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ABSTRACT

A technique for reconstructing fields using scattering
data is developed in this thesis. The problem consists of a
dielectric scatterer; i.e., a sphere (or a cylinder), in
the vicinity of an antenna whose radiation field is unknown.
The technique calculates the near-field of the antenna from
experimentally determined total fields near the antenna.
From the calculated near-field, the far-field radiation pattern
of the isolated antenna, or, the antenna and the scatterer
combination is determined. The problem has practical
significance since dielectric scatterers are used to shape the
radiation patterns of horns, wave-guides and other radiating
systems. Dielectric scatterers are also used to scatter the
primary field of the antennas. In this manner, the wide angle
scattering increases the signal strength in the regions of weak
primary field and facilitatesthe accurate measurement of ths
near-field especially for the high gain antennas. In addition,
this improvement of the field strength enables one to carry
out the field measurement on a larger surface than it is

normally feasible.

To avoid large scanning systems, required for large



i

antennas, a stepwise measurement technique is proposed and is
developed in this thesis. In this technique, the near-field
is measured over a small surface in the vicinity of the
scatterer. The required information on the field over a
surface enclosing the antenna is then obtained by repeating
the measurements at several locations around the antenna. The
stepwise approach not only reduces the required scanning
surface, but also reduces the expansion of antenna field over

a large surface to several expansions over small surfaces.

The analytical expressions for reconstruction of two- and
three-dimensional fields are presented. The method is then
applied to reconstruct the field of certain elementary sources,
such as, a plane wave, an electric dipole and an array of electric
dipoles. The effects of various parameters on the accuracy of
the reconstructed fields and the usefulness of the stepwise

approach are studied in detail.
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CHAPTER 1

INTRODUCTION

Recently, the near-field measurement technigues are
receiving an increasing attention for determining the antenna
radiation characteristics. Existing literature in the area
is numerous, but a general survey of the subject is available
in [1] and [2]. Because the methods are applied to different
antenna systems and each investigator has selected a partic-
ular approach to the problem of near-field far-field trans-
formation, the available methods of mathematical modelling
and measurement techniques are often different. However, in
all cases the antenna field is measured on a closed, or, open
surface near the antenna. This measured field is then
utilized to calculate the far-field radiation pattern of the
antenna, by a most suitable transformation method, which
normally depends on the measurement surface. Mathematically,
the transformation of the near-field to the far-field is
accurate only if the measurement of the near-field is carried
out on a closed surface near the antenna. However, from a
practical point of view, in certain occasions, accurate far-
field data may also be obtained from the measuremeat of the
near-field on an open surface, such as the aperture field of
high gain antennas. In such cases, the measurement of the

near-field on a closed surface around the antenna may become



too costly and the increased accuracy of the far-field data

may not be too significant to justify the extra cost.
Furthermore, an accurate measurement of the near-field beyond
the antenna aperture may not be practically feasible, since

the field strength in this region is normally too weak. The
accurate measurement of the near-field gets more complicated at
high frequencies, where the measurement coordinates become

too close to each other. The latter requirement imposes
increasingly difficult mechanical precision on the scanning

system of the near-field measurement setup.

In the above near-field far-field transformation problems
one, normally, measures the near-field of an isolated antenna
system. In this thesis, we are concerned with field of an
unknown antenna in the presence of a spherical or cylindrical
scatterer. The problem therefore is to reconstruct the
unknown near-field of a radiator from the measurement data of
the total near-field in the vicinity of the antenna and the
scatterer combination. The problem has practical significance,
since, dielectric scatterers are occasionally used to shape
the radiation patterns of the waveguides, horns and other
radiating systems. Also, the introduction of the scatterer
in the vicinity of a radiator can improve the intensity of
the wide angle field distributions and facilitate the accurate

measurement of the near-field.



To avoid large scanning systems, required for large
antennas, a stepwise approach is selected, in which the near-
field is measured over small spherical (or cylindrical)
surfaces in the vicinity of the scatterer. The required
information on the field and over a surface enclosing the
antenna is then obtained by repeating the measurement at
several locations around the antenna. This stepwise approach
not only reduces the required scanning surface, but also
reduces the expansion of antenna field over a large surface to
several expansions over small surfaces. Note that when the
dielectric constant of the scatterer becomes unity the problem
reduces to the near-field measurement of an isolated antenna.
In the following chapters, the details of the method are
described and a mathematical formulation is presented.

Several examples are also included and computed data are

discussed.

Chapter two presents a summary of the important antenna
measurement techniques together with a literature survey on
the subject. In this chapter, three different methods for
determination of the antenna characteristics are presented.
These methods are the plane wave approach, the focusing method

and the near-field probing technique.

Chapter two also presents a statement of the problem to



be discussed in this thesis. A method is proposed which can
be used to determine the near-field from the measurement of
the total field in the near-field zone and in the presence
of a dielectric scatterer. A stepwise measurement approach
over several small measurement surfaces, in lieu of a large

measurement surface, is also presented.

Chapter three is devoted to the solution of two-
dimensional inverse source problems. The problem therefore
is to reconstruct the unknown near-field of a radiator from
the measurement data of the total near-field in the vicinity
of the antenna and a cylindrical scatterer. Although two-
dimensional problems have less practical significance, never-
theless by discussing this class of problems some important
aspects of the near-field far-field transformation are

clarified.

The theoretical and numerical investigations of the
three-dimensional inverse source problem are presented in
chapters four and five, respectively. The technique for
solving the three-dimensional problem is similar to the one
used in the two-dimensional one. The scatterer in this case
is a dielectric sphere. The description of the problem, the
mathematical formulations and the method of solution are

presented in chapter four. Since in this case a spherical



scatterer is utilized, then a spherical near-field far-field
transformation is used to calculate the far-radiation pattern
of the test antenna from the calculated near-field data. 1In
chapter five numerical investigations are presented for three
known sources. These sources are an incident plane wave, an
electric dipole and an array of electric dipoles. The incident
field in each case is reconstructed from the numerically
generated total field on measurement spheres enclosing the
scatterer. The main reason for selecting these sources is
that, they are practical, simple and their exact incident
field, which are used to generate the experimental data
theoretically, are known. The stepwise measurement approach
is utilized for the third example to calculate the far-
radiation pattern of the isolated test antenna and the antenna
in the presence of the spherical scatterer. This approach 1is
used to calculate the near-field on a spherical surface which
encloses the isolated antenna, or, the antenna and the

scatterer combination.

The summary of the work, the discussion and conclusion
of the results, and some suggestions for future research are

presented in chapter six.



CHAPTER TI1I

ANTENNA MEASUREMENT TECHNIQUES

2.1 INTRODUCTION

An antenna is a device for accomplishing a transition
between a guided electromagnetic wave and a wave which
propagates in free space. A knowledge of the antenna
characteristics is important for finding a suitable antenna
for a certain application. These characteristics include

impedance, radiation patterns, gain, phase and polarization,

The radiation characteristics of an antenna may be
determined experimentally by two different techniques. The
first technique is to make the measurements on the actual
antenna on- or off- its site. The second one is to build an
antenna model, smaller in size than the actual antenna. The
measurements can then be done inside a laboratory on this

model.

In the first technique, the antenna measurements can be
done on-the site of the antenna or off-its site. The measure-
ments of the radiation patterns of a full-scale antenna located
on its ultimate site is a laborious and expensive task. Never-

theless, it is sometimes necessary to make such measurements.



This situation occurs when the antenna radiation is
significantly affected by the site on which it is located,

or when construction of the antenna is practical only at full
scale on the site. On-site measurements of an antenna may
have additional usefulness as a conclusive demonstration

that the antenna is constructed properly, is correctly
excited, and interacts with its environment in the predicted
manner. When the antenna pattern is essentially independent
of the environment, a simple measurement technique can be

used off-site the antenna location. This consists of
operating the antenna under test as a receiving antenna,
rotating it, and measuring the signal it receives from a
suitably-located fixed source antenna. The method may be used
with success for most microwave antennas and can be applied at
any freauency unless restricted by mechanical limitations.

In the latter case, however, scale-model measurements may some-

times be suitable.

In the second technique, the actual antenna is simulated
by a model. The measurements can be done on this model. The
main characteristics of the actual antenna can then be
calculated from those of its model [3]. There are two types
of antenna models. One is a qualitative or geometrical model
and the other is a quantitative or absolute model. In the

qualitative models only the geometrical configurations of the



Tines of force are modelled and no attempt is made to

simulate the power levels of the full-scale system. These
models yield data directly on these properties of the system
which do not depend on power level such as impedance, polar-
jzation, antenna radiation patterns, relative patterns of

radar echoes, etc. [3]. The quantitative models are capable

of yielding quantitative data on all electromagnetic properties
of the system. For example, measurements could be made for
field intensity, radar echos, absolute radar echoing area,

etc. [3].

This chapter will review the measurement techniques,
which are carried out on actual antennas. Two recent text-
books [4] and [5] provide an excellent introduction to these
measurement techniques. Three different methods will be
discussed, the plane-wave, the focusing and the near-field
probing methods. In the plane-wave method the test antenna
is illuminated by a plane-wave and may include the far-field
measurements, compact antenna ranges and the anechoic -chambers.
In the focusing method, the test antenna is focused within
the radiating near-field for pattern measurements and then
refocused to infinity for operation. 1In the last method,
the near-field probing, the measurements are done in the near-
field region and by using a suitable near-field far-field
transformation, the antenna radiation characteristics are

determined.



2.2 FIELD REGIONS

Reference [2] has explained in detail the nature of the
field regions surrounding an antenna. In the region close to
an antenna, the field will include both reactive as well as
radiating components. The strength of the reactive component
however, decays rapidly with distance from the antenna so
that it soon becomes insignificant compared to the strength
of the radiating component. The region in which the reactive
component of the field predominates is called the reactive
near-field region. The region beyond this is normally divided
into the radiating near-field region and the radiating far-
field region. Fig. 2.1 shows a pictorial representation of
the three regions surrounding an antenna. The boundaries
between the regions are not well defined, but for any antenna
the reactive near-field region extends only to a short
distance (about A/2m where X is the wavelength). For
electrically large antennas of the aperture type, the distance
to the boundary between the radiating near-field and far-field
regions is R = 2D%/x , where D is the largest dimension of

the aperture.

2.3 PLANE WAVE TECHNIQUES

In these techniques, the antenna test ranges should be
designed to produce a region of nearly "plane” electromagnetic

waves within which a test antenna can be placed so that its
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radiation pattern can be measured and recorded. The result-
ing patterns may differ from the ideal far-field pattern,

due to the fact that the wavefront in the test region may

not have a completely constant amplitude and phase distribu-
tions. Antenna ranges which utilize a plane wave as a test
source for measurements can be divided into three categories,

they are:

a) Far-field ranges,
b) Anechoic chambers, and

c) Compact antenna ranges.

2.3.1 Far-Field Ranges

The far-field antenna radiation pattern requirements
have been explained in detail in the literature [6], [7] and
[8]. In its simplest form, a pattern range will contain a
transmitting source, an antenna under test, a mount for
turning the antenna under test, and a detector for indicating
the relative magnitude of a received field. A set-up of this
kind is shown in Fig. 2.2. The equipment used may be
completely automatic, may require a point-by-point plot or a
varjation between these two. In any case, a number of
important factors should be considered in order to be assured
that the radiation patterns obtained are valid and accurate

[6]. Some of these factors are:
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a) Distance between test and transmitting antennas

In order to obtain accurate far-field radiation
patterns, it is necessary that the distance bétween the trans-
mitting antenna and the antenna under test be sufficiently
large. For accurate far-field measurements, the antenna under
test should be illuminated with a plane wavefront. Since
plane wavefronts are obtainable only at infinite distances,
some limits must be specified. A common specified criterion
is that the phase difference between the center and the edge
of the antenna under test should be no greater than A/16 (22.5°).
If this is the case, the distance R between the test and the
transmitting antennas should at least be R > 2D%?/x [6], i.e.,

the test should be in the radiating far-field region.

b) Uniform illumination

A number of site conditions can contribute to a non-
uniform field at the antenna under test. 1In all cases the
site conditions result in a reflection of energy which causes
cyclic or irregular variations in field intensity. Ground
reflection can sometimes be avoided by mounting the antennas
high above the ground on towers or making the transmitting
antenna more directional in the vertical plane so as
to reduce the aﬁp]itude of the reflection from the ground.
Reference [6] has mentioned three other methods which have
been used with some success in overcoming the ground-

reflection difficulty.
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The main parameters to be measured for an antenna in
the far-field regions are: input and mutual impedances,

radiation patterns, gain, phase front and polarization [6].

Some of the far-field ranges used are slant and reflec-
tion ranges. Slant ranges [7] and [9] are designed with the
source antenna near the ground and the test antenna, along
with its positioner, mounted on a nonconducting tower at a
fixed height as shown in Fig. 2.3. The source antenna is
Tocated and oriented so that its free-space radiation pattern
maximum points toward the center of the test region while the
first null of the pattern points towards the specular reflec-
tion point on the ground. In this way, the reflected signal
is suppressed. Slant ranges have been designed with towers
whose height can be changed so that the spacing between the
source and test antennas can be varied. The frequency range
over which this range type has been tested and used extends
from 100 MHz to 20 GHz [7]. The main advantages of the slant
ranges are the ease of obtaining an essentially plane wave at
the elevated point and the ease of source adjustment, should
it be necessary. Its main disadvantage is the limited range
that one may obtain with the available, preferably non-
conductive towers. This is especially true if the more
desirable large angles are used, but the technique should
find wide application where the 2D?/x criterion is easily

satisfied [7].
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The reflection ranges [8] and [9] are designed to
make use of the energy which is specularly reflected from the
surface of the range to create constructive interference with
the energy from the direct path in the region of the test
antenna. With proper design, the illuminating field will
have small, essentially symmetric amplitude taper. This de-
sired taper is obtained by an adjustment of the height of the
source antenna above the range surface with the test antenna
maintained at a fixed height. The ground is usually used as
the reflecting surface; the reflection coefficient of the
ground, as well as the smoothness, play an important part in
the overall design [9]. These ranges find ready application
in the UHF region for measuring antenna patterns which are
moderately broad. Ranges operating from UHF through 16 GHz
are being used [9]. Figure 2.4 shows a schematic diagram of

one such range.

2.3.2 Anechoic Chambers

A historical summary of the development of microwave
absorbing materials and anechoic chambers is presented in [10].

Anechoic chambers consist of two basic types [9]:

a) rectangular anechoic chambers, and

b) tapered anechoic chambers.

The existing chambers range from 175 ft. in length and up to
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50 ft. by 50 ft. in cross-section [10]. Chambers may operate
at frequencies as low as 30 MHz and higher than 100 GHz [10].
Some chambers have maximum reflection levels in the test
range as low as -70 db below the direct path signal over
certain frequency ranges, and some have shielding isolation

to as low as -140 db [10].

Chambers have been designed as general purpose facilities
and are employed for a wide variety of measurements; others
have been designed for particular types of measurements such
as antenna impedance, gain, bandwidth, cross-polarized component
levels, antenna patterns, monostatic and bistatic radar cross-
section patterns, system sensitivity, system susceptibility,
system compatibility, effective radiated power, raandom error

and tracking error [10].

Absorbers for chambers are available with a variety of
characteristics of which the most important are the following:
low normal incident reflection for chamber back wzll; Tow
forward scatter at wide angles for the specular regions of
side walls, floor and ceiling of pattern measurement chambers;
and low backscattering at wide angles for side walls, floor
and ceiling [10]. A cbmparison between the antenna-pattern
comparison and free-space VSWR techniques for evaluating the

reflectivity level of radio anechoic chambers is presented in
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[11]. Reference [9] has explained the rectangular anechoic
chambers. The tapered one is also explained in detail in the

literature [9] and [12].

2.3.3 Compact Antenna Ranges

The compact antenna range is an alternative to the
more traditional far-field range (outdoor or anechoic room)
or the new technique of near-field probing combined with
numerical transformation to obtain the far-field antenna

pattern.

