallel 10 the miciostrip patch
plane.
a) Main polarized (y) component calculated ftom the cquivalent mag-
netic current distribution of Figuie (4.18), with the current distribution
truncated to within -4 cm <x<d4cm. and -3 cm <p< 3 cm

b) Main polarized component measured directly with dipole probe #2,
appendix (B), oriented along the y-axis.

Contour maps have maximum contour level of 0 dB and 2 dB contour
intervals.

( continued next page)
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Figure (4.19):

¢) Cross polarized (x) component calculate(j from the equivalent mag-
netic current distribution of Figure (4.18), with the current distri* ition
truncated to within ~4 cm. <x< 4 ¢m. and -3 cm <y< 3 cm.

d) Cross poiarized component measured directly with dipole probe #2,
Appendix (B), criented along the x-axis.

Contour maps have maximum contour Ievel of 0 dB and 2 dB contour
interval,
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Figure (4 20): Main polarized electric field distribution at the y-z plane
{x=0). The microstrip patch centre is x=y=z=0 as shown in Figure (4.10).

a) Calculated from the equivalent magnetic current of Figure (4.18)
truncated to within -4 cm. <x< 4 ¢cm, and -3 cm <y< 3 cm. Maximum
amplitude contour is 17 dB and the contour interval is 2.5 dB. Phase con-
tour interval is 180°

b) Measured directly with the dipole probe #2, Appendix (B) oriented
along the y-axis. Maximum amplitude contour 1s -5 dB and the contour
interval is 2.5 dB Phase contour interval is 180°
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4.2.3. Commnents:

Comparison between figures (4.14) and (4.17) shows that the utilization of the
evanescent modes has revealed qualitatively correct information about the immediate
field stiucture of the patch The existence of evanescent modes in the measuied tields
has been usually attributed to the multiple scattering between the probe and the radator,
which will cause the distortion of the measurement, and consequently, coupling between
the evanescent and the radiation region of the plane wave spectrum  The above figtires
prove that, for the case under consideration, the effect of this diviortion 18 fess
significant than the actual evanescent modes contribution of the «adiator external tields

Figure (4.19) shows the resemblance between the far-{ield caleulated trom the
equivalent curient model of the radiator, and that measured duecdy, i and around the
region of peak field values The equivalent current model s evidently superniot in
defining the electric field at regions where 1t has a lower level, for which the measured
field is highly corrupted by noise. This can be attitbuted to the error filtering gauned by
spectral and space domain truncations described in Section (2 7).

The same above argument applies to the results shown in Figure (420). In this case,
the directly measured field is unreliable at the two extremes of the y-z plane of
measurement. In the lower region, which 1z close to the patch, the probe averaging
effect might distort the space description of the field {third case in Section (3 1)), while
this effect is not as sigmificant in the upper region, far from the radiator (second case in
Section (3.1)) However, the measurement in this region is cortupted by noise because of
the low field level in that 1egion This leaves the middle region of the plane described
above for qualitative companison of the results shown ir Figure (4 20)

In comparison with the single edge resuits of Section (4 1), 1t can be observed from
the results of Figure (4 20), that the radiated fields from this patch are not ditferent in
nature from these originating from a small aperture, and the edge radiation 1s not
detectable. This may be attributed to the small dimensions (in wavelengths) of the patch
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4.3. Horn Cluster Field Probing:

I'he third radiator considered 1s a horn cluster of a type used as a feed for satellite
reflector antenna It consists of eleven individual horns with co-planar apertures, as
shown in Figure (4 21) The hern cluster 15 an illuminating feed for a reflector antenna
on board a communication satellite designed to have a certain footprint, or llumination
pattern, on the catth surface The footprint 1s determined by the combination of fietd
structure of the feed and the shape of the reflector surface The measurement of the
exterior field quantities of this feed structure can be useful in two aspects in checking
the cluster performance 1n keeping with the design, and in collecting information that
will facilitate the subsequent design of the reflector surface shape using measurement
based data

In this section, an objective 15 set to model the feed, so that the field on an arbitrary
reflecting surface can be calculated efficiently. The field 15 measured 1n a plane close to
the feed. where the tangential electric field distribution 1s localized enough, so that
reasonable plane dvmensions can be chosen, The techniques of chapters Two and Three
are then used to extract the electric field quantities, to transform then into an equivalent
magnetic current distribution on the aperture plane and to look 1ntu ways of modeling
the feed from this information Field measurements at distances close to the potential
location of a reflecting surface are then peifermed for comparison with the field
calculated using the feed model, and thus to evaluate 1ts accuracy

It can be argued that 1t might be sufficient to use the radiation pattern, measured
using a conventional far-field range, to represent the feed 1n the context of its
interaction with the reflecting surface The sensitivity of the measured far-field phase to
the measurement errors because of the large distances involved was indicated 1n Chapter
Three. The phase of field components on a reflector surface 1s the principle factor in
determining the far-field of the antenna systems(59) In addition, the field in the
tar-field region is dominated by a single poimnt (A, .4,)n the plane wave spectrum of
the radiated field(10) while this 15 not necessarily true for typical distances between a
feed and a reflector surface Thus, the objective is to find a feed model from the
measurements that can predict the field in the near-field region of the feed, where the
reflector 15 located, rather than the far-field.
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Figure (4.21):

a) Schematic diagram of the feed horn cluster The cluster consist of
eleven horns with co-planar aperture. The aperture plane (z=0) 1s drawn

to scale and the origin (x=y=z=0) 1s chosen arbitrarily at a point on the
aperture plane indicated.

The aperture electric field has x and y main and cross polarization
components respectively

b) Planar measurement configuration: The location of the plane of
measurement (z=d) relative to the horn cluster.
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4.3.1. Description of the Experimental Procedure:

Initially, a few exploratory measurements were taken with a low spatial sampling rate,
in order to gain some information about the field structure atound the horn cluster, and
to define the dimensions and distance of the plane of measurement ¢ from the horn’s
apertures The measurements were conducted at an operating frequency of 116 GHz,
(A=258cm ) The criterion used to cheose the size of the piane of measurement was
to mcl all the area for which the magnitude of the measured field s higher than
-30 dB referenced to the peak Naturally, the larger the distance o, then, the multiple
scattering between the horn cluster and the probe will be lower, but larger dimensions of
plane of measurement are required These dimensions chosen are also ntTuenced by the
size of the scanner available The resulting choice frony these prelimmary measurement
was a distance d=35 ¢m (=~ .> 7). and plane of measurement with 60 cm 60 cm
dimensions The field sample spacing was 06 cm (= 23A) It 1s evident, fiom the
definition of the Nyquist rate in Section (2 5), and the fact that the evanescent field
modes have decayed sufficiently at a two wavelengths distance from the radiator(3), that
a 129 cm field sampling rate s enough to collect complete information about the
measured field The over-sampling 1s chosen to produce smooth measured field structure
maps at the plane of measurement

The field was measured using the short dipole probe #2 described and modeled 1n
Appendix (B) The same probe 1< used to measure the tield at a distance ¢ of §0 cm
from the hoin cluster aperture, on a plane of dimensions 80 cm x80 cm at 1 ¢cm {ield
sampling intervals (d=60 cm for the cross-polarized measurements). The larter set of
measurements was intended for comparison with the electric field calculated from the
equivalent magnetic currents at the horn cluster aperture (and 1s generally in the region
where a reflector would be placed) All these measurements were repeated for two probe
orientatiens, co-potlar (v) and cross-polat (1), as dictated by Section (2 4) as necessary
for the evaluation of riae equivalent magnetic cuirent distnibution.

Diguie (4 22) shows the amplitude of the measurements at @=5 c¢cm , for both probe
orentations in dB scale The phase was also measured at the same points These data are
used as the starting point in the evaluation of a model for the horn cluster.

