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Abstract

Characterizing electromagnetic field produced by radiators in their operational
modes is of primordial importance in various engineering application such as antennz
desiga, compatibility and interference testing. The far-field pattern is the most common
measure, but it is often impractical and at worst impossible to measure the far-field
directly. Numerical methods implementing near- to far-field transformations rely on the
knowledge of both the amplitude and phase distribution on a surface in proximity of the
device under test. In certain instances however, it is expensive or very difficult 10
accurately measure the phase distribution comporent. The intent of this thesis is to
investigate the feasibility of near- to far-field transformation with the premise that only
amplitude distribution component is available. The requirement is thus to provide, or
estimate, the missing information necessary for near- to far-field transformation. The
retained approach implements the well known spherical wave expansion technique. The
coefficients of the spherical wave functions depend on the boundary conditions, and due
to their incomplete knowledge only bounds for those coefficients car be calculated.
Application of heuristic methods to the estimation of the coefficients, and upon the
assumption of the uniqueness of the soludon, are sufficient to predict the radiated fislds.
This method presents an important advantage over direct phase distribution estimation in
that the number of coefficients is well defined and can gencrally be expected to be Icss
than the required number of phase measurements.
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Chapter 1

Introduction

1.1 Motivation

The possibility of determining the far-field pattern of radiating systems by
measuring its corresponding near-field presénts numerous advantages over the direct
measurement of the far-field. For accurate direct far-field measurements a calibrated open
site test range is required: in some instances though. the distance to the radiating far-field
might be greater than the open site itself, or the reflections from nearby objects could
introduce an intolerable amount of error. In certain circumstances. moving the device
under test to and from an open site test range adds to the inconvenience. Due to these, and
other problems, alternative methods such as near- to far-field transformations have been

developed.

However, various difficulties inherent to the near-field measurement and its
subsequent transformation to the far-field have to be overcome before théy can be
successfully applied to EMI/EMC and antenna characterization problems. Amongst the

most important limitations of those methods are,

L necessity for precise phase measurements of the sampled near-field points

which are critical in correct far-field prediction,

IL the size of the problem domain can be overwhelming in computer power
requirements, making the task all but unrealizable from a practical point of

view.

The purpose of this dissertation is to present a phaseless near- to far-field
transformation technique, thus addressing point I above, coupled with practical



considerations for minimization of computing time as outlined in point II. rendering the

proposed approéch more than just of academic interest.

1.2 Contribution

This dissertation addresses points I and II outlined in the previous section. Most of
the research in literature deals with simplified cases where the knowledge of the phase
distribution is implicitly assumed. An extensive literature survey is included in Chapter
two, and serves as a starting point for finding an appropriate method of phaseless near- to
far-field transformation. Relatively few of the presented methods deal explicitly with
amplitude field measurements only. and those that do consider simplified one or two
dimensional geometry. The proposed approach considers a general three dimensional case
without any assumptions as to the probable radiation pattern. making it suitable for

electromagnetic interference and compatibility measurements.

Regarding the first point, acceptable phase measurements can be performed up to
a certain frequency range. depending on the measuring devices used. At higher operating
frequencies or due to measuring equipment with limited precision, the phase
measurement will introduce a discouraging amount of error in subsequent calculations.
This problem can be circumvented by performing amplitude measurements on at least
two surfaces enclosing the radiator. The amplitude samples can be obtained with a
relatively high degree of accuracy at any frequency, enabling the implementation of a
phase retrieval procedure. The knowledge of both the amplitude and phase on a surface
enclosing all inhomogeneities is both sufficient and necessary to completely characterize
a general radiated field.