Most aperture antennas are designed to transmit a beam
over long distances; therefore, it is desirable to know certain
features of the radiation pattern in the radiating far-field.
Since the conventional procedure is to operate the test
antenna in a receiving mode, it is desirable to illuminate
the test antenna with a uniform plane wave. The creation of
such a wave is a difficult task, however, one usually resorts

to approximation methods.

One can locate the transmitting antenna in the far-field
region to illuminate the test antenna for approximating a
uniform plane wave. R = 2D2/x is the minimum distance between
the test antenna and the far-field region for aperture type of

antennas. If the test antenna is very large and operating at
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very high frequency (A is very small and D >> )), then R
becomes very large. For this reason, serious problems can
arise due to unwanted reflections from the ground and

surrounding objects on an antenna range. In order to overcome

these difficulties, a plane wave which ié approximately uniform
in amplitude and phase is created by a feed and large reflector
in the immediate vicinity of the test antenna. This type is
called compact antenna range.

The compact antenna range was first developed by Johnson
et. al. [13]. Many references have discussed in detail this

kind of antenna range and its uses [2}, [9] and [13] to [16].

Fig. 2.5 shows the schematic representation of a
compact range employing a reflector and a feed. The compact
antenna range is used to take direct measurements of antenna
patterns, gain, directivity, polarization and phase. It can
also be used to measure radar cross-section [2] and [13]. 1In
some situations a compact range can replace an outdoor range
up to 200 meters long. The chief advanmtage of this range
is its small size which allows it to be located indoors.

The small size also reduces the requirements for microwave
absorbing material [2] and [13]. It reduces the expenses by
shortening the test time. Also a vast area of expensive real
estate is not needed. It also allows to make and keep

schedules which are not affected by weather or daylight, and
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prevents unwanted surveillance. It works in a controlled,

stable environment which produces uniform results [21, [9] and

[13].

The chief limitation is that the range reflector must
be larger than the antenna under test; in addition, the
reflector must be constructed very accurately [2]. The useful
frequency range of a compact range is limited on the upper
end by fabrication errors of the range reflector and on the
lower end by diffraction effects of the reflector edges and
by direct radiation from the feed [2], [9], [13] and [16].

At lower frequencies, it is more difficult to use absorbing
material to reduce direct radiation from the range feed to
the test antenna [2]. A comparison of far-field ranges (out-
door and indoor anechoic-chamber) and compact antenna range

is given in [15].

2.4 FOCUSING TECHNIQUE

Reference [2] has explained this technique in detail.
The test antenna is focused within the radiating near-field
for pattern measurements. It is applicable only to antennas
which can be focused for testing and then refocused to

infinity for operation.

The chief advantage of this technique is that pattern

measurements can be made in the radiating near-field for many
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antennas when available ranges are not long enough for far-
field measurements. This technique usually is employed only

when a far-field range of sufficient Tength is not available.

The technique of focusing at a short range is applied
to paraboloids or lenses which can be focused by axial
positioning of the feed, linear arrays which can be physically
bent along a circular arc of radius equal to the test distance,
and to electronically phased arrays whose element phasing can
be altered to provide focusing at the test distance [2]. 1t
is also applied to antennas with parabolic-cylinder reflectors
and line-source feeds and to planar arrays which can be
physically deformed to focus the array at the test distance
[2]. 1If focusing of an extended aperture is accomplished in
only one plane, patterns can be made only in the plane of
focus, and the gain of the antenna will be reduced from the
far-field gain because of the aperture phase error in the

orthogonal plane [2].

2.5 THE NEAR-FIELD TECHNIQUE

This modern technique includes near-field probing (or

scanning) and near-field far-field transformation.

The suitability of a given method of determining an

antenna pattern of course depends upon the antenna and the use
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of the data. For an antenna which is small both physically
and in terms of wavelength, near field techniques

seldom compete with conventional methods. However, for larger
antennas, near-field techniques have the following distinct

advantages [17].

Near-field measurement systems are closely coupled and
therefore subject to laboratory-type control which yields
high accuracy. The data are expressed as linear combinations
of exact complex vector solutions of Maxwell's equations, with
high signal-to-noise ratio, averaging over 10,000 or more
measurements for each pattern value, full correction for
proximity effects, and absence of ground and grazing angle
reflections, as in an anechoic chamber. Further, it provides
quite detailed pattern information, and it can yield phase and
amplitude of each component of the electromagnetic six-vector
for any distance. Not only it is independent of weather but
it also permits measurements to be made in a clean room and

in atmospheric absorption bands.

Near-field measurements are somewhat limited by the
availability of absorbers, say below a few hundred megahertz
for antennas. However, the antenna may be directed toward
the zenith and ferrite absorbers used, consistent with their

cost. Further, at very high frequencies, measurement of phase
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as a function of position becomes more difficult, particularly
measurement to a small fraction of a cycle over a large area,

all referred to a single reference [17].

In many cases, it is impractical or impossible to measure
antenna patterns on a conventional far-field range. This is
due to the fact that for large antennas, the distance to the
radiating far-field R(=2D%/)) becomes very large. For this
reason and due to the distinct advantages of the near-field
scanning techniques as mentioned before, it is desirable or
necessary to determine far-field antenna patterns from measure-
ments made in the radiating near-field region. Therefore,
near-field measurements have received considerable attention.
Two different principles have been used in an attempt to
determine far-field antenna patterns from measurements of the

near-field of an antenna, they are:

2.5.1 The Integral Method

This method is based on the fact that the complete
electromagnetic field at a point outside a closed surface
enclosing all sources can be determined from an integral
equation satisfied by the field vectors over the surface [18].
If this surface coincides with the antenna surface, then the
fields can be obtained from the measurements of only the surface

magnetic field [1] and [2]. For aperture antennas, the Huygens-
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Fresnel principle [18] was utilized to form an equivalent
source from the aperture field distributions. Reference [18]
has shown that, the complete electric E and magnetic H fields
within a given volume can be expressed in terms of the current
densities of the sources within the volume and the values of
the field itself over the boundaries of the volume. If the
volume of interest is defined to contain no sources and to be
bounded by a closed surface S and the sphere at infinity, the

E and the H fields at a point P within the volume are given

by [18]:

E, - ?J?J [-jou(A x H)V + (R x E) x V¢ + (A -E) vp] da (2.1)
S

M - L J [jue(R x E)o + (A x H) x vy + (A -H) vyl da (2.2)
S

where n is the unit vector normal to the surface and a time
variation exp (jot) is assumed. The function ¢ 1is the

scalar Green's function,

p = & (2.3)

where k is the free space propagation constant and r is the
distance from a point on the surface to a field point.

Equations (2.1) and (2.2) require the tangential and the
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normal components of the electromagnetic field over the
surface S. Reference [19] has mentioned formulas similar

to Equations (2.1) and (2.2) which require only the tangential
components of the electromagnetic field on the surface S to

be known.

If it is desirable to determine the electric and
magnetic fields at a point P in terms of current or charge
distribution on the surface of the antenna, then we can use
Equations (2.1) to (2.3) and the boundary conditions (the

closed surface S is assumed to be perfectly conducting) [18],

nxE=0
nxH=K
- £ - %? (2.4)
n+H-=0

where K is the surface electric current density and o is the
surface electric charge density. By using the continuity
equation which relates the current and the charge densities,

then one obtains [18]:
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-jkr
. L e”?
T An J [K x V] r

S

H da . 2.6
Hy (2.6)

Thus in summary, the method of determining field patterns from
source distributions involves the application of Equations (2.1)
and (2.2) for aperture distributions or Equations (2.5) and

(2.6) for current distributions.

2.5.2 Modal Expansions

This method is based on expressing the total electro-
magnetic field in terms of a modal functions. The amplitudes
and phases of these modes can be determined from measurements
of the electromagnetic field over an appropriate surface in
the near-field. 1In this case, the modes may be plane waves
[20] to [24], cylindrical waves [20] to [22] and [24] to [27],
axial waves [28], spherical waves [20], [21] and [29] to [38],
or any other set of functions which form a basis for wave

solutions to Maxwell's equations.

In this method, the pattern of the probe is transformed
to obtain a modal expansion in terms of wave numbers. The
basic theory of probe-compensated and scanning near-field
measurements and their applications using plane and cylindrical
wave expansions are explained in detail in [20], [24] and [39]

and spherical wave expansions in [20], [30] and [31]. In
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this thesis, the emphasis will be on the cylindrical (chapter
three) and spherical (chapters four and five) wave (modal)

expansions.

A general survey of the near-field measurements are

available in the Titerature [1] and [2].

2.6 STATEMENT OF THE PROBLEM DISCUSSED IN THIS THESIS

In the near-field measurement techniques, the antenna
field is measured on a closed, or, open surface near the
antenna. The measured field is then utilized to calculate
the far radiation field of the antenna, by a suitable trans-
formation method, which normally depends on the measurement
surface. Mathematically, the transformation of the near-
field to the far-field is accurate only if the measurement of
the near-field is carried out on a closed surface near the
antenna. However, from a practical point of view, in certain
occasions accurate far-field data may also be obtained from
the measurement of the near-field on an open surface, such as
the aperture field of high gain antennas. In such cases, the
measurement of the near-field on a closed surface around the
antenna may become too costly and the increased accuracy of
the far-field data may not be too significant to justify the
extra cost. Furthermore, an accurate measurement of the near-

field beyond the antenna aperture may not be practically
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feasible, since the field strength in this region is normally
too weak. The accurate measurement of the near field is
further complicated at high frequencies, where the measure-
ment coordinates become too close to each other. The latter
requirement imposes increasingly difficult mechanical precision

on the scanning system of the near-field measurement setup.

In the near-field far-field transformation probiems
one, normally, measures the near-field of an isolated antenna
system. In this work, the field of an unknown antenna in the
presence of a dielectric scatterer, e.g., cylinder or sphere
will be considered. The problem therefore is to reconstruct
the unknown near-field of a radiator from the measurement data
of the total near-field in the vicinity of the antenna and the
scatterer combination. The problem has practical significance,
since, spherical dielectrics are occasionally used to shape
the radiation patterns of the waveguides, horns and other
radiating systems. Also, the introduction of the scatterer
in the vicinity of a radiator can improve the intensity of
the wide angle field distributions and facilitate the accurate

measurement of the near-field.

To avoid large scanning systems, required for large
antennas, a stepwise approach is selected, in which the near-

field is measured over a small surface in the vicinity of the
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scatterer. The required information on the field and over

a surface enclosing the antenna is then obtained by repeating
the measurement at several locations around the antenna. This
stepwise approach not only reduces the required scanning
surface, but also reduces the expansion of antenna field over
a large surface to several expansions over small surfaces.
Note that when the dielectric constant of the scatterer
becomes unity, the problem reduces to the near-field measure-

ment of an isolated antenna.

2.6.1 Method of Measurements

In this section, the suggested method of measurements
to evaluate a test antenna in presence of a spherical scatterer
is discribed. Fig. 2.6 shows the geometry of the problem. A
scattering sphere is located in the vicinity of an antenna
with unknown radiation characteristics. When the spherical

surface S enclosing both scatterer and the antenna is small

in size, the measurement can be carried out over this sphere
to obtain the total field. 1In addition, the field outside S
can be described by spherical wave functions with unknown

coefficients. These unknown coefficients can then be obtained

by matching the measured and the spherical wave expansion

fields over the spherical surface S.

On the other hand, when the antenna, or its separation

distance from the scattering sphere is large, the spherical
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surface enclosing them becomes large. The measurement of

the field over such a large surface requires large scanning
systems, which in practice is undesirable. To utilize a

small scanning system, we propose to use the measurement

steps of Fig. 2.7. In this system, the measurements are
carried out over smaller surfaces defined as S], 52, 33, ceee e
These results are then used to compute the field over the
surface S, which encloses the antenna and the scatterer. The
required field outside S can therefore be obtained using the

above mentioned spherical wave expansion approach.

To obtain the field over the surface S we use the

following steps:

1. Within the expansion sphere Si which includes both the
scatterer and the measurement sphere S], the fields inside
the scattering sphere and between its surface and Si are
described by spherical wave functions with unknown coefficients.
These unknown coefficients are obtained by matching the

calculated and the measured fields over S].

2. Within Sé, Sé, ... the fields are described by spherical
wave functions about the origin of each surface and their
unknown coefficients are found after the matching of their
respective fields. Following these steps the total fields

are known within the expansion spheres S;, Sé, ..., and can be
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used to calculate the required field components over the
surface S. Note that, the expressions for the field inside
Sé, Sé ... can be obtained from the expressions of the field
inside Si by replacing its dielectric constant with unity.

The problem therefore reduces to the evaluation of the

unknown field coefficients for field inside Si and calculation
of the required field components over S which falls within

S1-

Note that, the above method can also be used to study
the radiation characteristics of two-dimensional field sources.
Although, such sources have limited practical significance,
their investigation can provide useful information for under-
standing of the proposed measurement methods. In the next
chapter the method is used to study the problem related to
the convergence of the modal expansions, dependence of the
results on the accuracy of the measurement data and importance
of other pertinent parameters. A two-dimensional problem
is selected to study these parametric effects,due to the
fact that, it is simpler, requires less computation time
and its results can directly be extended to more general

three-dimensional cases discussed in the following chapters.



DIELECTRIC
SPHERE

MEASUREMENT
SPHERE

EXPANSION
SPHERE

N

Fig. 2.7: Schematic diagram showing the antenna, scatterer, measurement spheres
S1, 82, 53, ...., €expansion spheres Si, Sé, Sé, ...., and the spherical
surface S which encloses the antenna and the scatterer.

re



CHAPTER II1I

TWO-DIMENSIONAL INVERSE SOURCE PROBLEM

3.1 INTRODUCTION

In this chapter, the two-dimensional field of an
unknown antenna in presence of a dielectric cylindrical
scatterer will be considered. The problem therefore is to
reconstruct the unknown near-field of a radiator from the
measured data of the total near-field in the vicinity of the
antenna and the scatterer combination. A two-dimensional
problem is defined by assuming that, the electromagnetic
fields and the cross-sectional geometry of the scatterer are
independent of one of the coordinates. The two-dimensional
problem has less practical importance than the three-
dimensional one. Nevertheless, its investigation will provide
useful information and may be a basis for the three-dimensional
one. This has also some applications, for example, in
calculating the radiation pattern of a long line source or
an array of line sources in the vicinity of long dielectric
cylinder. In this chapter, the theoretical analysis of this
problem is presented together with the numerical results for
a plane-wave source. Three practical problems are investigated
numerically. The first one examines the convergence of the
cylindrical wave functions in the expansion of the electro-

magnetic field for a certain scatterer size, while the
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second one investigates the restriction on the size of the
measurement cylinder. The last probliem studies the effect

of the measurement accuracy on the generated data, which is
simulated here by adding certain noise levels to the

amplitude and the phase of the measurement data. The measure-
ment data are generated numerically using the well known
solution of the plane wave scattering from a dielectric

cylinder.

Fig. 3.1 shows the geometry of the problem. It shows
a cylindrical scatterer in the vicinity of an antenna and the
cylindrical coordinate system p, ¢ and z. The axis of the
dielectric cylinder lies on the z-axis and the radius of its
cross-section is a. The field in this probliem is assumed to

be independent of the z-coordinate.