4.3.2. Measurement Data Processing and Presentation of Results:

Four possible modeling procedures of the horn cluster were examined here:
1 The use of contributions from each horn individually to calculate the external field by
simple superposition This representation proved unsuccessful, but 1s briefly documented
here as a useful experience.
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2. The utilization of the spectral domain representation extracted from the measutements
to calculate the space domam extenior field of the radiator It was shown in Section (2 6)
why such an approach may imvolve sampling problems when attempting to calculate the
field directly from the plane wave spectrum

3. The direct mtegration of the space domam measured data at the plane of
measurement The limitations encountered with this approach will be specitied hese

4, The use the hotn cluster aperture (ield dutnibution, evaluated through measurements,
to describe the external tield This approach has shown good results and is detasted in
this section

1 It was thought, 1n the earty stages of dealing with this horn cluster, that each
individual horn might be considered as an solated horn with a fundamental cosme
aperture disttibution{41) It was assumed accordingly, the hown cluster aperture freld
could be replaced by the contribution of each indwvidual horn depending on ats location,
dimensions and excitation level  The shape of that contritvution would be determined
from the horn’s dunensions and structure, but the relatne excitation level s the
unknown quantity The individual excitaton level of each horn must be determined to
obtain the model for the cluster  The follow.ng procedure was followed for that purpose

The field quantities for each horn were described 1in the spectral domain by inverse
Fourier transforming a normahized space domain field of the assumed aperture
distribution The horn cluster spectral doman field 15 the sum of the contiibutions from
each individual horn  The measured field s already avarlable in the spectial domam
Ideally, under the above stated assumption, the spectral doman field calculated trom the
contribution of separate horns. given the proper excitation level, must equal the
measured spectral domain field The following over-determined system of hinear
equations was accordingly constructed

de=m

where: A is an over-determined matrix with each element «/,, being the contribution of
the horn ; with unit excitation to the spectral domarn field component ¢, ¢ 15 the
unknown array of each individua! hoin excitation, and »1 1s an array contaiming the
spectral domain field components This system has no exact solution when m 1
substituted for by the measured spectral domain field m  An approxamate value of ¢ can
be found by minimizing the noim of a residual array 1, defned as

r=/1 0 -m

where: e is the approximation of e.
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The OR decomposition(®) was used to solve for ¢ in the above equation by

mimmizing the 1.2 norm of » [he values of the .esulting horn excitations were inspected
together with the values of the residual array element s The falure of the assumption of
treating the horn cluster as individual horns was idicated by the fact that the values of
a significant number of the residual array elements were smaller, but of the same order
of magnitude as the measured {ield spectral components This conclusion will be asserted
later when the horn cluster aperture field distnibutions calculated trom the measured
field are nspected The above eftort, even though 1t did not vield a practical resuilt of
providing a simple model of the cluster with a small number of parameters, indicates the
signuificant effect of mutual interaction between the adjicent horns, and the need of
further study of the interaction mechamsm to improv  *he design performance
prediction

fhe spectal domamn field data s used 1n evaluating the space domain immediate
electric Tield, or the equivalent magnetic currents, at the horn cluster aperture This 1s
done 1n a way suidar to Section (4 7). by transforming the plane wave spectrum back to
the apertwie plane, and Pourier fransforming, to obtain the space domain equivalent
cutrents lagure (4 23) shows the resulting electric field at the aperture plane for both
polarizations The location of the man polanized electric field peaks and the geometrical
centre of each indnvidual horn are indicated on this figure. which shows clearly that
they do not coincide This would not be the case if an individual horn aperture field
structure were not changed due to the interaction of the adjacent horns This explans
the failure of modehng the horn cluster as individual co-planar horns

2 The application of’ spectial domain representation of the teld has proved useful in
evaluating the freld at the radiator aperture. or alternatinvely. the equivalent radiating
magn2tic cuntents for this case The evaluation of the near-field doect/v from the
spectial domain representation, however, proved unsuccessful The spectral domain
measured electiie tield 15 tanstormed forward 0 80 ¢cm |, from the horn cluster aperture
plane, and the space domam freld 1s evaluated by Fourier transforming these spectral
component The resulting field map 1s shown in Figure (4 24), which shows that the
evaluated field s extremely nossy  Tius 1s attributed to the osaillatory nature of the
Fourier transform kernel, which teads to the under-sampling proolem described in
Section (2.6) this problem did not arise when calculating the aperture fields of

Figure (4 23) evidently, tor the reasons described 1n the same section

3 The tield extenor to the plane of measurement, away from the radwator, could be
evaluated using Huygens-Fresnel principle This can be implemented by replacing the
space domamn measured electric field tangential to the plane of measurement by
equivalent magnetic current distribution(7), and evaluating the contribution of this
distribution at any pornt using Equation (2.1) or (2.2) The problem with this approach 1s

-101-



2R

that when the field vatue at a point is calculated an integration of the whole plane of
measurement is required, e.g arcund 10,000 pownts tor the measurement of

Figure (4 22), which makes this approach nefficient The other problem, 1s mentioned
m sub-section (1 1.1), is that the firld extraction from the neasutement prabe data s
possible in the spectral domain only, unless certan assumptions are made about the
measured field and the probe, as detaited in Section (3 1) This means that the extiacted
field is already available 1n the spectral domain The direct integration of the measwied
field will also exclude the ertor redudiion advantage of the spectral and space domam
truncations of the equivalent radwating currents, as can be concluded from

sub-section (27 2)

4 Finally, from the above discussion, 1t 15 concluded that integration over the space
domain might be performed better at the racdhator apertuie plane using equinalent
currents which are calculated from the measured field In this cose, the ficld distribution
is localized on and around the apertute, and a fewer number of points need to be
integrated For the case under consideration, only 465 integration pomnts were needed to
evaluate the field at any pomnt exterior to the aperture plane This method has proved 1w
be effective, and provided excellent resemblance to the measured field values i the
near-field region This 1s demonstiated by Tigure (4 23), where the electic field
calculated at 80 cm. away from the horn cluster aperture plane s compared to the
measured one The electric field 1n this figure was normalized o sero dB at point x=y=0

In addition to the cross-sectional plots at a distance 4 from the radiator, 1t s possible
to compute the field at any specified geometry using the equivalent current model, such
as at a plane contmining the boresight axis of the rashiator FThus, o igure (426) are
shown the main polanization (v-compoenent, amplitude and phase contours) of the electiie
field over a y-z plane calculated from the truncated eguivatent radiating magnetic
currents, and compared with directly measured data [he electiic or magnetic tields can
be similarly evaluated at any point in the space >0 The only exception 1s the reactive
region of the exterior field (fractional wavelength values of ), where the contribution
of the evanescent field is significant and observable, because of the exclusion of the
evanescent modes in the equivalent currents calculations
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Figure (4.22): Planar near-field measurement data at a distance between
horn cluster aperture and measurement planes of d=5.0 cm =2\ at

11.6 GHz. Dimensions of the plane of measurement are 60 cm.x 60 cm.,
and the sample spacing is 0.6 ¢cm. Dipole probe #2, Appendix (B), is used
in these measurement and the output voltage amplitude of the probe is

sho'vn here in dB scale. Phase data is also available from these measure-
ments.

a) )Dipole probe oriented along the x-axis (main_polarization measure-
ment).

b) Dipole probe oriented along the y-axis (¢ross polarization
measurement).
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Figure (4.23-a). Relative linear amplitude of the main polarized aperture
electric field distribution (x-component), or the equivalent radiating
magnetic current distribution (y-component) at the aperture plane. These
currents were calculated from the amplitude data of Figure (4.22) and the
corresponding phase data. The contour map has maximum contour level
of 0.8 and contour interval of 0.1, In the same map, the locations of the
amplitude peaks are indicated by darkened circles (@), and the
geometrical centre of each individual horn is indicated by a cross (X).
(continued next page)
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Figure (4.23-b): Similar to Figure (4.23-a), but for the cross polarized
aperture field or equivalent magnetic current distribution. The spectral
domain was truncated in calculating both parts of this figure to include
cnly the radiating modes (k,.q.x = k,). The surface plots demonstrate
clearly the localized nature of the fields 2round the physical aperture.
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Figure (4.24). Demonstration of the under-sampling problem encountered
when calculating the exterior field directly from the spectral domain

a) Main polarized electric field distribution calculated by transforming
the spectral domain components into a plane z=80 ¢cm and then, Fourier
transforming into the space domain. The spectral domain under-sampling
is affecting an extremely noisy field distribution (smoothing of the con-
tour map was necessary in this case)

b) The same field distribution measured at the same plane using dipole
probe #2, Appendix (B) oriented along the x-axis This distance
(d=31\N), and the small size of the probe, justified assuming that the
probe output voltage is proportional to the main polarized electric field
component,

Maximum contour is 0 dB and the contour interval is 4 dB in both
maps.
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NFORAZ14 (a) Calculated

NAA213/2 (b) Measured

Figure (4.25): Comparison between the exterior electric field distribution

% and
the directly measured one:

a) Main polarized normalized electric field at a plane 2=80 cm., calcu-
lated from the equivalent currents of Figure (4.23-a) and the correspond-
ing phase data. The equivalent current plane was truncated to within
-7 cm. <x< 7 cm. and -15 cm <y< 15 cm.

b) The normalized electric field distribution measured at the same
plane using dipole probe #2, Appendix (B) oriented along the x-axis.