Since the dielectric scatterer is placed in the
incident electromagnetic field gi and ﬂj of the test antenna,
a scatéered field will be generated due to the scattering of
the incident field by the scatterer. By measuring the total
electromagnetic field on certain cylindrical measurement
surface of radius p = A > a outside the scatterer, one can
recover the incident field of the test antenna. The total

electromagnetic field outside the scatterer is the sum of

both the incident and the scattered fields in the same region.
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To formulate the problem, let the region outside the dielectric
cylinder and between the test antenna and the scatterer be
called region (1) (p > a). Also, let the region inside the
dielectric cylinder be called region (2) (p < a). Both
regions are considered here to be source free, linear, homo-
geneous and isotropic. In region (1), the total electro-

magnetic fields are given by: (the time dependence exp (jwt)

is implicitly assumed in the analysis of this chapter)

and

Since 5?]) and ﬂ?]) are functions of the unknown incident
fields 52]) and ﬂz]), then from Equations (3.1) and (3.2)

the total electromagnetic fields in region (1), g(]) and ﬂ(]),
are functions of the incident field EE]) and ﬂz]). From these
relationships, if the total fields are known on a certain
surface, i.e., the measurement cylinder with radius p=A > a,
then the incident field of the test antenna in region (1) may
be determined. The incident and the scattered electromagnetic
fields in region (1) can be expanded in terms of the

appropriate cylindrical wave functions weighted by their

unknown coefficients. Also the total electromagnetic fields
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in region (2) can be expanded using the appropriate cylindrical
wave functions with unknown coefficients. The boundary
conditions require the continuity of the tangential components

of the electromagnetic fields on the boundary of the

dielectric cylinder o a. These boundary conditions give a
relationship between the unknown coefficients of the scattered
field in region (1) and the total field in region (2) in

terms of the unknown coefficients of the incident field in
region (1). By measuring the total field on the surface of
the measurement cylinder in region (1), one can therefore
calculate the unknown coefficients of the incident field, from

which the incident field of the test antenna in region (1) can

be determined.

3.2 MATHEMATICAL FORMULATION OF THE SCATTERING PROBLEM

3.2.1 Expansion of the Electromagnetic Fields Using the
the Cylindrical Wave Functions

It is well known that any electromagnetic field in
regions which are source free, linear, homogeneous and iso-
tropic can be expanded in terms of the cylindrical wave
functions [21] and [37] which forms a basis for the wave
solution of Maxwell's equations. In the two-dimensional
problem, where the electromagnetic field is independent of
one of the coordinates, the elementary cylindrical wave

functions wn can be written as:
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v, (0, ¢) = Zgi) (ko) eJN? (3.3)

where p and ¢ are the radial and the azimuthal coordinates
in the conventional cylindrical coordinate system as shown

in Fig. 3.1. Also, 2(1) is a radial function representing

n
n’ Hé]) or Héz)

functions for (i) = (1), (2), (3) or (4), respectively, and

one of the following Jn, Y cylindrical Bessel
k is the propagation constant (2mn/Xx). The choice of the
appropriate radial function Zg1) depends upon the nature of the

electromagnetic field in a given region and will be discussed

later.

In general, the electromagnetic field may be expressed

as [29], [37] and [40]

T % : 3
E(p,9) 5 n:iw ndnl,bn 1p + Juw njiw dn 50 1¢
2
+ k }I enwn i (3.4)
nN=-co
and
_ k12 _ jk? ¥ s
H_(pa(b) - - T n o nenwn 1p Hw nzz-oo en 3p ¢
2 e
+ k T dn wn T, (3.5)
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where dn and e, are constants, wn is given by Equation (3.3)
and ?p , 1, and ?z are the unit vectors in p,¢ and z directions,

¢
respectively.

In Equations (3.4) and (3.5) if d, = 0 for all values
of n, then the field is transverse magnetic (TM) to the z-
direction. Also, if e, = 0 for all values of n, then the
field is transverse electric (TE) to the z-direction. In the
analysis of this chapter, only TM case is considered. How-
ever a similar study can readily be carried out for the TE
case. A linear combination of both TE and TM cases represents
a general electromagnetic field problem, which should be

considered for an unknown source problem.

Considering only the TM case, in region (1) as shown
in Fig. 3.1 (p > a), the incident and the scattered electro-
magnetic fields can be written in terms of the cylindrical
wave functions by putting dn = 0 and k’"—en =a, in Equations

(3.4) and (3.5). One therefore obtains,

i > A
g(]) n:iw aan(kop) e i (3.6)
and -
i _ 11 Jn¢ o
Hipy = - 3o 5 E Mapdglkge) e L
0 n=-o
- -0 5 a J'(k p) edM% ; (3.7)
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The expansion of the scattered field in the same region (1)

yields:
5y = 1 b () (k) &N ]
Eny © n}: nHn ( P e i (3.8)
and
s _ 1. 1 ¢ (2) ing %
He) TR njiw nb H =" (ko) e i
jk o« 1 PN
0 (2) jno 7
- E;E n:im anr (kop) e Ty (3.9)

where a, and bn are the incident and the scattered fields
expansion coefficients, respectively. kO is the propagation
constant in the free space. 1In Equations (3.6) and (3.7)

the radial function of the incident field is chosen to be

the Bessel function of the first kind, Jn, which is finite

at the origin p = 0. Also, in Equations (3.8) and (3.9), the

radial function of the scattered field is chosen to be the

(2)

Hankel function of the second kind Hn

to satisfy the
radiation condition at infinity. Jﬁ and Héz)' in Equations
(3.7) and (3.9) are the derivatives of Jn and Héz) with
respect to their arguments,respectively. Substituting
Equations (3.6) to (3.9) into Equations (3.1) and (3.2), the
total electromagnetic field in region (1) can be written in

the form:

CF MANITCBA

-
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= r [a d (k) + ann(Z) (k 0)]ed"? i (3.10)

n=-o

and

S 5 (2) ing %
MW P n;im nfa J (koe) + b H ®0 (kop)] e i
Jk m . A
- 2 ' (2) ing
o nfim [a d,(koe) + b H “ (k)] e iy (3.11)

Denoting the total electromagnetic field in region (2),

p < a , as 5(2) and ﬂ(z), they can similarly be written 1in

the form
_ = jne 2
_E_(Z) nzz-oo Can(kdp) e 12 (3.]2)
and
.11 3 iné 3
Hioy " pn;{a) ncpd, (kge) e 4
Jk © . A
“d | Jng
- 3: ann(kdp) e 1¢ (3.13)
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where cn is the weighting coefficient of the total electro-

magnetic field. Also, in region (2), k =vkd = w/uded - 2m
A

Ad is the wavelength 1in this region and My and eq are the

E

permeability and permittivity of the dielectric scatterer

material, respectively.

The boundary conditions of this problem which assures
the continuity of the tangential components of the electro-
magnetic fields across the boundary of the infinite

a) are given by:

]

dielectric cylinder (p

and at p = a (3.14)

=
x
ot
——~
-
~——
i
o
>
st o
—
Ny
~

where n is the unit vector normal to the boundary p = a and
directed outside the scatterer. Equation (3.14) can be

written in the form:
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A substitution of Equations (3.10) to (3.13) into Equation
(3.15) and using the orthogonality relationship of the
exponential function gives relationship between the scattered
field coefficients bn in region (1) and the total field
coefficients ch in region (2) in terms of the incident field

coefficients a, in region (1). This can be written in the

form:
bn = Bn an
and
c, = Cn a, (3.16)
where:
€y
E; Jn(koa) J (kda) —Jn (koa) Jn (kda)
Bn = (3.17)
€
rooy(2) - 2)"
- 0 H (koa) J &da) + H (koa)Jn(kdw
and
2]
~ 7k a
c = 9 . (3.18)

Thus from Equations (3.16), (3.10) and (3.11), the total

electromagnetic field in region (1) can be written in terms
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of the cylindrical wave expansion weighted by the unknown

incident field coefficients a, by the following expressions:

_ o (2) ine 2
E(”(o,¢) = n=2_m a [ (kop) + B H ""(ko)] e i, (3.19)
and
S T R (2) ng 3
ﬂ(])(p,cb) ERTIY nzZ_oo na [J,(kpe) +BH" (kpe)le i
R IO I RICA) IR L (3.20)
Ho® parco n nt %P nn 0P ¢ )

3.2.2 Determination of the Unknown Coefficients an
of the Incident Field

To determine the incident electromagnetic field of the
test antenna in region (1), the unknown coefficients a, must
be determined. These coefficients can be determined by
matching the tangential components of the total fields over

a measurement cylinder using one of the following methods:

3.2.2.1 The integration method

The coefficients a, can be derived from Equations (3.19)
and (3.20) by using the orthogonality relation in the ¢-

coordinate. The results are:
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2T
a = Jn(kOA) +]BnHr(]2)(koA) El;l EZ(”(A,¢) e I 4y (3.21)
or
. 1 2m .
T S o T 21 | oy e e oz

where n is the free space interinsic impedance, Ez(]) and H¢(])
are the tangential components of the total electric and
magnetic fields in region (1), on the surface of the measure-
ment cylinder p = A. In these equations the integrals can

be evaluated numerically by using the measurement data of EZ,
or H over a measurement cylinder. The results when used in

¢

the above equations give the required expansion coefficients.

3.2.2.2 The matrix method

The coefficients a, of the incident field can also be
evaluated by using matrix method. This method requires the
truncation of the infinite series in Equations (3.19) or
(3.20) to a finite number of terms. If these series are
truncated to K terms, from n=-(N-1) to n=(N-1), then the
number of unknowns will be K=2N-1. These K unknowns can be

determined by matching the expansion fields with the measure-
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ment ones at K points in space to set up a matrix equation.

In the present work, all matching points are assumed to be

on the surface of a cylinder.

A solution of these linear

algebraic equations with K-unknowns gives the unknown

coefficients an. Once these coefficients are known, the

field of the antenna can be calculated anywhere in space. 1If

the measurements are done at K(=2N-1) azimuthal angles $=¢ >

¢], .... and ¢2N-2’ the resulting system of linear algebraic

equations can be written in the form:

(3.23)

where S is a KxK matrix. From Equations (3.19) and (3.20)

the matrix S is given by:

(NN -iN-2)e, -
e . e
S3(N-Doy -iN-2)e, -
€ e e
S =
j(N_])¢2N—2 'j(N'2)¢2N_2 ;
e .o

o2

1e 500

(3.24)
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The vector o contains the K-unknown coefficients of the

incident field and its transpose is:

T

e = [OL_(N_])OL_(N_Z) seee O_q0G Gq -ee. Oy o OLN_]] (3.25)

The right hand side of Equation (3.23) is the K element
measurement vector B which can be determined by measuring the
tangential components of the total electric (or magnetic)
field on the surface of the measurement cylinder. The trans-

pose of this vector B8 is given by:
(A, ¢.) E (A, ¢-)
0 (1) 1

iy (B fang)] (3.26)

when the tangential components of the total electric field

are known. Or:

.
B = [H
g =l °(1) °T (1)

H A,- (3.27)
¢(1) ( ¢2N_2)]

if the tangential components of the total magnetic field
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are known.

By solving Equation (3.23), the unknown coefficients
of the incident field which are included in the vector o can
be determined from one of the following equations. If the
right hand side of Equation (3.23) is given by the tangential
components of the total electric field as in Equation (3.26),
then:

(¢4

a_ = L cee. =(N=T) < n < (N-T) (3.28)
Ty (kA 4 BnHéz)(koA)

where A is the radius of the measurement cylinder and Bn is
given by Equation (3.17). On the other hand, if the right
hand side of Equation (3.23) is known by measuring the
tangential components of the magnetic field as given by
Equation (3.27), then:

in o

a_ = n ... -(N-1) < n < (N=-1) . (3.29)
1 2 ! - -
" Jn(koA) * BI’\Hl(l ) (kOA)

The matrix S given in Equation (3.24) is the general form
for an arbitrary field distribution with respect to the ¢-

coordinate. If the geometry and the field have certain
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symmetries about the x and the y coordinates, the field
expansion can be selected to obey these symmetrical properties.
In such cases the dimension of the S matrix can be reduced
considerably, with corresponding reduction in the computational

Tabour.

3.3 NUMERICAL INVESTIGATION OF THE TWO-DIMENSIONAL PROBLEM

The theory of this chapter is applied here to one of
the simple field problems for which the exact solution is
known, the scattering of a plane electromagnetic wave by a
dielectric cylinder. The incident electric field can be

written in its closed form as:

_ -jk x T _ -Jk p cos¢ 7
Eo e 0 i EO e o) i (3.30)

E-'l

Using a cylindrical wave transformation [21], we can express

the incident field as:

3 (ko) cosng) ?Z . (3.31)

"
-

o {Jo(kop) + 2

o~ g
[

Comparing the last equation with Equation (3.6), the exact
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incident field coefficients a in this case are given by:

a_ =E j : (3.32)

There is no loss of generality if we consider the amplitude
of the incident wave EO to be unity. These coefficients

then become:

a_ = 3N (3.33)

We will now assume that the incident field is unknown and
will attempt to reconstruct it using the theory developed in
the last section. To determine the incident field we need the
coefficients a - These coefficients can be determined by
using the integration or the matrix methods described in
section 3.2. In this section only the matrix method is
utilized. The symmetry of the field and the geometry about
the x-axis is used to reduce the number of unknowns by
selecting only the cosine series for the field expansion.
Truncating the series to N terms, the vector o is given by
Equation (3.25) for 0 < n < N-1. The right hand side of
Equation (3.23) can be obtained from the measurements of

the tangential components of the total electric field Ez at
N points on the measurement cylinder surface and distributed

equally according to:
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¢, = M A , m=0,1,2, ...., N-1 (3.34)
and
A = ($ay = boig) (N=1) (3.35)
where
Smin S % < 07 < eeenes < dnot 2 bpmax - (3.36)
Ideally, ¢min and ¢max are zero and 180 degrees, respectively.

In the matrix method the point matching technique is utilized
and the number of unknowns correspond to the number of
measurements electric (or magnetic) field data. If more
measurements could be performed, the unknowns may be evaluated

using the method of least squares.

In this investigation the effects of the following

parameters on the results are studied, they are [40]:

a) The truncation order N.

b) The effect of introducing + 1% and + 5% noise levels
in the input data both in magnitude and phase.

c) The effect of restricting the measurements range 1in

the ¢ direction to less than 180 degrees.

The numerical results of this chapter are obtained by
using computer programs specifically prepared for this

purpose [41].
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3.3.17 Truncation Order and Truncation Errors of the
Cylindrical Wave Functions

The cylindrical wave functions representing the electro-
magnetic field is an infinite series as discussed in the pre-
ceeding section. Since it is not practical to calculate such
series on a digital computer, or, to solve an infinite number
of linear alegbraic equations as in Equation (3.23) with
N - o then it is required to truncate the infinite series to
a certain order N. Many cases are investigated numerically of
which only some cases are presented here. For example, the
cases of N=12 to 15 are considered to calculate the unknown
coefficients a, of the incident field by using the matrix
method as given by Equation (3.23). The required input data
which is the tangential component of the total electric (or
magnetic) field at kOA=1O.O generated by inserting the exact
coefficients of the incident field given by Equation (3.33)
into the Equations (3.19) or (3.20). The unknown coefficients
a, of the incident field can be calculated by solving Equation
(3.23) and using the relations in Equations (3.28) and (3.17).
These calculated coefficients are used with Equation (3.6)
to calculate the incident electric field. The magnitude and
phase of this calculated electric field are compared with the
exact ones and are shown in Figs. 3.2 and 3.3, respectively.
In this investigation the radius of dielectric cylinder is

taken to be k0a=1.0, its permittivity er=2.0, and the
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incident field is calculated on a cylinder of radius kop]=1OJL
It is clear from these figures that, the series of the
cylindrical function representing incident field converge to
the exact one, as expected, by increasing the truncation

order N.

To study the effect of truncation error in the results,
dielectric cylinders of sr=2.0 and radii koa=1.0, 2.0, 3.0,
4.0 and 5.0 are selected. Measurement data are generated on
cylinders of radii kOA=4.O, 5.0, 6.0 and 10.0 and the incident
field is reconstructed on a cylinder of radius kop]=10.0. To
compare the reconstructed data with the exact one, a percent-

age truncation error is defined by:

~ = Il exact value| - [calculated value|

Percentage truncation erro lexact vaTue |

x 100% (3.37)

using this definition, the mean of the percentage truncation
error of the magnitude and the phase of the incident field

are calculated and plotted against the truncation order N

in Figs. 3.4 and 3.5, respectively. These figures are

sample examples from many cases which were investigated. ATl
of these have similar results. It is found from this analysis,

that to retain the maximum error at less than 0.5% the number
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of cylindrical functions N in the series must satisfy the

relationship N > 3 kja and N > 1.5 kA

3.3.2 The Effect of Angular Measurement Range

Ideally, the angular measurement range is Timited to
0 < ¢ < 180°. However, in practice it may be desirable to
1imit the measurements to a smaller angular range. This
section examines the effect of smaller measurement ranges on
the accuracy of the reconstructed field. The problem again
is an unknown plane wave scattered by a dielectric cylinder
and the incident field is obtained from the measurement of

the total field.

It is known that in reconstructing the fincident field from
the measurement data over a cylinder, the matrix inversion of
Equation (3.24) is the most stable one if the measurement
points are located symmetrically about the ¢ = 90° direction
[42]. In this study therefore the incident plane wave is
reconstructed from the measurements over several ranges
located symmetrically about ¢ = 90°. Figs. 3.6 and 3.7
compare the magnitude and the phase of the calculated
incident electric fields, using 15 terms from cylindrical
expansion functions with the exact ones. The results of

these figures are for different measurement ranges of 0 < ¢ <
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180°, 30° < ¢ < 150° and 45° < ¢ < 135°. The corresponding
percentage errors are 0.326%, 0.335% and 9.22% in the field
magnitude and 0.48%, 0.48% and 10.18% in the field phase,

respectively.

From these results it is evident that a reasonable
data for the reconstructed field can be obtained from smaller
ranges of the measurement than 0 < ¢ < 180°. By decreasing
the measurement range, initially, the accuracy of the results
decreases slowly, but the increase in the magnitude of the
error accelerates when the measurement range decreases below

45° < ¢ < 135°.

3.3.3 Measurement Noise Effect

To know any component of the electric or the magnetic
field, we need to measure its magnitude and phase. From a
practical point of view, however, any measurement result will
contain certain error components in both amplitude and phase,
which may be due to equipment limitatiens, environmental
noise or both. Because, these error components are unwanted
portions of the data, they may be considered as, noise signals.
They involve both positional error of the probe and the measure-

ment errors. The effect of these noises on the calculated field

using the technique of this chapter will be discussed here. A

simulation of these noises on the digital computer can be
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done by introducing a random error within certain limits to
the input data. This input data is the tangential component
of the total electric (or magnetic) field at a radius

p= A >a. At each measurement point in space, the magnitude
and the phase should be measured. The simulation of these
data on the computer can be done using Equation (3.10) for

the total electric field at kop = koA and using Equations
(3.16) and (3.17). Also, the exact coefficients a given by
Equation (3.33) can be inserted in Equation (3.10) to generate
the required data. In this noise investigation, three cases

are considered: (statistically independent noises)

a) + 1% and + 5% random noises are added to the magnitude
of the total electric field.

b) + 1% and + 5% random noises are added to the phase of
the total electric field.

c) + 1% and + 5% réndom noises are added to both magnitude

and phase of the total electric field.

The calculated incident field using the generated total
electric field data with the introduced random noises are
compared with the exact one and are shown in Fig. 3.8 to

Fig. 3.13. The percentage errors in these cases are given in
Table 3.1. The cylindrical expansion functions with 15 terms
are used in this investigation. Figs. 3.8 and 3.9 show the

effect of introducing + 1% and + 5% random noises on the
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magnitude of the calculated incident electric field at
kop1=]0'0‘ The random noises are added to the magnitude of
the total electric field, which is generated on the surface
of a measurement cylinder of radius kOA=1O.O. As expected,
these figures show that the introduction of noise into the
amplitude of the electric field deteriorates the accuracy

of reconstructed incident field. However, it is interesting
to note that the accuracy of the phase results has not
deteriorated as much as the amplitude results. It is thus
clear that since the noise is introduced only in the magnitude
of the input data, the accuracy has worsened more in the
magnitude of the incident field than that of its phase. This
is also clear in the case of introducing noise in the phase
only, which affects the phase of the incident field more than
the magnitude as shown in Figs. 3.10 and 3.11. However,
comparing the results of the above cases, one notes that the
introduction of noise in the phase affects the accuracy of
the final results much more than addition of the noise in

the amplitude.

In the third case, which is the combination of the
last two, the noise is introduced in both magnitude and phase
of the input data. For this reason, this case is more
practical than the previous cases. Comparing the results of

this case, Figs. 3.12 and 3.13, with previous ones, it
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becomes evident that an addition of noise in both phase and
amplitude does not affect the accuracy as much as adding the
nbise to only the phase. To investigate this more carefully
the percentage errors for each of the above cages are also
calculated and are shown in Table 3.1 with those of no noise
case. A1l data of this table are computed by retaining first
15 terms of the expansion series. Comparing the data of
these three cases with the exact case, it becomes clear that
the addition of noise in the phase has the worst effect on
the result. Furthermore, addition of noise only in the phase
is worse than its addition to both. 1In all cases, however,
the results tend to deteriorate as the noise level is increased.
Since the latter case is the most practical one, it seems a
small amount of experimental error does not affect the final

data too adversely.

3.4 DISCUSSIONS

This chapter considered the solution of two-dimensional
inverse source problem. The theoretical analysis was
presented only for the transverse magnetic (TM) fields, but
a similar analysis can be carried out for the transverse

electric (TE) or any general two-dimensional fields.

The specific problem considered consisted of an unknown

incident field and a dielectric cylinder which scattered the
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able 3.1:

The percentage errors in the calculated magnitude and phase
of the incident electric field E} due to introduction of +
1% and + 5% random noises in the“input data.

Input

out data

put %
errors

No Noise introduced Noise introduced Noise introduced in
Noise in magnitude only in phase only magnitude and phase

Introduced

+ 1% + 5% + 1% +5% | + 1% + 5%

Percentage
errors in
magni tude
of the
calculated
i
Ez

0.325% 1.104% 3.13% 0.85% 2.544% 0.852% 2.338%

Percentage
errors in
phase of
the
calculated
£l
z

0.478% 0.615% 1.66% 3.35% 6.43% 2.044% 6.43%
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incident field. To formulate the problem, cylindrical wave
functions were used to represent the incident, the scattered
and the total fields. Boundary conditions were applied to
obtain a matrix relationship between the coefficients of the
unknown incident field and those of the known total field.
This formulation has been used to study the effects of the
number of cylindrical wave functions, angular range of
measurement points and inaccuracies in the measurement data,
on the accuracy of the incident field reconstruction. For
simplicity a plane wave was used as an incident field and the

measurement data were generated numerically.

To study the effect of truncation error in the resu1fs,
dielectric cylinders of £, = 2.0 and radii koa = 1.0, 2.0,
3.0, 4.0 and 5.0 were selected. Measurement data were
generated on cylinders of radii kOA = 4.0, 5.0, 6.0 and 10.0
and the incident field was reconstructed on a cylinder of
radius kop]=10.0. Comparing the reconstructed data with the
exact one, it was found that to retain the maximum error at less
than 0.5%, the number of cylindrical functions N in the series
must satisfy the relationships N > 3 k,a and N > 1.5 k A.

The effect of angular range of the measurement points
on the accuracy of the results was also studied. It was
found that limiting the measurement point to a range less than

0 < ¢ < 180° reduces the accuracy of the reconstructed field.
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However, the decrease in the accuracy was negligibly small,
as long as, the measurement range was retaimed between 45°
and 135°. Further reduction of the measurement range

deteriorated the accuracy at an accelerated rate.

Finally, the measurement inaccuracies were simulated
by modifying the exact data by a small percentage in a random
manner. It was found that inaccurate data in only magnitude,
or, phase of the measured field affects its respective recon-
structed data of the incident field by a larger percentage.
An error in the magnitude of the measured field, introduces
larger error in the amplitude of the reconstructed field than
in its phase. Furthermore, an error in the phase caused more
severe effect on the results than an error in the amplitude.
The most interesting information was found in introducing
erorrs in both amplitude and the phase of the measurement
data. The investigation showed that introducing errors in
both amplitude and the phase has much less e&ffect on the
accuracy of the reconstructed field than introducing these

errors in only the phase.



CHAPTER IV

THREE-DIMENSIONAL INVERSE SOURCE PROBLEM: THEORY

4.1 INTRODUCTION

In this chapter, the theoretical analysis of the three-
dimensional inverse source problem is discussed. In this
analysis, the spherical wave expansion which forms a basis
for solving Maxwell's equations will be utilized. The basic
properties of spherical waves have been described by reference
[36]. The problem is similar to that discussed in the last
chapter. Namely, a radiator with unknown radiation character-
istics is in the presence of a dielectric scatterer and it is
desired to reconstruct its radiation fields from a set of
measurement data. However, the scatterer in this case is a
dielectric sphere. The problem has practical significance,
since, spherical dielectrics are occasionally used to shape
the radiation patterns of the waveguides, horns and other radi-
ating systems [48]. Also, the introduction of the scatterer in
the vicinity of a radiator can improve the intensity of the
wide angle field distributions and facilitate the accurate

measurement of the near-field.

Since in this chapter a spherical scatterer is con-
sidered, a spherical near-field far-field transformation method

will be used. Furthermore, to avoid large scanning systems,
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required for large antennas, a stepwise approach as described

in section 2.6, in which the near-field is measured over a small
spherical surface in the vicinity of the scatterer is selected.
The required information on the field and over a surface
enclosing the antenna is then obtained by repeating the
measurement at several locations around the antenna. This
stepwise approach not only reduces the required scanning
surface, but also reduces the expansion of antenna field over

a large surface to several expansions over small surfaces. Note
that when the dielectric constant of the scatterer becomes unity
the problem reduces to the near-field measurement of an isolated
antenna. In the following sections, the details of the method

are described and a mathematical formulation is presented.

4.2 METHOD OF MEASUREMENT

Fig. 4.1 shows the geometry of the problem. A scatter-
ing sphere of radius a is located in the vicinity of an
antenna with unknown radiation characteristics. When a
spherical surface S enclosing both the sphere and the antenna
is small in size the measurement can be carried out over this
sphere to obtain the total field. 1In addition, the field out-
side S can be described by spherical wave functions with
unknown coefficients. These unknown coefficients can then be
obtained by matching the measured and the spherical wave

expansion fields over the spherical surface S.
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Fig. 4.1: Schematic diagram showing the antenna, the scattering
sphere and the measurement surface S.
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On the other hand, when the antenna, or its separation
distance from the scattering sphere is large, the spherical
surface enclosing them also becomes large. The measurement of
the field over such a large surface requires large scanning
systems, which in practice is undesirable. To utilize a small
scanning system the proposed measurement steps of Fig. 4.2 can
be used. In this system, the measurements are carried out
S

over smaller surfaces defined as S o 33, «e. . These

']5
results are then used to compute the field over the surface S,
which encloses the antenna and the scatterer. The required
field outside S can then be obtained by the above spherical

wave expansion approach.

To obtain the field over the surface S, the following

steps can be used:

1. Within the expansion sphere Si, which includes both
the measurement sphere S] and the scatterer, the fields
inside the scattering sphere and between its surface
and Si are described by spherical wave functions with
unknown coefficients. These unknown coefficients are
obtained by matching the calculated and the measured

fields over S].

2. Within SZ’ 53

wave functions about the origin of each surface and

fields are also described by spherical



Fig. 4.2:

Schematic diagram of the antenna, the scatterer and different measurement and

expansion spheres.
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their unknown coefficients are found after the match-

ing of their respective fields.

Following these steps the total fields are known within the
expansion spheres S, Sé, Sé, ... and can be used to calculate
the required field components over the surface S. Note that,
the expressions for the field inside S.), Sé, ... can be

obtained from the expressions of the field inside S;, by re-
placing its dielectric constant with unity. The probiem there-
fore reduces to the evaluation of the unknown field coefficients
for field inside Si and calcuiation of the required field
components over S which fall within Si. In the following
sections the expansion functions will be discussed and the

formulations will be utilized to compute the fields of the

test antenna.

4.3 METHOD OF ANALYSIS

4.3.1 Expansion of the Electromagnetic Fields Within S]

Considering the geometry of Fig. 4.3, let the origin of
the coordinate system be at the center of the dielectric sphere
at a distance r(=b>a) from the test antenna. A sphere V],
concentric with the dielectric sphere and its surface Si tangent
to the test antenna is defined. Let the region between the

spherical surface Si and the surface of the dielectric sphere

be named region (1). Also, let the region inside the
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Fig. 4.3: Schematic diagram of the test antenna, dielectric sphere, and the coordinate system.

¢8



83

dieletric sphere (r<a) be called region (2). To solve the
problem, the incident electromagnetic field in region (1) can
be expanded in terms of appropriate spherical wave functions.
The latter expansion is weighted by its unknown coefficients
within two infinite series in m and n, where m and n are the
eigen values of the ¢ and 6 coordinates in the spherical co-
ordinates. The truncation of the infinite series in n to N
terms is necessary to calculate the umknown coefficients. The
infinite series in m is terminated at n since the associated
Legendre polynomials Pﬂ (cos6) are equal to zero for m larger
than n. The scattered electromagnetic field in region (1)
will also be expanded in terms of spherical wave functions.
Similarly, in region (2), the total eltectromagnetic field will
be expanded with its weighted coefficients. The boundary
conditions of this problem is the continuity of the total
electromagnetic fields on the surface of the dielectric sphere
(r=a). By applying these boundary conditions, a relationship
between the scattered and the total electromagnetic field
coefficients in terms of the incident field coefficients can
be obtained. In this manner, the total electromagnetic field
in region (1) can be expressed in terms of the unknown
incident field coefficients. Also, K=2N(N+2) simultaneous
equations for K unknown coefficients can be obtained by
matching the tangential electric and magnetic fields. These

matching points will be located on the surface of the measure-



84

ment sphere of radius r=A(a<A<b). By solving the system of

K Tinear algebraic equations with K-unknowns, the unknown
coefficients of the incident field can be calculated. Sub-
stituting the calculated coefficients in the incident electro-

magnetic field expansions, the incident field will be known.

Define the incident and the scattered electromagnetic
. . . i i S S .
fields in region (1), as g(]), ﬂ(]), and 5(1), ﬁ(]), respectively.

Then the total fields in this region are:

_ o1 s
Eay = Eqny * £

+
| =

S
Hery = By * By

The incident and the scattered fields in region (1) can be
written in terms of the spherical wave functions [33], [34]
and [37]. They can be written in the form (the time dependence

exp (jwt) is implicitly assumed):

. N n
EE]) =- 1 =z (a Eﬁ;) + b g};)) (4.3)
n=1 m=0 mn qy mn WP
e,0 0
k N n
i _ 0 (1) (1)
H = z Z (a_, n '+ b_ m ) (4.4)
(1) quo n=1 m=0 mn —men men —men
e.0 0 0 0



85

N n
Sy = - 5 1 (c, mtea a(8) (4.5)
=(1) - - e —e e —e
n=1 m=0 mn nn mn mn
0 0 0 0
e,0
and
k N n
s B R el ee al) e
Ho  n=1 m=0 mn mh mn nmn
0 0
e,0
where:
gﬁg)and g‘1)are the spherical vector wave functions and are
mn mn
0

solutions to Maxwell's equations given in the

spherical coordinate system given by:

(i) _ mP™(coss) . .
mnﬁn = + %ﬁ—e—-— Zr(]1) (kY‘) 2;2m¢16
aPm(cose) cos .=
- 2(1) (kr) n Y sinmo1e (4.7)

ﬁ? kr n sin "y
3P™(cos6) cos_ . %
1 9 (i) > mei6
T kr v [r 2 (kr)] 56 sin
mP (cos®) _
1 3 (1) sin_ .=
sin® kr 3r L7 2 (kr)1 (ogmoTd (4.8)
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k = w/pye = 2n/Xx is the propagation constant (k = ko = w/u e,

in region (1)), X is the wavelength and

ae and be are the unknown spherical wave coefficients
mh mh

of the incident field in region (1).