Both maps have maximum contour levels of ¢ dB and contour interval
of 2 dB. The peaks in the two maps are co-located within 1 cm2 and the
amplitude differences between the calculated and measured values are
0.19 dB and 0.38 dB for the upper and lower peaks respectively.

{ continued next page)
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Figure (4.25).

¢) Cross polarized normalized electric field at a plane z=60 ¢m , calcu-
lated from the equivalent currents of Figure (4.23-b) and the correspond-
ing phase data The equivalent current plane was truncated to within
-7 em. <x< 7 ¢cm, and -15 cm. <y< 15 cm

d) The normalized electric field distribution measured at the same )
plane using dipole probe #2, Appendix (B) oriented along the y-axis. This
map had to be smoothed because of the noisy nature of the original one

Both maps have maximum contour levels of 0 dB and contour interval
of 2 dB. A quantitative comparison was tnconceivable because of the
noisy nature of the directly measured cross polarized electric field

-108-



e

NPORA230 (a) Calculated

*

\f,
S

2200 ~100

P
3

(b) Measured

Figure (4.26): Comparison between the calculated and measured main
polarized electric field distribution on y-z plane (x=0).

a) Normalized electric field amplitude galculated from the equivalent
currents of Figure (4 23-a) and the corresponding phase data. The equiva-
lent current plane was truncated to within -7 em <x< 7 cm. and
-15 cm. <y< 15 cm,

b) Normalized electric field distribution measured at the same plane
using dipole probe #2, Appendix (B) oriented along the x-axis.

fI;oth maps have maximum contour levels of 0 dB and contour interval
0 dB.

{continued next page)
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Figure (4.26).

¢) Calculated electric field phase map associated with the amplitude
map of part a of this figure.

d) Measured electric field phase map associated with the amplitude
map of part b of this figure.

Both maps have 180° contour interval.
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4.3.3. Comments:

The calculated results in Figures (4.25) and (4.26) have shown good agreement in
locating and evaluating the peaks of the electric field, between the directly measured
electric field, and that calculated from the measurement based equivalent magnetic
currents The latter approach, however, shows superior performance in defining the field
values in regions of low field level and close to the nuils Two reasons can be given to
explain this supertority

1 The eguivalent currents are calciriated from measurements on a plane close to the
radiator (d ~2A) [his implies 't the field strength is higher at this plane, compared to
that of the 80 cm (= 31 M) plane, where the direct measurements are performed. The
measurement errors, discussed in Section (2 7) are not, in general, dependent on the
location of the plane of measurement, which results in operating the mzasuring
instruments at higher signal-to-noise ratio at the (2X) plane This is demonstrated by
inspecting the relative values of the measured probe voltages. The relative peak
measured voltage is 14.89 dB at the (?A ) plane, while 1t 1s 1 07 dB at the (31\) plane
for the mamn polarization measurements of Figures (4.22-a) and (4 25-b) respectively,

2. The more important reason is the error filtering resulting from the spectral and space
domain truncations associated with the utilization of the equivalent currents model. The
equivaient currents shown in Figure (4.23) are calculated from measurement on a plane
of 60 cmx60 cm. dimensions, and the sample spacing of 06 cm.. at an operating
frequency of 11 6 GHz , which coriesponds to intrinsic wave number, 4 ,, of

2.43 rad/cm The spectral domain is truncated to include only the propagating modes,
(h%+ k9 <AZ), and the equivalent currents on the horn cluster aperture were truncated to
within a rectangular plane of 14 ¢cm.x30 ¢cm x and y dimensions, respectively. These
values substituted into Equation (2.27) give an estimated 17 dB random error reduction,
and 9.33 dB spectral error reduction. As detailed in sub-section (2 7.2), the error power
reduction is the 1atio of error power normalized to the original radiator power in the
equivalent radiator model, to the error power in the measured plane wave spectrum
normalized to the oniginal spectral domain field of the radiator. The peak error reducticn
in the spectral domain component A, . &, = O , is estimated from the discussion associated
with Equation (2.28) as 9 33 dB

The capability of having a reliable horn cluster model, using the equivalent aperture
magnetic current distribution, enables the evaluation of the exterior electric or magnetic
tields using equations (2.1) or (2.2) respectively This capability enables calculating the
tield incident on any assumed reflector surface to evaluate the combined antenna system
performance, using a measurement based feed model.
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4.4. Concluding Remarks:

The determination and use of the equivalent currents as a model of non-duective
radiators was demonstrated in this chapter. The approach emploved in dealing with the
three cases discussed is quite stmular, and can be summarized as extracting the tield
values in the spectral domain from the measurement probe output voltage, mapping the
current distribution at the radiator plane, and finaily evaluating the field extevor to that
radiator using the mapped currents (amplitude and phase) as the radiating soutces tach
case, however, had different objectives, and the results and conclustons drawn are
particular to each.

In dealing with the microstiip edge, the objective was to study the ymmediate theld
structure around the edge and the far-field behavior Examining the results teads 1o the
conclusion that for the purpose of the external field evaluation, the edge model as a hine
of magnetic current along the edge 15 a good approximation of a single edge

The second case, dealing with microstrip patch radiator, has tead to two conclusions
First, that the use of the evanescent modes can be useful in mapping the cuirent
distribution, These modes are usually accounted for in the literature, but the
measurement of their physical existence and their use have not been repnrted previously.
The second conclusion is that it was possible to model this radiator through the
measurement of the local field around the patch, while minimizing contributions from
scattering and secondary radiatiion from the supporting structure of such a radiator,
which is usually large relative to the radiator size

The third case, which studied the horn cluster, has demonstrated two issues First, 15
that the effect of mutual interaction between the individual horns, which this radiator v
made up of, significantly changes the radiation behavior of each horn This was evident
from the fact that the mapped equivaient current distribution peaks at the aperture plane
did not coincide with the geometrical centres of these horns, This 15 a case which
demonstrates the need to carry out exploratory measurement to achieve understanding of
the behavior of a complete radiator, on which a theoretical mode!l can then be based
The second issue is the ability to model this radiator, using the equivalent radiating
magnetic currents at the aperture. This provides reasonable quantitative accuracy and the
advantage of filtering out a significant amount of measurement errors

The mechanical structure of these radiators shows that the planar near-field scanning
is, mechanically, the most convenient compared to cylhindrical and spherical scanning
schemes. Literature published so far(3) indicates that the planar near-field measurement
is restricted to dealing with directive antennas This conclusion was based on the use of
the spectral domain representation of the radiated field The previous two chapters of
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this thesis, however, have shown how to evaluate and use the equivalent currents model
of a general radiator, from planar near-field measurements This chapter has shown that

this model has successfully facilitated the use of planar near-field scanning in dealing
with non-directive radiators
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CHAPTER FIVE

CONCLUSIONS

This chapter forms a review of the thesis, followed by a discussion of the three main
issues dealt with in this work, namely' the immediate field or equivalent radiater current
mapping, radiator modeling and the problem of field extraction from the measurement
probe.

The results of this research are evaluated here, and the claims of contributions ot this
thesis, which are histed in Section (1 5), ate re-iterated At the end, proposals are made
for new areas of investigation arising from these contributions

5.1. Review:

The review of the state of the art, in Chapter One, demonstrates that much of the
work in near-field measurements previously dealt with large, highly directive antennas
It was also stated that small electromagnetic radiators usually have relatively large
supporting structures, This indicated the geometrical advantages of the planar near-field
scanning scheme 1n dealing with such radiators The necessity for detatled understanding
of the measurement probe behavior was alvo emphasized It was then shown that the
theoretical work 1n this thesis deals with an operator equation of the form v - b6, which
can ¢ither describe a forward or an inverse problem  This theoretical approach was used
complementing the interpretation of the raw measured data for characterizing the
radiation behavior of the radiator

In Chapter Two, the theorctical principles, upon which the characterization and
modeling of the radiator are based, are discussed A conclusion s reached, which 15 to
represent the radiator either by electric or magnetic equivalent currents distribution, with
the choice depending on the nature of the radiator under consideration |he relationship
between the equivalent currents and the field quantities in the plane of measurement s
established in the spectral domain. This 15 followed by an estimation of the vahdity
range, in the spectral domain, of these relations These ranges were estimated n
considzration of the sensitivity to measurrment errors It was found that the resolution
depends on the type of the measured field and the type of the current. representing the
radiator.
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The design of the planar measurements is also discussed. It is concluded that the choice
of measurement parameters must be based on the expertence gained fiom preliminary
exploratory probing of the field around the radiator, and on the objectives of the
measurement It s shown that a direct evaluation of the near-field quantsties from the
plane wave spectrum leads to computational difficulties It 15 suggested, therefore, that
the near-field should be calculated from the integration of the contribution of the
equivalent currents at the radiator aperture instead This 1s followed by discussing the
sources of errors 1n the planar measurement of non-diective radiators It 1s found that
the utilization of the equivalent currents model of the radiator will sigmiticantlv reduce
the effect of the measurement errors The amount of this reduction n peak and 1.m s

errors, 1s estimated

Chapter Three deals with the influence of the measuring probe on the measuiement,
and develops the formulation for the extraction of the field values from the measured
probe output voltage In addition to the general case, it 15 possible to distinguish two
special cases for which this extraction can be simplified The general case, under planar
near-field measurement environment, 1s the principai subject of the chapter. The probes
are classitied into two types wire and aperture Relationships between their output and
the measured electric and magnetic field are established These relations are based on
proportionality constants developed here, namely the Iector Field Extraction
Cocfficients  Lhe theoretical evaluation of these coefficients, for both types of probes, is
claborated on, with specific examples An outhine for an experimental procedure for
determining these coefficients 15 also proposed, and has been applied experimentally to
the case of a A/2 dipole The chapter includes also a comparison between the described
tield extraction procedure and the commonly catled Prohe Correction t» hniques
desciribed i existing hiterature

Chapter Four deals with experimental work based on the theory presented in the
previous chapters It contains three sections, each dealing with a specific type of
radhator, namely,  an appronimation of an mfmte pucrostnip edge, a microstrp
rectangular patch and a horn cluster with co-planar apertines In each case, preliminary
measuiements are described to test certain assumptions and/or to gam an initial idea
about the radiator field structure These were followed by planar measurements, from
which the equivalent radiating sources were mapped. These mapped sources ate used to
diaw conclusions specific to each radiator, which are useful for characterizing its
radiation behavior In addwion, their use as a modei for external fietd calculations is
dernonstrated, In essence, Chapter Four shows that the theoretical work, that the
previous chapters had dealt with, can be applied to the three cases considered. In all
cases the objectives were to characterize and mode! the radiators under test.
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5.2. Evaluation of the Results and Conclusions:

In what follows, an evaluation of the conttibution of this investigation is catred out
and conclusions are drawn accordingly. These are classitied accordiag to ¢ither of the
two major objectives of this thesis, which are the Characterization and the Modelmg of
non-directive radiators The problem of Freld Extraction from the probe measured
voltage, also dealt with at length in this thess, 1s also discussed hete

5.2.1. Radiator Characterization:

The characterization of a radiator, here, is the quahtative detfimition of the radiation
mechanism of the radiator This concept crystallized in this thesss into the idea of high
resolution space domain mapping of the immediate field, or of the equivalent curients.
Some conclusions abent the radiation mechanism can be drawn from the 1esulting maps,
and can be useful for diagnostic and theoretical purposes The following conclusions can
be identified

1. The major part of Chapter Two dealt with the issue of radiator characterization,
where the choice of the proper field components to measure for high resolution
equivalent current mapping is estabhshed After selecting the field to be measured, 1t
was concluded, through taking the effect of noise into constderation, that the attainable
resolution depends on the distance between the plane of measurement and the radator
aperture plane, as shown 1n Figure (2 5) [t can be concluded from observing this graph
that the evanescent modes. which add the high resolution details to the equivalent
current map, can only be used it the distance between the measurement and radiator
aperture planes is of the order of O I X or less

2. The close aperture to measurement plane distance may impair the accuracy of the
mapping, because of the possibility of strong mutual interaction between the measuring
probe and internal field of the radiator The field maps, nevertheless, can be ndicative
of the radiation mechanism of the rachator, Referring to Figure (4 3), the eaperimental
results show that the peak of the mapped current coincides with the location of the
microstrip edge More important demonstiations are the ores shown n Figures (4 16) and
(4.17), which demonstrate that the employment of the evanescent modes reveals further
details of the immediate field structure of the microstrip patch under consideration. The
mapping of the horn cluster aperture electr.c ficl shown in Figure (4 23-a) was essential
in concrudir.g that the mutual interaction betweeu the horns has changed the aperture
field structure of the individual horns. This is obvious from noting that the field peaks
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do not coincide with the geometrical centres of the horn’s apertures. These applications
of the planar near-field measurements were useful for characterizing the radiatic
mechanism of non-directive radiators.

3. The hmited resolution of the methods proposed in Chapter Two can be increased by
employing assumptions about the radiating sources as was mentioned in Section (2.2).
I'hese may be used to formulate a well-posed relation between the measured field and a
high resolution equivalent current (often called Regularization of the problem). For
example, the electric field over and tangential to the patch can be set to zero, and this
information can produce higher resolution of the mapped currents. The difference
between such an apprnach and that employed by this work, is that the mapped
equivalent currents, such as those shown in Figures (4.5), (4.17) and (4.25), are modified
only by smoothing. The results from such regularized formulation may give higher
1esolution of the currents, but can depart qualitatively from the reality. It is suggested
here that a smoothed equivalent currents map can be produced, using the techniques
described, and can be used to judge the validity of higher resolution maps In addition,
the same smoothed map can be used to judge the validity of field measurements in close
proximity of the probe to the radiator, such as the one shown in Figure (4.14).

5.2.2. Radiator Modeling:

Radiator Modeling, as one of the objectives of this work, involves quantitative
definition of parameters from which the external field values can be calculated. The
following conclusions are indicated about the approach employved by this thesis:

1. The model chosen as a source of the external field is the equivalent current
distribution at the radiator aperture. The experiment design and the calculation of the
equivalent currents is similar to that used in equivalent current mapping. The only
difference is that the evanescent modes are not utilized in these calculations, for twc
reasons. first, the plane of measurement should not be located close to the radiator, for
which the measurement of the evanescent modes is unreliable as can be observed by the
graphs in Figure (2.4) The second reason 1s that the evanescent modes are necessary
only for the mapping of the immediate field, and they are mvisible in the "near-field" or
the far-ficld regions defined 1n Section (1.4). Their calculation is, therefore, unnecessary
when the two latter regions are of interest.

2. It was concluded in Section (2.6) that the direct evaluation of the "near-field" from
the measurement results, in the spectral domain, is numerically impractical because of
the oscillatory nature of the integrand involved. This fact was demonstrated by

Figure (4.24) for a practical case. The direct integration of space domain measured data
to evaluate the "near-field" is, also not feasible. As was explained in sub-section (4.3.2),
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this approach does not permit the deconvolution of the probe respense, which s
performed in tha spectral domain, and will involve integration of an excessively laige
number of data pointe to evaluate a single near-field point, as was demonstiated in the
same sub-section. This suggests the equivalent radiating currents to be the practical
model from which the "near-field" can be calculated for the radiators considered n this
work.

3. It has been suggested(13,14) that an equivalent current model can be emploved as
follows: The field can be measured at a set of exterior pomnts using a probe with a
known model, and the equivalent currents can be presumed to be located on and wound
the physical aperture of the radiator. Consequentlv a set of lineat relations between the
output voltages of the probe and the equivalent curients expanded into sub-domain basis
functions, can be established From these relations the equivalent currents can be
evaluated using the measured probe voltages The ditference between that approach and
the one adopted by this thesis, is that the use of planar measurement will guaiantee
gathering the full information about the radiating field of the radiator, with a specified
sampling rate as detailed in Section (2.5), w uch is not the case for the other approach
for an unspecified pattern of measurement pomnts. The other {and more significant)
difference is that the method proposed here includes the mapping of the teld at the
radiator plane without a pre-assumption about the field structure, and thereafter, the
current is truncated for improved error reduction and numerical efficiency. In the other
approach, the measurement errors and the original field will contribute to the evaluated
equivalent currents on an equal basis. This might abolish the error reduction feature of
the equivalent current model In addition, there is no guarantee that the field will be
localized around the aperture Aperture field maps like the ones of Figures (4 18) and
(4.23) can indicate to what extent the equivalent current plane can be truncated.