Ca and d o are the unknown spherical wave coefficients
mh mn

of the scattered field in region (1).

e,o0 subscripts denote even and odd azimuthal

(¢-coordinate) dependence, respectively.

n represents polar (6-coordinate) wave order.

m represents azimuthal (¢-coordinate) wave
order.

(1) subscript represents type of the radial

propagation function.

Pﬂ(cose) is the associated Legendre function.

zﬁi) (kr) is the spherical Bessel function.

({0 (kry = 5 (ke)s 288 ke =y k) 283 k) = 0l ()
and 254)(kr) = hﬁz)(kr))

we select zﬁ])(kr) =jn(kr) for the incident field to assure
the field is finite at the origin (r=0). Also 2(4) (kr) =

n
h(2) . .
n (kr) is chosen for the radial function of the scattered
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field to satisfy the radiation condition on a sphere at

infinity.

Let the total electromagnetic fields in region (2) be

g( and ﬂ(z). We may expand these fields in terms of

2)
spherical wave functions in the form:

N n
By c- B e e all) (0.0
n=1 m=0 mn e mn e
e,0 o mn 0 mn
k N n
_ _d (1) (1)
H = = z v (e ny /+ f m ) (4.10)
(2) Jw“d n=1 m=0 %1 % ﬁ% d
e.o mn 0 mn

where, in region (2):

1 1 .
k = kd = quded = 2ﬂ/kd and mé ) and ﬂé ) are the appropriate
spherical wave functions for this case and are given by

Equations (4.7) and (4.8), respectively and upon replacing k
by kd.

4.3.2 The Boundary Conditions

The boundary conditions for this problem require that
the tangential components of the total electric and magnetic

fields be continuous on the surface of the dielectric sphere
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(r=a) and can be expressed in mathematical form as:

=D

X E(qy = 0 x Egp)

on r=a (4.11)

where n is the unit normal vector to the boundary of the

sphere r=a in an outward direction.

From Equations (4.1) to (4.11), a relationship between

the scattered field coefficients Coin? dmn in region (1) and

the total field coefficients €ns fmn in region (2) in terms

of the unknown incident field coefficients a0 bmn in region
(1) can be determined. This relationship can be obtained by
applying Equation (4.11) and using the known orthogonality
relationships of the associated Legendre and trigonometric
functionswith respect to 6 and ¢. After tedious mathematical

manipulation, one then obtains:

(C W C 3 a 3
ﬁ? n mn
d D 0 b
e n
mon mon
- (4.12)
e En a e
n mn
0
f F b
‘ / * M=0,1,24...5N )
n=1,2,..... >N



where:

=
H

%tm

s s s |-

€
r‘ 3 Al AI
D -/a; Jn(kda) Jn (koa) + J (koa) J; (kda)
n =
“roa a(2)! q(2) 5
J; Jn(kda) H (koa) - H (koa)Jn(kda)
7
. Jve w.
n
v ~(2) a(2)!
E; Jn(kda)14 (koa) - Jn(kda) H (koa)
. R ECHTH

and

2 (kr) = kr oz (kr) = /TXE 7 (kr)

is the Riccati type spherical Bessel function [21].

89

(4.13)
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Now, by substituting the results of Equation (4.12) dinto
Equation (4.1), one can obtain the tangential components

of the total electric field in region (1) (a < r < b) in the

form:
E. (r,6,0) = - E g g + a_ [J(kr)+cC 9(2)(k r)]
gtrab.0 T 0 .21 meo { £ Tno nn 0
e,o o

mp™ (cos8) .

n sin \ n(2)
sind " cos(me) bﬁ? [Jn(kor) + DR " (k)]
op™ (cosb) cos
_n o s (me) ) (4.14)

)

and

P fa [3(k r)%—Cnﬁ(Z)(k )]

m
aPn (cose) cos(m¢)
36 sin

m
mPy (cose) S0 (1)) (4.15)

+ b ~ ~(2)"
o 5 [Jn(k Y‘) * Dan (kor)] sind COS

where E0 " Tr
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4.3.3 Calculation of the Incident Field Coefficients

a b
e e
WP and WP

To calculate the incident field coefficients a and
be , one can use Equations (4.14) and (4.15) and the%
g orthogonality of the trigonometric functions with
respect to ¢ in region (1). On the surface of the measure-
ment sphere of radius r=A (a < A < b), the Riccati-spherical
Bessel functions and their derivatives are constant. The
orthogonality relationship with respect to ¢ will separate
the coefficients of different m. This can be achieved by
rotating the test antenna and using the measurement data to
carry out the orthogonality integrals with an on-line computer.
Alternatively, it may be achieved by measuring data over
circles of constant 8 and evaluating the orthogonality
integrals numerically by utilizing the measurement data. In
this manner the relationships between coefficients can be
reduced to a set of relationships for fixed m indices. For

each fixed m, the coefficients 3oy and bOmn (n=m, m+1,...,

n
N+m-1) can then be determined by solving 2N Tinear algebraic

equations.

To be specific, on the surface of the measurement sphere

r=A (a <A <b), the field components using Equations (4.14)

and (4.15) may be written in the form:
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N 8Pn n mPn sin
E (A,6, = - 3 — ¥ -
e( ¢) n=1 {Beon 56 mz][+ Aﬁ% sing cosm¢
e,0 0
op™
n cos
B, _Ei'sinm¢]} (4.76)
mn
0
and
N oP n apﬂ cos
E¢(A,6,¢) B n§1 {Aeon 55 T mE] [Aﬁ% 56 sinm?
e,0 0
mPE sin
L Pe  Sino cosm¢]} (4.17)
mn
0
where
A, = E a (3 (k. A) + ¢ 0@ myy,
& & nt-o nn 0
0 0
B =E b_ [3'(kA)+ 0 A2 (k m] (4.18)
e 0 e 0 nn 0 )
mn mn
o 0
and
A =0,B . =0, E =
o0n > “o0n i 0 kOA

Here A o and B o are constants on the measurement sphere
mn mn
° % surface r=A. Integrating Equations (4.16)

and (4.17) and using the orthogonality relationship with
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respect to ¢ at a fixed m, one can define the following

functions
For m=0:
1 2m N aPn
I06(6) © T 7r [ EG(A’6’¢)d¢ - §] Beon 38
0 n=
and
1 2m N aPn
qu)(e) = -é? J E¢(A,6,¢)d<b = §_[ Aeon "a—e— (4.]9)
0 n=
For m>1:
1 (2m .
me(e) = } Ee(A,6,¢) sin modo
0
N+m-1 mP: oP"
=z Aemn e~ Bomn 76 (4.20)
n=m
and >
1 27
m¢(9) = J E¢(A,8,¢) cos mods
0
) ph pM
_ N+m-1 (A 3 n g m n :
= I emn 30 omn siné
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In Equations (4.20), there are 2N unknowns. The integrals I6(64) and

Im¢(61) can be evaluated by carrying out measurements at
6=ei, i=1,2,...,N and rotating the test antenna around the
z-axis, 360 degrees at each measurement point of 6. One can
then form a system of linear algebraic equations in 2N

unknowns for each given value of m>1, in the form:

[S] = (4.27)

where

[Ime(e)] and [Im¢(e)] are known column vectors of N elements

each whose transposes are equal to:

[1,5(0)1% = [T (89), T (8,), ..oy I 0(6,)]
and
[T (0)1F = L1, (0000 1 (8,0, vy T (0))]

The unknown coefficients a m

and b are included in the
emn 0

mn

vectors [A ] and [Bomn] and their transposes are:

emn

[A 1Y = [A A A ]
emn em,m> “em,m+1° 2 Tem,N+m-1

and

(6. 1% - [B B B ]
omn om,m’> “om,m+1’ *t? “om,N+m-1



95

The matrix [S] is a 2Nx2N matrix, and can be written in the

form:

[S] = (4.22)

in which [S]] and [52] are NxN matrices, and their elements

are:
m m
. _ mPn(cosei) _ ij+m_](cosei)
113 sinei sinei
n=j+m-1
and (4.23)
7
2P (cos6) | 5p™M (cos®)
SHes T "—'——‘————n = j+m—]
21 a6 5=0. 36
n=jim-1 0=0,

In a similar manner, a similar algebraic system of linear
equations can be constructed as Equation (4.21) to calculate

the other half of the coefficients:

[Aomn] [I$e(6)]
[S] = (4.24)
[B ] [I&¢(9)]

emn



96

where
1 2T
Tno(6) = - — J Eq(A.0,0) cosmodg
0
1 zm .
Im¢(e) = = J E¢(A,6,¢) sinmédo

0]

and [S] is the same matrix as given in Equations (4.22), and

(4.23).

Solving Equations (4.21) and (4.24) which require only
a single inversion of the matrix [S], the unknown coefficients
] and [B . ] can be calculated. Their results can be used

[Aﬁ$

in Equation (4.18) to evaluate the coefficients of the

incident field [aﬁ?] and [bﬁ?] for m>1.

In the case of m=0, Equation (4.19) gives

(01 [Sym=0)1]  [[A,,] [1,,(0)]
= (4.25)

[S,(n=0)1  [0] (B, ] [14,(6)]

from which, the coefficients [Aeon]’ [Beon] and hence [aeon]’

[beon] can be calculated.
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4.3.4 Optimum Distribution of Measurement Points

The inversion of the matrix [S] which appeared in
Equations (4.21) and (4.24) for m>1 has been studied previously
in detail [43]. It was shown there that, the most stable
inversion of the matrix [S] can be done, if the measurement

points are Tocated at the roots of the following optimization

function:

m _ 1 m-1

NSO Theme ) (4.26)

Y 2
where:
cosH_ + cosb6
cosB_ - a b)
= r 2
Yy =

cos8_ - cosé
2

b

The angles ea and eb are the limiting computational aspect
angles, and: er(r=],2,...,N) are the location of the
measurement points such that ea§6]<62< "’<6Nieb . Here N is
the number of measurement points in the 6-direction, m is the
azimuthal dependence, and Pm](yr) is the associated Legendre
polynomial of the first kind of order M=m-1 and degree N1=

N+m-1. The roots of Equation (4.26) are symmetric around

yr=0.

The Timiting computational aspect angles ea and 6b can
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be given a priori as a 1imiting case of the measurement

locations sector of 6. In the case they are not known,

they may be estimated from [43]:

Cos®, - cOsB ) Cos8, - COsO) o
2 2y1
(4.27)
coso, + coseb = COsO, + costy
2 2

The only condition for calculating ea and eb using Equation

(4.27) as mentioned in [43] is to maintain:

cos@l - coseN
Zy]

< 1. (4.28)

The reason for using the optimum distributions of
the measurement aspect angle 6 as in Equation (4.26) is that
the determinant of the matrix S in Equation (4.22) will be
maximum at these points, which assures the most stable

inversion of the matrix S [43].
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4.4 CALCULATION OF THE FAR-FIELD RADIATION PATTERN OF AN
ANTENNA

The far-field radiation pattern of an antenna is one
of its most important characteristics. The field pattern is
actually a three-dimensional or space pattern, and its complete
description requires field intensity measurements in all

directions in space [44].

There are several problems in which an electromagnetic
field is known on a surface, and it is desired to determine the
field elsewhere. A common example is when the field is
specified over an antenna aperture or other "near-field" surfaces,
and it is desired to determine the far-field radiation patterns
[33]. There are two techniques for accomplishing the trans-

formation of field data from one surface to another [33]:

(1) Representing the field at an arbitrary point as an
integral over the surface on which the fieldsare known

(Huygens-Fresnel principlie) [18]; and,

(2) Representing the field at an arbitrary point as a
summation of free-space "modes" where the mode co-
efficients are determined by matching the fields on

the surface on which the fields are known.

In the last case the modes may be any set of functions which
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form a basis for wave solutions to Maxwell's equations. In

this section, only the spherical wave functions will be used.

The problem now is, how to calculate the antenna far-
field radiation pattern if the field is known on a closed
surface S which encloses the antenna, as shown in Fig. 4.4.
This problem is well known and is solved by many authors [18],
[29], [33], [34], ... etc., and its solution will be summarized

here for use in the next chapter.

4.4.1 The Huygens-Fresnel Principle

For aperture antennas, the Huygens-Fresnel principle
was utilized to form an equivalent source from the aperture
field distributions. Reference [18] has shown that, the
complete electric field E and magnetic field H within a given
volume can be expressed in terms of the current densities of
the sources within the volume and the values of the field
over the boundaries of the volume. If the volume of interest
Vl contains no sources and is bounded by a closed surface S
and a sphere at infinity (the region outside the volume V in
Fig. 4.4), the E and H fields at a point P within the volume
V, are given by Equations (2.1) and (2.2). These equations
require the tangential and the normal components of the

electromagnetic field on the surface S.



101

APERTURE

O,

Fig. 4.4: A cross-section showing the test antenna, a closed surface
S enclosing the antenna.



102

From a practical point of view, for the aperture-type
antennas, e.g., reflectors, horns, etc., it is desirable to
calculate the far-field radiation pattern only from the fields
in front of the antenna aperture. This means that a knowledge
of the electromagnetic near-field on part of the surface S in
front of the antenna or in the aperture plane of the antenna
is sufficient to calculate the approximate radiation pattern
by using the Huygens-Fresnel principle. The theory of this
chapter can be used to calculate the electromagnetic near-
field required on the aperture of the antenna by calculating
the electromagnetic field inside a region V2 as shown in Fig.

4.4, Inside V,, the electromagnetic field on any appropriate

2
aperture plane in front of the antenna can be known, since it
is inside this region. But if it is desired to calculate the
radiation pattern in the whole space, then, the near-field

on the whole surface S must be known. This is also feasible
by using the stepwise technique described by section 4.2.

That is, by measuring the field over a sphere enclosing V2

and centered at 02, the electromagnetic field of the

antenna can be known completely inside the region V2
surrounding 02 and tangent to the antenna. Thus, the near-
field on part of the surface S which lies inside the region

V2 can be determined. Repeating this process, i.e., measuring

the field over several spheres around the antenna, the field

expansions inside each sphere can be determined. From which,
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the field over those portions of S which lies within each
sphere can be determined. In this manner the field of the
antenna everywhere, over the surface S, enclosing the antenna

can be determined from which the far-field can be evaluated.

4.4.2 Calculation of the Far-Field Antenna Pattern Using
Spherical Wave Functions

Here the electromagnetic field in the region V] (out-
side V) can be expanded in terms of the appropriate spherical
(4) (4)

and n

wave functions as in section 4.3. 1In this case m
can be chosen as the appropriate vector wave functions which
contain the spherical Hankel function h(z)(kor) and its
derivatives as a radial function, which satisfy the radiation
condition at infinity. The unknown coefficients of the
spherical wave functions expansions may be evaluated by matching
the fields on the surface S, on which the fields are known.

The matrix method of section 4.3 can be used to calculate

these coefficients. On the other hand, the integration method
which is used by [29] and [34] can also be used. In the latter
method, the unknown coefficients of the incident electro-
magnetic fields 1in region V] for outgoing waves are given by

the following formulas [34]:

r

o
i
—
\‘—_\
N
=
—
=
>

(3) o
* a (Y‘ 3es¢)xg(r ses(b) * 1
i YonVp (K r]) 0 i ﬁ? ] !

sin6dede . (4.29)
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and
2M T ~
o - -1 J J nl®) (r,8,0)xE(r,,0,0) - 5,
U Ymnvn(kor1) T
0 0
sinedede (4.30)
where

a, and b are the unknown coefficients of the spherical wave
mn mn
© ® functions expansion of the electromagnetic field

given by Equations (4.3) and (4.4) using the appropriate
(4) (4)

spherical wave functions m and n .

E(r],6,¢) is the electric near-field which is known on the

surface S of the sphere V of radius r=ry.

m(3)(r],e,¢) and 3(3)(r],6,¢) are the spherical wave functions

at r=r, given by Equations (4.7) and (4.8) using the radial
. (1) = oW (1) (1) i
function zg (kor]) hn (kor]), where hn (kor]) is the
spherical Hankel function of the first kind.
- (1) 19 (2)

Vn(kor) h hn (kor) kor ar [rhn (kor)] (4.37)

* .