4. The application of planar near field measurement was limited to highly directive
antennas in the past(3). The significance of the truncation ertor and the distortion of the
measurement spectral domain datr has made the calculation of the external ficld of
non-directive antennas impractical if they were carr ed out using such data, as was
shown in sub-section (2.7.1). On the other hand, planar near field scanming proved
geometrically mechanically convenient for measuring small radiators (usually
non-directive) with large supporting structure and avoiding secondary radiation from
other sources . This fact is demonstrated by Figure (4 9) and by observing the
geometrical shapes of the radiators considered in this thesis The calculation of the
external fields using the truncated equivalent current model has reduced the effect of
this error on such a calculation. The total error power and the peak error magnitude are
reduced by this truncation as was established in sub-section (2.7.2). The calculations, for

-118-



£ TA!F»-Q

[ )

which the results are outlined in sub-section (4.3.3) for the horn cluster radiator, had
estimated that both spectral peak error and the spectral error power were reduced by
about 9 dB, and the random error power was reduced by 17 dB.

The mechanism of error reduction by truncating the aperture equivalent current is
similar to the Time Gating error reduction techmque(8!) ysed in antenna measurements.
In this techmque, the output voltage of a probe is measured at certain point for a certain
operating frequency range, and this is transformed into the time domain in which the
signal originating fiom the antenna or scatterer under test is localized within a finite
time window, whereas the contribution to the probe output from other souices is
distributed all aver the time domain. The error reduction is achieved, in this case, by
truncating the time domain to within a window where the contribution from the
radiation source under test is dominant. The same logic is used here, except that the
truncation is in the space domain, and frequency scanning is replaced by space scanning.

In the author’s opinion, this feature of the equivalent current model of the radiator is
the most useful one, because it combines the practicality and the geometrical
convenience of the planar near-field scanning with the ability to deal with non-directive
radiators. The experimental results shown in Figures (4 19), (4.20), (4.25) and (4 26)
demonstrate the success of the equivalent current mode! of the radiator (derived from
planar measurements) for calculating the field quantities at non-assymptotic distances.

5. There might be reasons to suggest that, although the equivalent current model has
given accurate exterior field calculations for wide angular range off boresight, the model
might not be reliable in producing the accurate field quantities for extreme off boresight
angles (close to 90°) A simple explanation is that the planar scanning, as dictated by its
geometry, does not collect information about the radiator field for these angles. A more
rige ous explanation, as was stated in sub-section (2.7.1) in the discussion associated with
Equation (2.23), is that the spectral domain electric field might be singular for £, =0, if
the actual radiating source on the aperture plane has electric current components. The
truncation of the equivalent currents plane, in essence, resulted in reduced coupling
between this singularity and the rest of the spectral domain components of the field. The
singularity, however, cannot be dealt with numerically, and the field calculations for the
region where the contribution of this singularity is dominant might not be accurate. In
the far-field, the angles close to 90° off boresight correspond to &, =0, where the
singularity in the actual field might exist. This limitation was not noticable in the cases
studied here, when comparing the field calculated from the equivalent current model and
that measured directly as shown in figures (4.20) and (4.2¢), but might be significant for
other radiators.
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5.2.3. Field Extraction:

The extraction of field quantities from the output voltage of the scanning probe is one
of the key issues of this work. Furthermore, the measurement of non-directive radiators
requires the knowledge of the scanning probe behavior over a wide 1ange 1n the spatial
spectral domain It is important to establish probe selection and design crifena, and to
model the probe properly to examine the extent to which the field information is
transparent through the probe output

The methodology of field extraction used in this thesis uses the same principles as
most of the commonly known probe correction procedures, since it extracts the field
from the spectral domain measured voltage. However, 1 the formulatton here the | ecror
Field Extraction Coefficients are introduced. The main feature of these is that they
allow a link between the probe performance under planar measwmiemenis and 1ts
electromagnetic behavior. Other aspects are detatled in the following'

1. The measured voltage data is considered as a vector, which allows examining the
probe performance with taking the measurements of the two polarizations into account.
This facilitates defining measurement validity limits, using Equation (3.11), as shown in
Figure (3.6) for the cases of a half wavelength dipole and an open ended diclectric
loaded waveguide.

2. The Vector Field Extraction Coef ficients exist for the three field components as
implied by Equation (3.9), and the coefficients for each component are shown 1n
equations (3.12) and (3.13) for a wire and an aperture probe, respectively. It was stated
in the discussion following these equations that by using the duality of Maxwell’s
equations, the same expressions for the coefficients, interchanged between the wire and
aperture probes, can be used for extraction of the magnetic field components as
demonstrated by Figure (3.4). This unified approach of dealing with both types of fields
is a very important result of this work, since it enables the selection of the proper type
of probe for high resolution measurement of the field components The form and
existence of singular behavior in the expressions of the Vector Field Extraction
coefficients of equations (3.12) and (3.13), implies that the use of wire and aperture
probes will result in high resolution measurement of the components tangential to the
plane of measurement of the electric and magnetic fields respectively This result led to
a selection criterion fot the probe tvpe for high resolution immediate field or equivalent
current mapping as stated in Section (3 6).

3. The probe model used in this thesis assumes that the electric current or the aperture
electric field distributions are known at the probe plane. This thesis, however, does not
enter into the problematics of the theoretical determination of these distributions. In
Section (3.4), however, an experimental procedure was outhined and applied to the
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modeling of a dipole probe. The methods used in the equivalent current mapping as
described 1n Chapter Two and applied in Chapter Four can also be used for the
experimental determination of the electric current or the aperture electric field
distribution of a probe with an unknown model (radiator under test) using a probe with
a known model.

5.3. Future Work:

This research has produced results which, in addition to their own usefulness, can also
serve as basis for new investigations. The following enumerates some potentially
promising directions which might be pursued.

1. Studv of measurement simulation. A quantitative idea about the absolute values of
the measurement errors are difficuit to obtain from the experimental work, because of
the difficulty 1n measuring the input errors to the measured data. This suggests the
employment of simulated radiators and, consequently, simulated measured data, with
controllable input errors. The simulation would be more accurate when considering the
experience gained by the experimental work of this thesis, where some of the
phenomena observed can be included and considered in the simulation. The results of
such simulation are useful for exploring different kinds of radiator and supporting
structure schemes, and will enable the generalization of the conclusions of this work.

2. Study of numerical deconvolution of truncation error: It was demonstrated by
Equation (2.23) that the truncation of the plane of measurement is in effect a
convolution of the spectral domain field, with a spectral domain window. The same
equation indicates that by a convenient deconvolution process, the spectral domain field
information can possibly be extracted from the measurement. This suggests that a planar
measurement, over a smaller region than suggested by Section (2.5) can be used to
evaluate the spectral domain field if a well-posed deconvolution process can be
implemented. In addition, it was shown that the truncation error is caused by the
coupling to the singularity of the original spectral domain field at k, = 0. This coupling
can be reduced by tiuncating the measured field using low side-lobes window functions,
such as a two dimensional Hanning window. The use of such a window function will
reduce coupling to the field singularity, but unfortunately, will locally smooth the
spectral domain field because of the wide main-lobe in the spectral domain response of
such window function.
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3. Determination of a model with minimal amount of measured parameters, The
truncated equivalent current distribution at the radiator plane was suggested hete as a
model from which, the exterior fields can be calculated. This modeal, m spite of its
accuracy, may not be the one that minimizes the information tequired to represent the
exterior field. An added efficiency of storage and calculations can be effected i a model
can be suggested with a smaller number of parameters. One can not be specitic at this
stage, but it seems that a hink between the measurement based model proposed here and
a geometrical optics model of a radiator, if established, might be useful for that putpose,
This would combine the accuracy of the equivalent current model and the sumpicuty of
the calculation of the exterior field using a geometiical optics model

4. In depth study of the thegretical current distributions of _piobes, In the context of the
field extraction from the measured voltage, it was stated that the probe was modeled by
the current distribution on the probe aperture when radiating The evaluation of this
distribution theoretically or numerically needs to be examined more thoroughty for that
purpose. Other ideas proposed using the results of Chapter Three need 1o be examined,
such as the use of two kinds of probes for a high resolution measumiement of electric and
magnetic fields (Section (3.3))

5. Application of the developed measurement techniques: Although, the main interest of
this thesis was in establishing a measurement methodology, the experimental work on

specific radiators in Chapter Four may have facilitated further study of these radiators,
such as:

a. The .echnique of approximating an infinite edge used in Section (4 1) can be applied
other kinds of radiators or scatterers with a two dimensional structure, such as shts,
edges or long wires Similarly, the techniques of Section (4 2) can be applied to study the
radiation from other planar structures such as printed boards and microstrip line
discontinuities and junctions.

b. A field map similar to that shown in Figure (4.11) can be used to calculate the
electric current distribution over the patch. This requires an accurate and high resviutdion
measurement of the electric field normal to the patch (E, in Figure (4.11)) which is the
only component over the patch conducting surface, This requires the utilization of a
smaller probe than the one used in obtaining the iesults shown in that figure. This,
however. would be more practical if a larger microstrip patch (1e. lower 1esonance
frequency) is considered

¢. An aperture field map similar to that shown in Figure (4.23) can be used 1o study the
interraction mechanism between adjacent or close horns (or any other radiating
elements). Such a study would complement previous research(8263) that used volume
field distribution measurements for that purpose.
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d. Finally, as was stated at the end of sub-section (4.4.3), the measurement based model
of the refelector antenna feed tested in Section (4.3) could be used to predict the
performance of the whole antenna system. The validity of such a conclusion should be
tested by comparing a predicted performance using the presented feed model combined
with the reflector surface, and actual measurement on a complete antenna system. Such

an effort would run parallel to work already proposed that uses direct measurement of
the fields of the feed incident on a noticnal reflector surface(64),
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APPENDIX (A)

EVALUATION OF THE
VECTOR FIELD EXTRACTION COEFFICIENTS

The evaluation of the vector field extraction coefficients 1s detailed here. These
coefficients are defined by equations (3.9) and (3 10), and the derivations hete are
conducted with reference to Figure (3.3) and the assumptions posed in Section (3 3)

The probe orientation is defined here as the direction of an arbuiary avis of the
probe that lies within the plane of measurement. The quantities below are described 1n
the spectral domain unless otherwise stated., The probes are considered here as radiating
and receiving for which the superscripts @ and b respectively are used to indicate the
corresponding fields and currents.

A.l1. Wire Probe:

Referring to Figure (3.3-a), with the probe initially oriented along the i direction, the
wire probe is linked to the measuring instruments through a coaxial line with inner
radius a and outer radius b. A uniform radial electric current sheet to be assumed
injected into the transmission line such that:

|
zZ.onr LA

Iiry=r

This current is the circuit equivalent of applying a unit input voltage. 7, is the probe
input impedance at this location of the current sheet, and r is the radial distance from
the line center. The resulting current distribution on the radiating elements of the probe
can be expressed as:

Ts(x,y)=Xf (. y)+ ¥ [,(x.y)

which is assumed to be known from the electromagnetic analysis of the probe or by
some reasonable approximation. Fourier transforming the above relation:

TSk k)= RF (ky k) +JF (Ko k)
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The tangential modal magnetic field can then be defined for z<0 using the boundary
condition(?} J , = -2 x I as:

Tk k)= =% F (k kY24 9F (ko k)2 e A=2)

Considering a single mode (k,,k,) incident electric field on a receiving probe, the
incident field can be replaced by an equivalent magnetic current for z>0(7):

MOk k)= 2F (ko k)X 2 = 2REy(k, k))-29E (K, k) e i(A=3)

The open circuit output voltage for this mode at the same point on the transmission line
isV,.. .=V (Z+2,)77, which defines the radial electric field in the transmission line
as:

b Vi (Z1+7,)/2
[.:(,)=_,*‘__.(,._LT_L?____-_‘ (A=)
lu(;)r

where 7,is the load (measuring inctrument) impedance at this point of the transmission
line. Using the reciprocity theorem(") to link the interchanged sources and fields:

ff(f"..?"’—ﬁ".ﬁ°).d$=ff (F*.T°-H M"Y .ds’ e (A-5)
S s
Substituting for fields and currents:
“ T g - Ve —h - x¢ b_, -
—f j Jite /e ) itk ”dxdy=znf JNry.EX(ryrdr

Both sides can, then, be evaluated using equations(A-1), (A-2), (A-3) and (A-4),
yielding:

V== 2(FE o+ FJE)O(h, k) i (A-6~a)
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To evaluate the probe output voltage when oriented along the y-axis, axis
transformation is utilized to obtain:

V,==Z(=F E +F_E)8(k . k,) T 1 R S

where Z2=2,2,/(Z,+Z)) is set to 1 for normalization since it is independent of the mode
variables, Fi(k,. k,)=F (k..-k,yand F (k.. A,)=F (h,.-k,). The Dirac delta function
is a consequence of integration and will be neglected, because it has no effect on the

final results.

Since V.F = 0 around the probe (which is a source free region), then for an incident

mode (k,.k,):

kB vk, Fo+k E =0 (-6
from which £, can be evaluated, Inverting the above relations, the vector field
extraction coefficients for a wire probe, will be:

d 1 -~ . ~

CX=Z(, F,~-9F)) (A=)
— | I

Cy=K(xFy+yF‘) (A=7-b)
= A ~kFi-k,F, k,F,-k,F,

where A=F F,+F F,

A.2. Aperture probe:

In determining the vector field extraction coefficients for the aperture probe shown in
Figure (3.3-b), the current density is injected as in Equation (A~1) to correspond to
excitation by a unit input voltage. The resulting aperture field can be determined using
numerical methods or approximations. By Fourier transformation the aperture field foi

the mode (k,.4,):

F=XF +9F,
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To satisfy the radiation condition, the modal radiated electric field is described for
z<l) as:

Wk ok y k,2)

F(xop2)=F (ko ke

from which the modal tangential magnetic field can be determined using the source free
Maxwell equations /. F =0 to find the third component of the aperture field, and

/xF = - wpfl to find the magnetic field. When the probe is receiving, similar treatment
for the incident electric field and transmission line radial electric field is affected as in
the case of the wire probe. After substituting the fields and currents into

Equation (A-5), the normalized output voltages from the probe for the x and y probe
orientations respectively, are:

N L N N PPN (L O LR NP
a k. Bt K, Ey

e (A-8-a)

PN e 1 It 2 LN Et e e
Vyn_u1+LJ1ﬁ hkyrqu+(h+kgix hkﬂ;ﬁy

<

e (A-8-b)

Adopting the same treatment that led to Equation (A-7), the vector field extraction
coefficients for an aperture probe are:

. ] (k§+k§)17;~k‘kyi’; (k§+k§)F,+kxk,F,
C. = - _"‘ I Y] cv e Il

' kﬁA(‘ k. Y k. (A=97)
. 1 { (R2+kDF, -k k F, _(K2+Kk2)F, +k.k,F
(‘y=k3A(x ki A . y_y e (A-9-b)
-z -1 n .. . n
(,z-m(\-(kxl«x-; kP Y+ 9(k, F o=k, F ) e (A=-9-¢)

a
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APPENDIX (B)

DESCRIPTION OF THE MEASUREMENT PROBES

While many types of probes were experimented with throughout this work, only thiee
types were used in the measurements. These probes are described 1n this appendix, with
the specific considerations taken in dealing with them narcated.

B-1. Probe #1:

This probe is a dipole with an unbalanced coaxial feed shown 1in Figure (B-1) The
balanced feeding of the two arms of the dipole 15 achieved through the use of a halun
structure. This structure is implemented by fabricating two longitudinal slots of
approximately quarter wavelength at the end of the semi-rigid coaxial feedline shell
Both dipole arms are connected to the shell on the opposite sides of the slot, one mim
being connected to the central conductor of the coaxial ine The matching mechanism of
this structure is detailed elsewhere{4l) This probe was fabricatec for previous work in
near-field measurements, and was utilized at the early stage of the wotk desciibed in
this thesis

This probe was used in the expernimental work described 1n Section (3.4), and its
spectral domain electric current distribution is shown n Figure (3 9), for 11 65 GH.,
operating frequency. The unsymmetry 1n the probe current distribution is obvious from
that figure. The experimentally evaluated current distribution is used n evaluating the
far-field radiation patterns of Figure (4 12)

This probe is convenient for near-field measurement, especially it the measured
current distribution of the probe is well established Reducing the length of the dipole
arms to reveal more detailed field structure, however, may not be practical, because the
open and relatively large matching structure may result in unpredictable model of the
dipole in near-field measurement environment.

B-2. Probe #2:

The balanced dipole of Figure (B-2) is introduced as a short dipole, with simple feed.
Each arm of the dipole is connected to a separate semi-rigid coaxial cable with a fixed
electrical length. The signal from each dipole arm is combined using a 0 - 180°
microwave power splitter /combiner (Anaren mode! (30058)), operating 1n the 8 0 to
12.4 GHz bandwidth. The sum port of this combiner 1s terminated with a maiched load.
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The simplicity of the feed structure facilitates the assumption of a simple model of the
probe, and the utilization of a broad-band power combining device enables the use of
this probe over a broad frequency range

The current distnibution on the radiating dipole arms 1s approximated to be triangular
for operating frequencies at which the total dipole length is equal or less than a quarter
wavelength When the dipole aligned on the x-axis, with a length L, the electric current
distribution 1s

/(\)=¢(1-'§|\|)

The Fourier transform of this distribution is:
L 2
F(A)= X5 sine (R, 174)

which can be used to extract the field quantities from the dipole output voltage as
demonstrated in Section (3 3).