Vn(kor) = complex conjugate of Vn(kor)

= 0%k r) é;-;—r Lrn {1 (ki r) ] (4.32)
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and

Y = 27e

n(n+l) (n+m)! | 2 for m=0
mn m  2n+] (n-m)T > *nm

1 for m#0 ) (4.33)

Once the coefficients a and b o are known, the electromagnetic
m mn

field in the region V] é%n be céﬁca]cu]ated. The far-field
radiation pattern of the antenna can then be evaluated by using
the following asymptotic formulas of the spherical Hankel

functions [45]:

. -jk_r
Tim (2) _o.n+l e 9Ky
> hn (koY‘) = kor (4.34)
and
. -jk._r
Tim 1 3 (2) . sn e 3%

Formulas similar to that of Equations (4.29) and (4.30) but
using the magnetic field H, instead of the electric field E,
can also be used provided that H is known. These formulas

are given in reference [34].

4.5 DISCUSSIONS

In this chapter, the theory of the inverse source

problem in the three-dimensional case was presented. The
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problem consisted of using a dielectric scatterer (sphere)

in front of the antenna whose radiation field is unknown.

It was required to calculate the far radiation pattern of the
isolated antenna, or, that of the antenna in the presence of
the scatterer from measurements of the total field in the
near-field region of the antenna. When the spherical surface
S enclosing both sphere and the antenna, as shown in Fig. 4.1,
is small in size the measurement can be carried out over this
surface to obtain the total field. In addition, the field
outside S can be described by spherical wave functions with
unknown coefficients. These unknown coefficients can then be
obtained by matching the measured and the spherical wave
expansion fields over the spherical surface S. On the other
hand, when the antenna, or its separation distance from the
scattering sphere is large, the spherical surface enclosing
them also becomes large. The measurement of the field over
such a large surface requires large scanning systems, which
in practice is undesirable. To utilize a small scanning system,
the stepwise measurement technique was proposed and presented
in section 4.2. This technique is also discussed elsewhere
[46]. The method of analysis and solution of this problem
was also presented. The calculation of the far-field

radiation pattern using this technique was summarized.
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It can be concluded that from a theoretical point of
view, the technique of the field measurement using scattering
data is feasible in the three-dimensional case as was in the

two-dimensional problem of chapter three.



CHAPTER V

THREE-DIMENSIONAL INVERSE SOURCE
PROBLEM, APPLICATIONS AND NUMERICAL
INVESTIGATIONS

5.1 INTRODUCTION

In this chapter, the application of the field measure-
ment using scattering data technique, which was discussed in
chapter four will be investigated numerically. For the
radiation source three different cases are considered; a
plane wave, an electric dipole and a four-element electric
dipole array. Considering any of these sources the field
scattered by a specified dielectric sphere is obtained
analytically and is used together with the incident field to
generate numerically the measurement data over specified
measurement spheres. These measurement data are then used to
obtain the field expansion coefficients within each expansion
sphere. The calculated expansion coefficients are then used
to reconstruct the initial source field. For various geo-
metrical and expansion sphere number and radius, the
computational errors are computed and the accuracy of the re-
constructed fields are then studied in detail. The numerical
results of this chapter are obtained by using computer

programs specifically prepared for this purpose [41].
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5.2 PLANE WAVE CASE

An incident plane wave propagating in the positive z-
direction and polarized in the x-direction is selected here
to examine the theory of the field measurement using scatter-
ing data technique of chapter four. The electric and the

magnetic fields of the incident plane wave are:

i_ 3 -jk z )
E i, EO e 0
and . (5.1)
i_ 2 Eo ik z
H =1 — e 0
- y n J

~

where 1x and iy are the unit vectors in the x and y directions,

kO and n are the propagation constant and the intrinsic
impedance of free space, respectively. The unit vectors ix
and i_ can be written in terms of unit vectors of spherical

~ A

coordinate system ir’ ie and 1¢ as:

~ ~ ~

sinecosqn'r + cosecosqn'e - singi

—te
]

¢

and 5 . (5.2)

A ~

sinesin¢ir + cosesincbie + cosqn'qbJ

s
[}

The incident electromagnetic fields can be expanded in terms

of the spherical vector functions m and n given by Equations
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(4.3) and (4.4). At r=0, the field is finite and we there-
fore select spherical Bessel functions of the first kind as
the radial functions. Moreover, the dependence of Equation
(5.2) on ¢ is limited to m=1. Hence considering the odd and
even properties of Equations (4.7) and (4.8), we assume the

expansion functions in the form:

i (1) (1) )
E=- n51 (Mot * by Neqp)
and . (5.3)
k o
i 0 (1) (1)
H @ = - z (a.n + bm )
- quo n=1 n—oln n—el

where a, and bn are the unknown coefficients of the incident
field yet to be determined. However, for a plane wave, these

coefficients are given in [21] and [37] and are of the form:

and r . (5.4)

n o 3% T TR(nsT) ]

In Equations (5.1), E, is considered to be unity.

The problem under considertion is to select the expan-

sion of Equations (5.3) with unknown coefficients
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and determine them by using the theory of the previous chapter.
The scatterer is a dielectric sphere of radius koa=].0, with

a relative permittivity €r=4’0 and a relative permeability
“r=]'0' Because, this problem is a simple one, measurement
data are generated only over a single measurement sphere,
enclosing the dielectric one, and having a radius of kOA=3.O.
The scattering of a plane wave by a dielectric sphere is well
known. Thus, the measurement data over the measurement sphere
can be obtained readily by adding the known incident field to
the scattering one. These generated data are then used to-
gether with boundary conditions of Equations (4.11) and (4.13)
to determine the expansion coefficients of the incident field.
Finally, these expansion coefficients are used 1in Equations'

(5.3) to calculate the incident field.

Note that, since only m=1 modes are present, the required
expansion coefficients can be obtained by using the measure-

ment data in only ¢=0 and ¢= planes. Also, if N terms 1in

s
2
the expansions are retained, only N matching points in the
6-direction will be necessary to determine the unknown co-
efficients. These N points are selected at optimum Tocations
which are determined using Equation (4.26). For several

different values of N, the reconstructed Ee- and E, -components

¢
of the incident field are compared with the exact ones in

Figs. 5.1 to 5.4. For this particular problem, the reconstructed
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fields for N>7 agree well with the exact ones, with an

accuracy better than 0.01%.

5.3 ELECTRIC DIPOLE CASE

5.3.1 The Exact Solution

With reference to Fig. 5.5 consider an incident wave
from an x-directed electric dipole which Ties on the z-axis
at a distance Z, from the origin § (center of the dielectric
sphere). The exact field of this source is known and is
given in [21]. The incident electric and magnetic fields E
and H in terms of the magnetic vector potential A are in the

form [21]:

|m
1

- Juu A+

and

| 7=
1]

where w is the angular frequency rad./sec, Mo is the free
space permeability, and €5 is the free space permittivity.

For a current element 1%, the vector potential A is given by

[21]:

VxA (5.6)
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where A is evaluated at the field point r=(x,y,z) and Ig is
situated at the source point r'=(x',y',z') with kc being the
free-space propagation constant. The distance between the

field and the source points is given by:

lr-r'| = Slx-x")2 + (y-y')% + (z-2')° . (5.8)

For an x-directed dipole located on the z-axis at a distance
z, from the origin (Fig. 5.5), the vector potential simplifies

to:

=
1]
>
I>

and

lr-r'| =/ x2 4 y? o+ (z-z )% . (5.9)

Hence, the exact electromagnetic field of this electric dipole
can be obtained from Equations (5.5) and (5.6) and using

Equations (5.7) and (5.9).

5.3.2 Spherical Modal Expansion of the Electric Dipole Fields

The spherical modal expansion of the fields of an

electric dipole located at r=r are given by Equations (4.3),

09
(4.4), (4.7) and (4.8) using the appropriate radial function

zﬁi)(kor) = jn(kor) for r<rs and Zﬁi)(kor) B h£2)(k0r) for

r>r . The uknown coefficients in this expansion a e and b o
mn mn
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are available in the literature [34] and [47] for an arbitrary

location and orientation of the electric dipole and are of

the form:
a = — *m (r ) for r>r (5.10a)
@? Tmn Tt ° °
<
2
EQFI& ) m(4)(r )
Yimn -ﬁ? -0 for rer (5.10b)
and
k2n1
b e o’ = ﬂ&j)(ﬁ ) for r> (5.11a)
mn Ymn qp ° ro -hia
<
k2nlg
0= (4)
n (r ) for r<r (5.11b)
| Ymn ﬁ? 0 ©

where: m(1)(ﬁo) and 3(1)(30) are the spherical vector wave

functions given by Equations (4.7) and (4.8), respectively
at r=r., n is the intrinsic impedance of free space, ko is
the free space propagation constant, L is the location of

the dipole from the origin 0, If is the moment of the dipole

and Yon is given by Equation (4.33). The coefficients given
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in Equations (5.10) and (5.11) are different from those of

references [34] and [47] by a constant factor jw.

Since the dipole is located on the z-axis as shown 1in
Fig. 5.5, the expansions of Equations (4.2) and (4.3) will
be restricted only to m=1 terms. This is due to the fact

that, for 6 =m, ¢0=0 and from [21], [34] and [47] we have:

(_])n n{n+l)

m
mP_(cos® ) m=1
n. 0 - 2 (5.12a)
sind 6 =1
0 0 m# 1
and
m n+1
aPn(coseO) i (-1) (g+1 n=1 (
36 o 5.12b)
0 o= 0 m# 1

Since, at least one of these functions appear in each spherical
functions m(1) and 3(1), they become zero when m is not equal
to unity. Thus, for the dipole source of Fig. 5.5 the exact co-

efficients become:

demn bomn =0
and
a = - kénll (-1)" n{n+l) h(Z)(k r ) for m=1
omn Y1n 2 n 00
(5.13a)

0 for m#1
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and

= _ _0 " _qyn+1 n(n+1) 1 9 (2)
bemn Y1n (-1) 2 kor ar [rh (kor)]
r=r
0
9 for m=1
0 for m#1l (5.13b)

where Y1 is given by Equation (4.33) for m=1. Utilizing
these results, the spherical wave expansion of an x-directed
electric dipole located on the negative half of the z-axis

can be written in the form:

i (1) (1)
E =- nz1 (ag1pMoin * betnletn’ (5.14)
and
k ©
i _ %o (1) (1)
- jwuo nf] (ao1nﬂo1n * be]nme1n) (5.15)

where m and n are the spherical wave functions and are given
by Equations (4.7) and (4.8), respectively. For expansion

to be valid for r<ro, the radial functions are selected as

(i)
z (
(5.13).

and be]n are given by Equations

kor)=jn(kor) and a.1n

5.3.3 Numerical Investigation

The probliem here is similar to that of the plane wave

case. The exact field of the dipole together with exact
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scattered field of the dielectric sphere are used to generate
the measurement data. The required expansion coefficients
are calculated and are used to reconstruct the field of the

electric dipole.

The reconstructed data are used to study the convergence
of the spherical expansion series, to investigate the dependence
of the expansion series on the location of the dipole and to
compare the accuracy of the reconstructed field with and with-

out optimal distribution of the measurement points.

5.3.3.1 Convergence of the spherical wave expansions of an
electric dipole

In this case, the convergence of the spherical wave
expansions of an x-directed electric dipole located on the z-
axis is investigated. The field measurement using scattering
technique of chapter four is utilized and the matrix method
is used to calculate the unknown coefficients of the incident
electromagnetic fields of Equations (5.14) and (5.15). The
geometrical and physical parameters are selected as those of
the plane wave case discussed in section (5.2). That is radii
of the dielectric and the measurement spheres are a and A
such that koa=1.0 and kOA=3.O. Also, the dipole is located on
the z-axis at a point ro=(0,0,z ) with kozo=10.0. The centers

0
of the scatterer (dielectric sphere) and the measurement sphere
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are located at the origin 0 as shown in Fig. 5.5. Also, its
relative permittivity € and permeability u,. are chosen to

be 4.0 and 1.0, respectively. The tangential components of

the incident electric fields Eg and E; are calculated using

the spherical wave expansion at ¢=0 and ¢=g- planes. These
calculated tangential components are compared in Figs. 5.6 to
5.9 with that obtained from the exact solution of Equations
(5.5) and (5.7). The comparison is made on a sphere of radius
kor]=3.0 and for different number of terms in the expansion
series. Figs. (5.6) and (5.7) compare the calculated amplitude
and phase of E; with the exact ones in the plane ¢=0. Correspond-
ing comparison for E; in the ¢= % plane is shown in Figs. 5.8
and 5.9 for the calculated amplitude and phase of this
component. These comparisons show that the calculated Eg and
E; converge rapidly and for number of terms N>7, the accuracy
is better than 0.01%. In computation of all these results the
optimum distribution of the measurement points in the 6-

direction was utilized.

5.3.3.2 Effect of the dipole Tocation on the truncation error

Three cases are considered in this section, in which
dipole distances from the origin are k020=5.0, 10.0 and 20.0.
The mean percentage errors in ¢=0 plane of the magnitude and

the phase of E; as defined in Equation (3.37) are shown in
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Figs. 5.10 and 5.11. Also, the mean percentage error of the
i
¢
Figs. 5.12 and 5.13, respectively. It is noticed from Figs.

magnitude and the phase of E, at ¢ = %—plane are shown in

5.10 to 5.13 that for the same accuracy, when the dipo]é is
Tocated at koz0 = 20.0 and 10.0, both series of Equations (5.14)
and (5.15) converge much faster than the case of koz0 = 5.0.*
As an example, in Fig. 5.10, the mean percentage error is less
than 0.36% for kozO = 10.0 and 20.0, when 7 terms in the series
are used. While it is more than 8.6% for koz0 = 5.0 and using
the same number of spherical harmonics. Similarly, for N=8,

it is evident from the same figure that, the error is less

than 0.05% for koz0 = 10.0 and 20.0 but becomes more than 5.4%
for kozo = 5.0. The above results are for the magnitude of the

tangential components E; of the calculated incident electric

field at kor = 3.0. Similar results obtained for the error in

1
the phase of E; are shown in Fig. 5.11 and the error in the
i

¢

magnitude and the phase of E ,-component are shown in Figs. 5.12

and 5.13, respectively.

These results are significant from the measurement
point of view. They indicated that, if the measurements are
carried out over a measurement sphere at a larger distance from
the source, the convergence of the series is faster and smaller
number of coefficients need to be computed. This, of course,

means that smaller number of measurements need to be carried.

*This can be shown analytically by evaluating the ratio of two consecutive
terms in_the series of equations (5.14) and (5.15), (the convergence ratio
test). For higher order terms, this ratio is preportional to k r/k,zo (P<Zo),
which decreases as z_ increases, i.e., the convergence of the series improves

as z, increases. 0



30.00

25.00

(R C)
~ x =~
= NN
O OO

N N N
[}

I n

N e

NTAGE ERROR
20.00

.00

RCE
15

10.00

!
]
i

MERAN OF PE

00

5.

0.09

Fig. 5.10:

4 5

Mean percentage error of [E
of the dipole source.

i
0

g 10 11 12

| against the truncation order N at different locations

521



60.00

o
o
o
wn
o kz = 5.0
ol o
« y A kozO = 10.0
g © kofo = 20.0
[AN]
D
G:D
=5
i
(_)m
[am
[au]
o
o
LL.D
©o -
o~ U
Z \
a:
[N}
2 \\\ \\\\
o
o h
\ \h,\\{_.
o \ N ) %9—’—‘%—»«) .
— = . b
3 u 5 6 7 8 g 10 11 12

N

Fig. 5.11: Mean percentage error of Eé against the truncation order N at different Tocations
of the dipole source.

oelL



30.00

25.00

o koz,|= 5.0
A koz0 = 10.0
o -

kozo = 20.0

20.00

15.00

MEAN OF PERCENTAGE ERROR
10.00

o

o

w

o

o e
3 Y

i N
Fig. 5.12: Mean percentage error of |E | against the truncation order N at different locations

of the dipole source.