In this work, this probe was used in most of the measurements from which the
equivalent curient model was evaluated. Because of the small size of the probe, it was
possible to use 1t 1n field mapping within a moderate distance of the radiators. The field
structure at such a distance 1s assumed to be smooth enough that the averaging effect of
the probe is too small to change the mapped field structure.

B-3: Probe #3:

The third probe used is a short longitudinal monopole of Figure (B-3). This probe was
used to map the field normal to the plane of measurement. The sma!l size of the probe
has two implications The first implication is that the field can be assumed to be
measured at a point. The resulting field map, therefore, can qualitatively resemble the
field structure The second implication is that the output power of the probe is low
relative to that of the other two probes This probe is used, therefore, in measurement in
the proxanuty of he radiators, where the field strength is high.

The model of this probe is not as simple as 1ts structure. The coaxial feed, the
exterior shell in particular, 15 part of the receiving surface of the dipole, which
complicate the model of the probe. Field measurements using this probe are used mainly
to gain some idea about the immediate field structure, or to prove the uniformity of the
field amplitude and phase as in Figure (4.2).
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Figure (B-1). Probe #1; balun matched
N/2dipole. The dipole element length, L,
is 1.38cm., and the radius is l.mm The
siot length, S/, is l.cm., and the tadius of
the coaxial feed is .6mm.

Figure (B-2): Probe #2; Balanced fed
short dipole. The dipole element length,
L, is 9cm., and the radius is .15mm. The
radius of each coaxial feeds is .6mm.

Figure (B-3): Probe #3; Longitudinal
short monopole. The monopole element
length is 1.mm., and radius .15mm. The
feed radius is .6mm.

The above three figures are not drawn
to scale.
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APPENDIX (C)

DESCRIPTION OF THE EXPERIMENTAL FACILITY

The experimental work, described in chapters Three and Four, was conducted using
the near-field scanning facility 1n the Antennas and Microwaves Laboratory, Department
of Electrical Engineering, McGill University. This facility is, in principle, a tri-axial
probe positioning system contained within a microwave anechoic chamber. The probe
output and a reference signal from the input of the radiator under test are channeled to
a microwave vector network analvzer for phasor field measurements. This facility is
based on an existing system(68,66,67) However, considerable modifications were made to
the system to impiove stability, accuracy and dynamic range, and will be mentioned
here.

C.1. Probe Positioning System:

A schematic outline of the probe positioning part of the measurement system is shown
in Figure (C-1), and the following description is referenced to this figure,

The probe movement is effected using a Modulynx motion control system. This system
consist of three stepping motors, driver circuits and microprocessor control circuits. Each
motor moves the probe along a rectangular coordinate axis, x, y or z. The translation of
the motors angular rotation into linear movement along each axis is accomplished using
precision lead screws. The probe can be located anywhere within a Im3 cubic volume
allowing three dimensional field scanning. A pedestal is used to hold the antenna or the
radiator under test in a fixed, but adjustable, position relative to the scannable volume.
In this work, the probe position coordinates are specified relative to a point of origin
that 1s located on the radiator under test. The origin point is indicated on the figures
desciibing each specific radiator that this thesis dealt with, specifically in figures (3.6),
(4 1), (4.10) and (4.21)

The control over the probe movement, or in other words, over the stepping motors
angular position, speed or acceleration is carried out using computer controlled stepping
motor nterface card (IODOOS5A). The system is interfaced to the controlling computer
(Hew'ett Packard Vectra PC compatible) through a General Purpose Interface Bus
(GPIE) board. The probe movement commands originate from the computer as the first
step in measuring the probe output at a specified location.
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Stepping motors can only move on fixed angular increments The design of the
rotational to linear movement ratio allows a minimum increment of prabe position of
.02 mm. along each axis. For an operating frequency of 11.6 GHz , this inctement
corresponds to 7.75x 10 A,

The signal from the probe is linked to the network analvzer through RGS3,/U X-band
rectangular waveguide. The connection between the moving probe and the network
analyzer input port 15 effected using a movable linkage utihizing six waveguide rotary
joints. This allows the freedom of probe in three dimensional movement within the
scanning volume.

C.2. The Measuring Instruments:

A block diagram of the measuring instruments is shown in Figure (C.2), and the
following description is referenced to this figure.

The microwave signal is generated by a Marconi instruments Type 6058A microwave
signal source, amplified to approximately 5 watts using a Vanan VTX 2679 B2
Travelling Wave Tube (TWT) amplifier This output power is necessary to produce a
measurable field intensity around the radiators under test. The philosophy of this system
is to use a relatively high operating power as a trade of f against the high cost and
possible non-linearity of high sensitivity receivers, as well as to operate over a wide
dynamic range above the ambient noise level.

The TWT amplifier output is deliveied to the radiator using a combination of
waveguides and flexible coaxial cables depending on the measurement configuration Part
of the radiator input signal is guided to the network analyzer as a reference signal
through a 20 dB directional coupler. The measuring probe output is hnked to the signal
input of network analyzer through the waveguides and the rotary joints It was venfied
by the author that a significant immunity of phase measurement to frequency instability
is achieved when the directional coupler that samples the radiator mput is located close
to the radiator. This will give nearly equal electrical length to the signal path and the
reference path, and the change in that length contributed by the operating frequency
and temperature fluctuation will tend to cancel at the network analyzer input The
operating frequency is monitored by a Hewlett-Packard 5350A Microwave frequency

counter, from which, the output frequency is reported to the computer through the
GPIB-bus.

The vector network analyzer in the facility is a Hewlett-Packard mode!l 8410A with a
8411A harmonic converter. The 8-12.4 GHz. frequency range setting 15 utilized in the
experiments throughout this work. The network analyzer tncludes a plug-in module that
displays the amplitude and phase of the signal channel relative to the reference channel.
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The problem with using this module in an automated measurement is that the phase
reading is unstable or even useless when the relative signal amplitude is low, and for
phase values close to +180 degrees. In addition, the range of phase measurement of the
network analyzer becomes reduced as the signal amplitude get lower. This problem was
solved by reading the amplitude and phase of an auxiliary T F outputs from the network
analyzer (frequency= 278kHz ) using a Hewlett-Packard 3575A Gain-Phase meter. This
meter has D.C. outputs proportional to the relative amplitude and phase of the LF,
signal, with a stable phase measurements over the entire amplitude range.

The amplitude and phase information are transferred to the computer from the
Gain-Phase meter D.C output using two Keithley 195A digital multimeters which are
interfaced to the computer through the GPIB bus The measured amplitude 1s read in dB
scale,

In summary, during the sequence of measuring the probe output at a point, first the
computer gives a command to position the probe at a certain point, then, the amplitude
and phase are accessed by the computer when the probe is stationarv,

C.3. The Control and Data Acquisition Software:

The software for position control and data acquisition was specially written by
P. Markland for the instrument configuration described earlier. The program accepts
commands to set line or plane measurements, or measurements on trajectories, surfaces
of arbitrary shapes or throughout a volume 1n keeping with a data set prescribed in an
external file. The output file contains information about the measurement configuration,
frequency and the measured amplitude and phase at each point of measurement In the
case of planar measurement, and after each scanned line, the probe was commanded to
return to a specific reference point and register the amplitude and phase at that point,
This was useful in checking the stability of the measurements throughout the
experiment.

C.4. Performance Verification:

One of the nossible sources of error is the phase variation with the rotation of the
waveguide rotary joints mentioned earlier. A check was conducted by replacing the
probe with a short-circuit, feeding the probe waveguide with an input signal, and
monitoring the reflected signal through a directional coupler. If the rotary joints rotation
were modifying the probe output amplitude or phase, this would have been detected by
a change in the reflected signal amplitude or phase as the probe is moved from one
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extreme to another. There was no change on the reflected signal under these conditions,
which indicated that the probe signal path had maintained a constant electrical length as
the probe was moving,

The probe position was checked against the position command from the computer
using high precision optical techniques(68), It was found that a maximum deviation of
0.77 mm. { 0 O3A at 11.6 GHz.) was present, This naximum deviation was located at one
extreme of the scanning volume, where the refer2nce position was set at the centre of
this volume. This error limit 1s not serious for the purpose of this work,

The probe output waveguide is connected to the signal input of the network analyzer
through a calibrated variable attenuator. In each experiment, the attenuation s varied
with the probe fixed at a location with maximum expected output voltage, and the
subsequent reduction in the reading of the network analyzer 1s compared to the added
attenuation. This was necessary to insure that the signal input of the network analyzer
operated within the linear region (unsaturated). An adjustment of the gain setting of the
network analyzer was often necessary for this purpose.