¢

Let



90.00

75.00

60.00

A
o kz |= 5.0
A kgzg = 10.0
¢ kz |= 20.0
00

30.00

MEAN OF PERCENTAGE ERROR
u5.00

O
o
i)
\ 9“"*()
“3 4 5 6 7 8 g 10 11 12
) N
Fig. 5.13: Mean percentage error of E% against the truncation order N at different Tocations

of the dipole source.

el



133

out. In other words, to obtain the given degree of accuracy,
in the calculated electromagnetic field using scattering data
technique, it is better to scan the receiving-probes far from

the test antenna.

5.3.3.3 The effect of using non-optimal distributions of the
receiving probes on the calculated field of the
electric dipole source

a) Selection of the non-optimal measurement points

The optimization function which determines the best
locations of the receiving probes with respect to 6 is given
by Equation (4.26). The reason for using this optimization
function is that, it provides measurement points which
maximize the determinant of the matrix S in Equation (4.22).
This assured the most stable inversion of the matrix S [43].
The question which arises here is that, what will happen if
the receiving probes are positioned at locations other than the
optimum ones given by the roots of the optimization function
of Equation (4.26). Can one still obtain a reasonable result
also in such cases? In section 5.3.3.1, for an electric
dipole, a numerical investigation was carried out at the
optimum locations of the receiving probe. In this section,
the same case is considered but using non-optimum distribution
of the receiving probe. In this case, the truncation order N

for calculating the incident electric field using the spherical
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wave expansion of Equation (5.14) is taken to be between 4 to
8. Also, the electric dipole source is assumed to be x-
directed and Tocated at a distance Z,» such that, kozo=10.0

on the negative part of the z-axis as shown in Fig. 5.5.
Again, the azimuthal dependence ¢ here will be m=1 as mentioned
before in section 5.3.2. The radii of the dielectric and
measurement spheres are taken such that k0a=1.0 and kOA=3.O,
respectively. Table 5.1 shows the optimum and the chosen non-
optimum distribution of the 6-locations which are used in this
numerical investigation. From numerical computation point of
view, the non-optimum locations of the probe should be chosen
such that none of these points should make the maxtrix S
singular. This condition can be satisfied by avoiding the 6-
locations which cause the singularity of the matrix S. These

points are given by theorem (1) of reference [43] and are

given by:
(1) 6.=0, i=1,2, > N )
or
o U eymeg, 51,2, ey (N-T) (5.16)
(iii) 6.=m, i=1,2, » N

In Table 5.1, measurement points are chosen such that the
above three conditions are satisfied to prevent the singularity

of the matrix S.



Table 5.1: The optimum and non-optimum distribution of the locations
of the angular positions 6 of the receiving probes for
N=4 to 8, in degrees.
N=4 N=5 N=6 N=7 N=8
. Non- . Non- . Non- . Non- . Non-
Optimum Optimum Optimum Optimum Optimum Optimum Optimum Optimum Optimum Optimum
28.36 30.00 23.07 30.00 19.95 30.00| 16.26 30.00 11.48 30.00
70.12 70.00 57.32 60.00 47.16 50.00| 40.54 50.00 36.87 40.00
109.88 110.00 90.00 90.00 76.11 80.00 | 65.17 70.00 57.32 60.00
151.64 150.00 122.68 120.00 | 103.89 | 100.00| 90.00 90.00 78.46 80.00
156.93 150.00 | 132.84| 130.00| 114.83 110.00 | 101.54 100.00
160.05 1 150.00 | 139.46 130.00 | 122.68 120.00
163.74 150.00 | 143.13 140.00
168.52 150.00
L

Gel
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Figs. 5.14 and 5.15 show the magnitude and the phase
of the calculated incident electric field component E; of the
electric dipole, respectively. The exact magnitude and phase
of the same component are also shown in these figures for
comparison. The incident electric field is calculated using
the spherical wave expansion of Equation (5.14) with N=4 to 8
and using the non-optimum distribution of the measurement points
with respect to 6 as given by Table 5.1. The magnitude and
i
¢
same source are shown in Figs. 5.16 and 5.17, respectively along

the phase of the incident electric field component E, of the
with the exact ones. Corresponding results, for the optimum
distribution of the points were presented in section 5.3.3.1 and
shown in Figs. 5.6 to 5.9. From Figs. 5.14 to 5.17, it is
evident that, the calculated fields using spherical wave
expansion and non-optimum distributions of the 8-locations stil]
converge to the exact solution. However, a largernumber of
spherical harmonics are needed in this case than the optimum
distribution case. This result is important from experimental
point of view. Since in some cases, it may not be convenient
to position the receiving probes at the optimum Tocations of
the optimization function of Equation (4.26). These results
indicate that with non-optimum measurement points, accurate
results can still be obtained provided that the conditions of
Equations (5.16) are satisfied. This is also important for

cases where, for practical reasons, one utilizes several fixed
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probes. The selection of non-optimum distribution of
measurement points, however, reduces the accuracy of the
results for a given number of spherical harmonics. This 1is
the price which one will pay for the convenience of non-

optimal distribution of the receiving points.

b) Error analysis for optimum and non-optimum
distributions of 6-locations

The percentage errors in the magnitude of the tangential
component Eé of the electric dipole are shown in Figs. 5.18
and 5.19 for truncation orders N=7 and 8, respectively.

Corresponding results were also obtained for the phase of Eg,
i
¢

not shown here. These figures compare the error distributions

and for the magnitude and the phase of E, components but are
of optimum and non-optimum measurement points for the whole
range of 0<06<m. In both cases, the mean value of the percentage
errors using the optimum measuring points is always Tess than
that of the non-optimum points. As an example, for N=7 case,
the mean value of the percentage error is equal to 0.359% for
the optimum case, but it increases to 0.653% for the non-
optimum case. Similarly, for N=8 case, the mean value of

the percentage errors are equal to 0.051% and 0.151% in the
optimum and non-optimum cases, respectively. The mean value
of the errors is decreased by a factor of 7.0 for the

optimum case when the number of harmonics N is increased from
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7 to 8. While in the non-optimum case, it is decreased only
by a factor of 4.32 for the same increase in N. From these
results one can conclude that selecting non-optimum
distribution of the measurement points such as in the case
of several fixed probes, the accuracy of the reconstructed
field is low. However, the accuracy can be improved by
increasing the number of the measurement points. This is

clearly shown in Figs. 5.18 and 5.19 for N=7 and 8, respectively.

5.4 ELECTRIC DIPOLE ARRAY

The stepwise measurement method described in chapter
four is used here to examine the accuracy of the computed
fields. For the test antenna, a four-element electric dipole
array is selected. Dipoles are x-directed electric current
elements and are separated by a distance of A/4, where X is
the free space wavelength. The phase center of the array is
located at the origin 0 and the electrical phase difference
of two adjacent elements is assumed to be & = -3m/4 radians.
The array is radiating in presence of a dielectric sphere of
radius a, as shown in Fig. 5.20. The measurement data are
generated analytically over the measurement spheres S], 52,

. SN and the stepwise measurement approach as explained

in section (4.2) [46], is used to reconstruct the antenna

fields. 1In Fig. 5.20 only three measurement spheres S], 52
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and S3 are indicated. The corresponding expansion spheres
are Si, Sé and Sé. Within each expansion sphere which

contains one of the measurement spheres, spherical wave
expansion with unknown coefficients are defined and the

unknown coefficients are determined by matrix inversions as
described in chapter four. These wave expansions are then

used to compute the field components over the spherical

surface S, which encloses the antenna and thus gives the near-
field of the test antenna. If the far-field of the isolated
antenna is desired, the field distributions over S can be

used to determine the expansion coefficients for the field
external to S. However, if the far-field of the antenna in

the presence of the dielectric sphere is desired, the field
components over a spherical surface S', which encloses both

the antenna and the dielectric sphere can be obtained similar
to those over S. These field components can be used to
determine the desired expansion coefficients for the field of
the test antenna in the vicinity of the dielectric sphere.
Since in this example we have considered a spherical scatterer,
a spherical near-field far-field transformation method will

be used. Furthermore, to avoid Targe scanning systems

required for large antennas, the stepwise approach is selected,
in which the near-fields are measured over a small spherical
surface in the vicinity of the scatterer. The required

information on the field and over a surface enclosing the
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antenna is then obtained by repeating the measurement at
several locations around the antenna. This stepwise approach
not only reduces the required scanning surface, but also
reduces the expansion of antenna field over a large surface
to several expansions over small surfaces. Note that when
the dielectric constant of the scatterer becomes unity the
problem reduces to the near-field measurement of an isolated
antenna. In the following sections both cases will be con-
sidered, i.e., the far-field radiation patterns of an isolated
antenna as well as that of the antenna in presence of
dielectric sphere will be calculated. In both cases the

following data are assumed for the numerical investigation:

radius of the dielectric sphere koa = 1.0,

dielectric constant of the dielectric sphere €r=4'0’

the separation between the center of the dielectric sphere
and the origin 0O k0d=8.25,

the radius of the measurement sphere kor]=3.0,

the radius of the spherical surface S which encloses only
the antenna kOA=5.O, and

the radius of the spherical surface S' which encloses

both, the antenna and the scatterer koA‘=10.0.

The reconstruction of the isolated antenna field and

the field of the antenna in the presence of a dielectric
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sphere will also be discussed. The results for the amplitude
and the phase of Ee are presented in detail. The results
for E, are similar and therefore only a sample calculation

0
is included.

5.4.1 Calculation of the Far-Field Radiation Pattern of the
Isolated Antenna

In this section the far-field radiation pattern of
the isolated antenna is calculated from the near-field measure-
ment data and the calculated field over the surface S, Fig.
5.20. Note that, this spherical surface S with radius kOA=5.O
encloses only the isolated antenna. The interaction between
the antenna and the scatterer is neglected. In this example,
the measurement data is generated analytically over the
measurement spheres. Because the azimuthal dependence of the
array field is known (cos¢ and sin¢ dependence only), measure-
ments are carried out only in the ¢=0 plane for Ee and in the

¢= % plane for E To examine the usefulness of the stepwise

5"
measurement method, three different cases are studied [46].
Namely, three, four and five measurement spheres are utilized
to obtain adequate information in the plane ¢=0 for Eeand in
the plane ¢= % for E¢ to evaluate the expansion coefficients.
These expansion coefficients are used to reconstruct the
fields and the results are then used to find the resulting

errors in the reconstructed fields.
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5.4.1.1Error analysis

Within each expansion sphere which contains one of
the measurement spheres and is tangent to the antenna
surface, field expansions are determined by using the measure-
ment data. These field expansions are then used to calculate
the field distributions over a spherical surface S enclosing
the antenna. To examine the accuracy of the calculated
fields, the exact field components over S are computed and

the expected errors are calculated from:

€ =l{20 ]0910|(1Eexactl - ‘Ecalcu]atedln'ZO]og]O!Eexactl}l'
(5.17)

The measurement data are computed by solving the
problem of scattering by a dielectric sphere. Expected errors
for different numbers of the measurement spheres are also
computed and the results for three and four measurement
spheres are shown in Figs. 5.21 and 5.22, respectively for
Ee and E¢ components of the electric field. While Figs.
5.23 and 5.24 show the expected errors for four and five
measurement spheres for the same components of the field. It
is evident that the accuracy of the computation improves as
the number of the measurement spheres increases. In a
practical situation, the exact antenna field is unknown and

the computation error must be defined as the difference of

the fields for different number of measurement spheres. Note
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that the exact near-field of the electric dipole array at
any point on the spherical surface S is the summation of the
fields from each element of the array. The exact field of
each element is given by Equations (5.5), (5.6) and (5.7)
taking into consideration that the phase difference between

each two elements be 6§ = -3n/4 radians.

The error distribution of Ee-component at ¢=0 plane
is shown in Fig. 5.21 using three and four measurement spheres

in the range 0<8<wm. The center of the ith

measurement sphere
is located on the surface of a sphere with a radius k0d=8.25.
The measurement spheres are distributed on this surface, at

the azimuthal plane ¢=0, according to the formula:

(i

B8 = ——

. (i-1) rad. (5.18)
Ci NmS

-1

where Nms is the number of the measurement spheres in each
plane. Also, Fig. 5.22 shows the error distribution of E¢—
component at ¢ = % plane using three and four measurement
spheres. It can be noticed, in the case of three measurement
spheres that, the error is high in the regions between these
spheres. As an example, the error is larger than 0.25 db

in the regions 30° <6< 60° and 120° <6 < 155° for E -component

as shown in Fig. 5.21. However, in the case of E¢~component,
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these regions are 30° <6< 60° and 135° <6< 170° as shown
in Fig. 5.22. The maximum error is 3.6 db for E6 and 8.0
db for E¢-components.
In the four measurement spheres case, the maximum
error decreases to 1.0 db in E6 and to 0.4 db in E¢— components.
Also the regions of inaccurate results are in the ranges of
80° <6< 100° and 140° <6< 155° for Eg-component and 155°

<6< 170° for the E,-component. The size of these regions

¢
decreases by about 50% if the number of measurement spheres
increases from three to four. If more accurate results are
required, it is recommended to use larger number of measure-
ment spheres in each plane. This is evident from Figs. 5.23
and 5.24. These figures show that, the error decreases
significantly in the case of five measurement spheres when
compared to three and four spheres. As an example, in Fig.
5.23, the maximum error in Ee-component in the five sphere
case is less than 0.2 db, while it is more than 1.0 db 1in the
four spheres case. Similar results are also evident from
Fig. 5.24, where the error distributions in E,-component has

¢
decreased for five spheres case.

5.4.1.2 Numerical results for the radiation pattern of the
isolated antenna

In this section, the calculated far-field radiation
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patterns using the matrix and the integration methods are
compared with the exact ones. Several cases are considered

to examine the effect of inaccurate field on the surface S,
which encloses the jsolated antenna, on the far-field radiation
pattern of that antenna. In this example, it is adequate to
compute the tangential components Ee and E¢ of the electric
field on the surface S in only ¢=0 and ¢= % planes. This is
due to the fact that Ee and E components are known a

¢

priori to have cos¢ and sing dependence, respectively.

In the first case, the near electric field is calculated on
the surface S, with radius kOA=5.O, by using three measurement
spheres in each principal plane. This calculated field is used
to calculate the radiation pattern of the isolated antenna by
using the matrix and the integration methods described in
section (4.4). Figs. 5.25 and 5.26 show the normalized magnitude
and the phase of the far-field radiation pattern of the Ee—
component at ¢=0 plane, respectively. In both figures, 15
points are used from the calculated near-field on the surface S
in the range of 0 <6< 180° to calculate the far-field
radiation pattern of the antenna using both the matrix and the
integration methods. The results have been compared with the

exact ones in both of these figures. The result of the

matrix method agrees well with the exact data in
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the main lobe (Fig. 5.25). Their discripency is about 2.0
dbs in the back lobe, and about 3.0 dbs in the side lobes.
The major disagreement 1is around the nulls. For the con-
venience of plotting in this figure and in all remaining
figures, any magnitude less than -50.0 db is set at -50.0.
On the same graph, in Fig. 5.25, the calculated far-field
radiation pattern of the isolated antenna using the integration
method is also shown. The error in the lattercase is higher
than the error in the results obtained by the matrix method
using the same data. Fig. 5.26 shows the phase of Ee-
component at ¢=0 plane. The maximum error in the calculated
phase of the radiation pattern occurs in the region of side-

lobes and around 60° <@ < 120°.

In the second case, an attempt is made to improve
the accuracy of the far-field results by removing the
inaccurate near-field data. In the regions between two
measurement spheres 20° <6< 60° and 120° <6< 160°, near-
field data are inaccurate and they are excluded from the
computation. As a result, only 11 data points on the surface
S are utilized. Figs. 5.27 and 5.28 show the computed new
amplitudes and phases. It is evident that the results of
the integration method has deteriorated, but those of the
matrix method are still reasonable. From these results, we

conclude that the exclusion of the inaccurate data, does not
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necessarily improve the accuracy of the field patterns.

In the third case, the near-electric field on the
spherical surface S is generated by using four measurement
spheres. In this case, the inaccurate data regions occur
in the ranges of 80° <6< 100° and 140° <6< 160° as shown
in Figs. 5.23 and 5.24. Figs. 5.29 and 5.30 show the far-
field radiation pattern of the Ee-component at ¢=0 plane using
the data which is generated by four measurement spheres. In
these figures, the calculated radiation patterns by the
matrix method uses 14 points in the range of 0 <6 < 180°,
excluding 6 = 30°, 90° and 150° points. The integration
method in this case is using 19 equally spaced points with
spacing A6=10°. Figs. 5.29 and 5.30 show excellent agreement
between the calculated and the exact radiation patterns in
the main and the back lobe directions but some errors in the
side lobe directions are noticeable. The maximum error occurs
at the side lobes as shown in Fig. 5.29 and is about 1.0 db
Also, the significant error in the phase of E6-component

occurs in the range of 60° <6 < 120° (Fig. 5.30).

In the fourth case, five measurement spheres are used
to generate the near-electric field on the surface S which
encloses the test antenna. The errrors in the magnitude of

this generated data in comparison with the exact ones are
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shown in Figs. 5.23 and 5.24, respectively for the Ee- and

E¢-components. These figures show significant improvement

in the patterns over the previous cases. Figs. 5.31 and
5.32 show the magnitude and the phase of the far-field
radiation pattern of Ee-component at ¢=0 plane. For this
case, the magnitude and the phase of the other far-electric

=T

field component E at o > plane, are shown in Figs. 5.33

o
and 5.34. It is clear from these figures that, there is an
excellent agreement between the calculated far-field and
the exact ones in the main, back and side lobes of both Ee—
and E¢-components.

5.4.2 Calculation of the Far-Field Radiation Pattern of
the Test Antenna in the Presence of Spherical Scatterer

This case is very similar to the previous one for the
field of the isolated antenna. The same example with the
same parameters will be used. The only difference is to
calculate the near-field on the surface S' which encloses
both, the test antenna and the scatterer as shown in Fig. 5.20.
The radius of the spherical surface S' is taken to be kOA'=1O.O.
Five measurement spheres are used to generate the total field
on this surface and from which, the far-field radiation pattern
for the combination of the antenna and the scatterer together

will be calculated.
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In this example, the dielectric sphere as well as the
array elements is considered to be on the z-axis as shown in
Fig. 5.20. The dielectric constant of this sphere is assumed

to be €r=4’0'

Figs. 5.35 and 5.36 show the far-field radiation
pattern of the magnitude and phase of Ee-component of the
antenna in the presence of the spherical scatterer using the
matrix and the integration methods. 1In both figures the
number of points used as input data on the spherical surface
S' are 17 and 19 in the matrix and the integration methods,
respectively. It is clear from both figures that, the matrix
method has excellent agreement with the exact solution in both
magnitude and phase. While the integration method gives good
agreement in the main and the back lobes but gives Tlarge
errors in the side lobes. By increasing the number of points
in the integration method from 19 to 37, an excellent agree-
ment is obtained. These results are shown in Figs. 5.37 and
5.38 for the magnitude and the phase of Ee-component at ¢=0

plane. Similar results are obtained for E,-component as shown

¢
in Figs. 5.39 and 5.40 for the magnitude and the phase of this
component, respectively. The integration method generally
requires more data points than the matrix method to give

approximately the same results. In this example, the integration

method required about 2.2 times as many data points as the
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matrix method and agrees with similar results obtained in

reference [34] for different examples.

5.5 DISCUSSIONS

In this chapter, the application of the field re-
construction using scattering data technique was investigated
numerically. For the radiation source three different cases
were considered, a plane wave, an electric dipole and a four-
element electric dipole array. Considering any of these
sources the field scattered by a specified dielectric sphere
was obtained and was used together with the incident field
to generate numerically the measurement data over specified
measruement spheres. These measurement data were then used
to obtain the field expansion coefficients within each
expansion sphere. The calculated expansion coefficients were
then used to reconstruct the initial source field. For
various geometrical parameters, number of expansion spheres
and their radii, the computational errors were computed and
the accuracy of the reconstructed fields were studied 1in

detail.

For the plane-wave, the convergence of the spherical
expansion series of the reconstructed incident electro-
magnetic fields were investigated numerically. It was found

for this case that, the expansion function series of the
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reconstructed electric field is convergent to the exact
solution with accuracy better than 0.01% if the truncation
order satisfied the condition N>2kOA>2k0a, where a and A

are the radii of dielectric and measurement spheres,
respectively. In this case, the optimum distribution of the

measurement points were used.

For the second source, an electric dipole, the reconstructed
data were used to study the convergence of the spherical
expansion series, to investigate the dependence of the spherical
expansion series on the location of the dipole and to compare
the accuracy of the reconstructed field with and without
optimal distribution of the measurement points. It was found
that, if the measurements are carried out over a measurement
sphere at a Tlarger distance from the source, the convergence
of the series 1is faster and a smaller number of coefficients
needs to be computed. This essentijally means that a smaller
number of measurements are to be carried out. In other words,
to obtain a given degree of accuracy, in the calculated
electromagnetic field using scattering data technique, it is
better to scan the receiving probes far from the test antenna.
This result is significant from the measurement point of
view. It was also found that, the calculated fields using
spherical wave expansion and non-optimum distributions of

the 6-locations still converge to the exact solution. However,
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a larger number of spherical harmonics were needed in this
case than the optimum distribution case. This result is
also important from the experimental point of view. Since
in some cases, it may not be convenient to position the
receiving probes at the optimum locations dictated by the
optimization function of Equation (4.26). These results
indicated that with non-optimum measurement points, accurate
results can still be obtained provided that the conditions
of Equations (5.16) are satisfied. This is very important
for cases where, for practical reasons, one utilizes several
fixed probes. The selection of non-optimum distribution of
measurement points, however, reduces the accuracy of the
results for a given number of spherical harmonics. This 1is
the price which one normally will pay for the convenience of

non-optimal distribution of the receiving points.

For the third case, a four element electric dipole array, the
near-field of this source was calculated using the stepwise
measurement technique of chapter four. Also, the same technique
was utilized to evaluate the near-field of the same array in
the presence of a dielectric sphere. In both cases,
different number of measurement spheres were utilized. From
these calculated near-field, the far-field radiation pattern
of the isolated antenna and the antenna in the presence of a
dielectric sphere were calculated. The calculated radiation

patterns were compared with the exact one in three, four
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and five measurement spheres cases. It was found from the
numerical results that, when the number of measurements
spheres is ldrger, the calculated near-and far-fields were
more accurate. It was also concluded from the result of
this case that, in the spherical near-field far-field trans-
formation, the point matching technique (matrix method)
requires less data points than if the integration method is
used to give approximately the same accuracy. In the
specific example which was mentioned in section 5.4, the
integration method required roughly 2.2 times as many data
points as the matrix method. This result agrees well with
similar one obtained for different examples cited in

reference [34].



CHAPTER VI

SUMMARY, CONCLUSIONS AND SUGGESTIONS
FOR FUTURE WORK

6.1 SUMMARY AND CONCLUSIONS

A technique for reconstructing fields using scatter-
ing data was developed in this thesis. The problem consisted
of using a dielectric scatterer; e.g., sphere (or cylinder),
in the vicinity of the antenna whose radiation field is
unknown. This technique can be used to calculate the near-
field of the isolated antenna, or, of the antenna in the
presence of the scatterer on a surface enclosing only the
antenna or both antenna and the scatterer from measurements
of the total field near the scatterer. From the calculated
near-field, the far-field radiation pattern of the isolated
antenna, or, the antenna and the scatterer combination can
be determined. The problem has practical significance since
dielectric scatterers are used to shape the radiation
patterns of horns, waveguides and other radiating systems.
Dielectric scatterers are also used to scatter the primary

field of the antenna. In this manner, the wide angle

scattering increases the signal strength in the regions of
weak primary field and facilitate the accurate measurement
of the near-field especially for the high gain antennas.

In addition, this improvement of the field strength enables
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one to carry out the field measurement on a larger surface

than it is normally feasible.

When the spherical surface, enclosing both dielectric
sphere and the antenna is small in size, the measurement
can be carried out over this surface to obtain the total
field. 1In addition, the field outside this spherical surface
can be described by spherical wave functions with unknown
coefficients. These unknown coefficients can then be obtained
by matching the measured and the spherical wave expansion
fields over the spherical surface which encloses the antenna
and the scatterer. On the other hand, when the antenna, or
its separation distance from the scattering sphere is large,
the spherical surface enclosing them also becomes Tlarge.
The measurement of the field over such a large surface requires
large scanning system, which is practically undesirable. To
utilize a small scanning system, the proposed stepwise
measurement approach which is developed in this thesis, can

be used and will be summarized here.

In this system, the measurements are carried out over
small spherical surfaces near the antenna which are named
measurement spheres. The results are then used to compute
the field over a spherical surface, which encloses only the

antenna or both antenna and the scatterer. The required
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field outside this surface can therefore be obtained by the

above spherical expansion approach.

To obtain the field over such surfaces, the following

steps were used:

1. An expansion sphere was defined which enclosed the
scatterer and one of the measurement spheres and was
tangent to the antenna surface. The field inside the
scattering sphere and between its surface and the
surface of the expansion sphere were described by
spherical wave functions with unknown coefficients.
These unknown coefficients were obtained by matching

the calculated and the measured field over the surface
of the measurement sphere.
2. Within second, third and the remaining expansion

spheres which enclosed one of the other measurement
spheres, fields were also described by spherical wave
functions about the origin of each surface and their
unknown coefficients were found after the matching

of their respective fields.

Following these steps, the total fields which were then known
within each expansion sphere were used to calculate the
required field components over the spherical surface which

enclosed the isolated antenna, or, the antenna and the
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scatterer. Note that, the expressions for the field inside
second, third, and the remaining expansion spheres could be
determined from the expressions of the field inside the
first one, by replacing the dielectric constant with unity.
The problem therefore reduced to the evaluation of the
unknown field coefficients for the field inside the first
expansion sphere, which enclosed the scatterer, and to the
calculation of the required field components over part of

the required surface which fell within the expansion sphere.

In chapter two, a review of the important antenna
measurement techniques which are normally used to test an
antenna were presented. Three different measurement methods
were; the plane-wave, the focusing and the near-field probing.
Each method was described in some detail and its advantage

and limitations were given.

The mathematical modelling and solution for this
problem in two and three-dimensional cases were developed

in detail in chapters three and four, respectively.

Chapter three presented the solution of two-dimensional
inverse source problems. The theoretical analysis was

presented only for the transverse magnetic (TM) fields but
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a similar analysis could be carried out for transverse
electric (TE) or any general two-dimensional fields. The
specific problem consisted of an unknown incident field

and a dielectric cylinder which scattered the incident field.
To formulate the problem, cylindrical wave functions were
used to represent the incident, the scattered and the total
fields. Boundary conditions were applied to obtain a matrix
relationship between the coefficients of the unknown incident
field and those of the total field. This formulation was
used to study the effects of the number of cylindrical wave
functions, angular range of measurement points and
inaccuracies in the measurement data, on the accuracy of the
incident field reconstruction. Comparing the reconstructed
daté with the exact one, it was found that to retain the
maximum error to less than 0.5%, the number of cylindrical
functions N in the series must satisfy the relationships

N > 3k0a and N > 1.5 koA, where a and A were the radii of the

dielectric and measurement cylinders, respectively.

The effect of angular range of the measurement points
on the accuracy of the results was also studied. It was
found that 1imiting the measurement points to a range less
than 0° < ¢ < 180° reduced the accuracy of the reconstructed
field. However, the decrease in the accuracy was negligibly

small, as long as, the measurement range was retained between
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45° and 135°. Further reduction of the measurement range

deterijorated the accuracy at an accelerated rate.

Also, the measurement inaccuracies were simulated by
modifying the exact data by a small percentage in a random
manner. It was found that inaccurate data in only the
magnitude, or, the phase of the measured field affected its
respective reconstructed data of the incident field by a
larger percentage. An error in magnitude of the measured
field, introduced larger error in the amplitude of the re-
constructed field than in its phase. Furthermore, an error
in the phase caused more severe effect on the results than
an error in the magnitude. The most interesting results were
however found in introducing errors in both amplitude and
the phase of the measurement data. The investigation showed
that introducing errors in both amplitude and the phase has
much smaller effect on the accuracy of the reconstructed

field than introducing these errors in only the phase.

In chapter four, the theory of three dimensional
field reconstructionsusing scattering data technique was
presented. A stepwise approach to carry out the measurement

over several small measurement spheres was also discussed.



187

A method of analysis and a solution of this problem was
also presented. The calculation of the far-field radiation

pattern using these techniques was then summarized.

In chapter five, the application of three dimensional
field reconstructions using scattering data technique was
investigated numerically. For the radiation source, three
different cases were considered, a plane wave, an electric
dipole and a four-element electric dipole array. Considering
any of these sources the field scattered by a specified
dielectric sphere was obtained and was used together with the
incident field to generate numerically the measurement data
over specified measurement spheres. These measurement data
were then used to obtain the field expansion coefficients
within each expansion sphere. The calculated expansion
coefficients were then used to reconstruct the initial source
field. For various geometrical parameters, the number of
expansion spheres and their radii, the computational errors
were computed and the accuracy of the reconstructed fields

were studied in details.

The stepwise measurement technique was utilized
successfully to evaluate the near-field on spherical surface
enclosingafour-element electric dipole array, or, the same

array in the presence of a dielectric sphere. In both cases,
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different number of measurement spheres were utilized. From
the calculated near-field, the far-field radiation pattern

of the isolated antenna and the antenna in the presence of

a dielectric sphere were also calculated. The calculated
radiation patterns were compared with the exact ones using
three, four and five measurement spheres. It was found from
the results of the numerical investigation that, when the
number of measurement spheres is large, the calculated

results were more accurate. Also, it was concluded for
spherical near-field far-field transformation,which was
utilized in the above example that,the point matching technique
(matrix method) required less data points than the integration

method for a given accuracy.

In the same chapter, the recoqstructed data for an
electric dipole source was used to study the convergence of
the spherical expansion series, to investigate the dependence
of the spherical expansion series on the location of the
source and to compare the accuracy of the reconstructed field
with and without optimal distribution of the measurement
points. It was found that, if the measurements are carried
out over a measurement sphere at a larger distance from the
source, the convergence of the series is faster and smaller
number of coefficients needed to be computed. This, of

course, means that smaller number of measurements need to be
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carried out. In other words, to obtain the given degree of
accuracy, in the calculated electromagnetic field using
scattering data technique, it is better to scan the receiving
probes far from the test antenna. It was also found that,
the calculated fields using spherical wave expansion and non-
optimum distributions of the receiving probe locations still
converge to the exact solution. However, a larger number of
spherical harmonics were needed in this case than the optimum

distribution case.

6.2 SUGGESTIONS FOR FUTURE WORK

Some useful topics for future investigation would be

the following extensions of the work presented here.

1. To apply field reconstruction using scattering data
technique to different fields, e.g., ultrasound, X-

ray, nuclear fields, lasers, etc.

2. To study the interaction between the test antenna

and the scatterer.

3. To design on-line automated measurement set up using

the technique described in this thesis.

4. To use planar scanning system and plane-wave near-

field far-field transformation for the problem of
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spherical scatterer to facilitate the measurements

from practical point of view.

To apply the same technique to reconstruct the field
of an antenna in presence of a different scatterer
shape, e.g., thin discs, finite length cylinders,

spheroids, etc.
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