The stability of the frequency and electrical length of the waveguides was improved
by maintaining the whole measurement at a moderately stabilized rcom temperature. The
stability of the measurements over the entire duration of the measurement, was
monitored by reading the amplitude and phase at the fixed reference point mentioned
earlier after each scanned line The variation of the measured amplitude and phase at the
reference point during the measurement of Figure (4.22-a) 1s shown in Figure (C 3).
Stable readings of the probe output voltage at the reference point and a field plot with
no evidence of irregular behavior, unlike the one shown in Figure (4.14-3), were the
major factors in considering a measurement results as acceptable.
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Figure (C.1). Schematic outline of the probe positioning system. The system is built
inside a microwave anechoic chamber. The microwave absorbers are dark shaded, and
the waveguides are distinguished with dot pattern. Xm, Ym and Zm indicate the loca-
tions of x, y and z motors respectively. The figure is not drawn to scale.
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This data was collected at a reference point x=y=0 and z=5 c¢m., during the measure-

ment of data shown in Figure (4.22-a).
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APPENDIX (D)

SOFTWARE DESCRIPTION

Some of the computer programmes developed for this work are described here Most
of them are presented by the order of their use. The investigative nature of the work
necessitate producing modular software with intermediate data files that can be inspected
instead of large specialized programs. This approach resulted in programmes that are iess
user friendly, but easy to modify according to the conclusions drawn from the
intermediate results.

Most of the software is written 1n FORTRAN, compiled using the Lahey F77L
compiler with the SSP-PC external function library, and run on PC-compatible
machines. The plots shown in this thesis were produced using Grapher, Surf and Topo
packages for x-y plots, surface plots and contour maps respectively. The names given to
the programmes in the following description do not follow any specific system

D.1. Format Conversion:

These are programmes that are used to convert the measurement files into format
suitable for input to the data processing software. For example, some programmes
produce separate amplitude and phase data files from the raw measurement data output
of the control software described in the previous appendix. Additional programs are
designed to prepare the data in a form suitable for piotting, such as the polar plots of
figures (4.6) and (4.13).

D.2. Probe Modeling:

These are programmes that are used in processing the results of the experimental work
of Section (3.4), and in the theoretical modeling of probe #1 described in appendix (B).

1. DLPRCA4.FOR: A program to read the amplitude and phase resulting from the
dipole probe measurements described in Section (3 4), produce the complex measured
voltage, and Fourier transform this data. The outputs are two files, one of the complex
spectral domain measured voltage, and the other of the magnitude of the spectral domain
voltage for plotting, as shown in Figure (3.8).



2. DLSPRC.FOR: is an implementation of Equation (3.15) to find the spectral domain
electric current distribution of the dipole probe under test from the complex measured
spectral voltage. The algorithm employed by this program is detailed in Section (3.4).
This program has produced the experimentally evaluated electric current distribution of
Figuie (3.9).

3. POLY.FOR: A program to calculate the coefficients of a forth order polynomial
that analytically represents the spectral domain electric current distribution of the dipole
tested in Section (3 4) fiom the output of DLSPRC.FOR. The QR decomposition(89) is
used for solving the over-determined system associated with such calculations. The
resulting polynomial for the dipole tested in that section at 11.65 GHz. is:

F(R)=1+0.127k, -1 163k%+0.974k}-0.296k, -k, <k, <k,

This polynomial was used to model the dipole probe in the field extraction for
evaluating the plane wave spectrum in Figure (4.12) and the consequent calculation of
the radiation patterns shown in Figure (4.13).

4. MOMNGA4.FOR: A program to calculate the theoretical space domain electric
current distribution on a dipole. The dipole specifications are entered from an external
file. This program is based on the algorithm described by Stutzman and Thiele(41),
Appendix (G). The spectral domain current distribution is calculated by DLPRC4.FOR
to produce the theoretical probe data shown in Figure (3.9).

D.3. Microstrip Edge Experiments Data Processing:

These programmes are used in processing the resulting daca of the experiments
described in Section (4.1). Four modules are used for this purpose:

1. MCREG1.FOR: This program reads the measured voitage data along a line and the
measurement parameters, as described in sub-section (4.1.2), performs the inverse
Fourier transformation and extracts the complex electric field using the dipole probe #2
model given in Appendix (B). In addition to the intermediate file produced, which
contains the complex spectral domain electric field, a file containing the magnitude of
this quantity is produced for plotting. The 1esulting plotted data is shown in
Figure (4 4).

2. MCREG2.FOR: Using the above-mentioned intermediate results, this program
calculates the magnitude and phase of the equivalent magnetic current at the edge plane

using Equation (2.5-a). The output magnitude curves corresponding to two experiments
are shown in Figure (4.5).
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3. MCREG3.FOR: This program calculates the electric field amplitude and phase over
an x-z plane using Equation (2.1) as described in sub-section (4 1 3). The resulting data
from such calculations is shown in Figure (4 7).

4, PTRNEG.FOR: This program 1s used to calculate the Far-tield radiation pattein of
the microstrip edge from the measured spectral domain electric field resulting from the
intermediate data of MCREG] FOR The calculation 1s based on equations (4.1) and
{4.2), and the results from such a calculation are plotted in Figure (4.6)

D.4. Equivalent Currents and Near-Field Calculations:

EVANIK.FOR: This is a program to calculate the equivalent magnetic current at the
radiator aperture, from the planar measurement data and parameters. The complex
measured voltage is inverse Fourier transformed, and the electric field distribution in the
spectral domain is extracted from the transformed data using the model of dipole
probe #2, Appendia (B). The spectral domain currents at the radiator apertwe are
evaluated using Equation (2.5-a). The contour and surface plots of figutes (4 16), (4.17),
(4.18) and (4.23) are calculated using this program. Each polarization of the fields and
currents is dealt with separately because of the assumption of linearly polarized response
of probe #2.

The program has the following features:

1. The program can deal with values of maximum tangential wave number, & ,,,, in
Section (2.4), larger than k,. This implies that the evanescent modes can be employed in
the equivalent currents calculations. These modes were employed in producing
figures (4.16) and (4.17).

2. The field extraction procedure can be skipped, corresponding to an ideal
measurement probe. Alternatively, The field values can be modified to simulate the
response of different kinds of probes without applying the field extraction procedure,
This was included to study the effect of the probe size on the evaluated aperture ficelds
or currents,

3. The discrete Fourier transform (DFT) is used in this and the other programmes for
transformation instead of the fast Fourier transform Although that resulted in slower
software, it offered a controllable spatial and speciral domain sampling rate This
advantage is exercised, for example in Figure (4.23), where the same information is
shown for two different sampling rates and window sizes.

4. The option of multiplying the raw measurement data by a Hanning window
function, This is used in investigating the effect of this window on the evaluated
aperture currents,

D-3
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FORTE.FOR: This is a program used to calculate the electric near-field on a plan.
parallel to the aperture plane, with specified dimensions and distance from the radiator.
The program uses the aperture magnetic currents amplitude and phase data evaluated by
EVANIK .FOR for that purpose. The algorithm is based on Equation (2.1) with J, set to
zero. This program is used to produce the field surface and contour maps shown in
figures (4 19-a), (4.19-c), (4.25-a) and (4.25-c).

FORTEIL.FOR: Similar to FORTE FOR, except that the field is evaluated over a plane
normal to the aperture plane. This program is used to produce the contour maps shown
in figures (4.20-a), (4.26-a) and (4.26-c).

D.5. Miscellaneous:

Other programmes were written, that do not fall within the above categories. Two
programmes are used in the attempt to model the horn cluster as a contribution of
individual horns, described in sub-section (4.3.2). The first, MESPC2.FOR, produces a
preset number of spectral domain electric field data points within a pre-specified
fraction of the radiation circle, from the planar measurement results. This data is used
by HOMOD2.FOR to evaluate the excitation of each individual horn as described in the
same sub-section.

The theoretical results shown in figures (2.4), (2.5) and (3.6) are calculated by
programmes that are based on a one dimensional equation root finding algorithm for the
first two figures and a two dimensional one for the latter figure.

The E-plane and H-plane far-field radiation patterns in Figure (4.13) are calculated
from the plane wave spectrum data of Figure (4.12) using EXY.FOR which evaluated
these patterns from the data shown in Figure (4.11) and the corresponding phase data.
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