The near- to far-field transformation is 2 numerical procedure, and as such an
approximation is made of the continuous functions involved. The radiated near-field is
first approximated by field émplﬁ. The amount of samples necessary to achieve an
acceptable level of accuracy will depend on the chosen method of transformation. As a

rule of thumb, the more samples we gather, the more accurate results we obtain after the



applied transformation. Obviously. the result’s accuracy has to be weighted against the
associated computing time requirements. and 2 proper optimum number of such samples
found. Similarly. the usage of such methods yields the electromagnetic fields at discreet
locations only. Whether the samples are sufficient to represent the far-field in a given
radiation plane is obviously of importance if we are interested in more than just rough
knowledge of the far-field radiation pattem. Again. a trade-off analysis of the number of
samples against computing requirements is in order. In EMI/EMC applications. no
assumptions about the radiator are made so that a fixed number of samples may very well
prove either insufficient or redundant in the resulting calculations. However, a minimal
number of samples for a general problem domain, dependent only on the size of the
radiating system and the frequency of operation, can be derived from the analysis of the
radiated fields. This set of optimum number of samples can then be used to reconstruct
the electromagnetic field with standard digital signal processing techniques. cutting down

dramatically on the computing time and power requirements.

1.3 Organization

The present dissertation is composed of six chapters. In the second chapter a
literature review is presented on all relevant topics covered herein. Chapter three covers
the theoretical background, and chapter four presents the proposed approach. Chapter five
presents' the results of the performed simulation. Finally, chaptef -six presents the

conclusions and outlines future research possibilities.



Chapter 2

Background Information

2.1 Near- to Far-Field Transformations

Both the electromagnetic interference and compatibility compliance tests and the
characterization of the antenna radiation patterns require the knowledge of the radiation
in the far-field of the device under test. In both cases it is often impractical or impossible
to provide an open range suitable for direct far-field measurements. An elegant way to
bypass this problem is to collect measurements in the near-field of the device, usually in a
controlled environment as provided by an anechoic chamber, and to calculate the far-field

by way of mathematical transformations.

There are other methods of far-field determination beside the mathematical
transformations of the field and they will be mentioned here for completeness sake. A
much more complete analysis of these methods is presented in [17] along with guidelines
of the procedures to follow. By creating a plane wave in close proximity to the antenna
uader test simulating an irradiation by a source placed in the far-field, the far-field
characterization can be obtained by reciprocity principle. Applicable to certain types of
antennas only, the second method focuses the radiation in the near-field, and the resuiting

measurements are assumed correct with an obvious error tolerance.

Two fundamentally different approaches have been applied to determine the far-
field radiation from the knowledge of the near-field radiation of a radiator using
mathematical transformation methods. The first is based on the principle that the
complete electromagnetic field configuration surrounding a radiator can be computed if
either the current or charge distribution over radiating structure is known exactly. In this
approach, m:casuremcnts of the electric or magnetic field in the direct vicinity of the

system are necessary [25].



The second approach is based on expressing the total electromagnetic field in
terms of a modal expansion. The amplitudes and phases of these modes can be derived
from the knowledge of the electromagnetic field over an appropriate surface. planar.
sphericai or cylindrical. The exact distance of the measurement points on such a surface
from the radiator itself is not critical and permits to express the radiated field outside such

a surface. including the far-field region.

As examples to the described techniques, the following papers present their
approach and results; in [23] the field is expanded into a cylindrica! series expansion and
the coefficients are calculated via a Fourrier transformation of the measured near-field.
The results restricted to the two dimensional space, compared successfully to the
predicted results, and 2 discussion is presented on possible extension of the method to the
three dimensional geometry; additional results are presented in [40]. In [26] an algorithm
is developed based on the finite-difference time-domain (FDTD) method. For validation,
far-field results for a flat plate are transformed to the frequercy domain and compared
with results obtained with the method of moments. In [27] a sampling algorithm based on
plane-polar measurements properties is formulated. Optimal sampling densities and
measurement surfaces in terms of shapes and positions was analyzed in order to simplify
and improve the transformation. The plane-rectangular near-field samples are accurately
recovered from the plane-polar ones, enabling the standard FFT to be applied. Authors
report an important reduction in both in measurement time and memory storage
requirements. A technique presented in [21] uses the concept of equivalent currents to
replace the radiating system. Data from planar, cylindrical and spherical near-field
measurements can be used, and for practical problems conjugate gradient method has 10
be applied in order to solve the large system of linear equations. Methods for near- to far-
field calculations of two-dimensional combined finite element and absorbing boundary
are presented in [22]; three methods are described in terms of accuracy, efficiency and
capabilities: harmonic expansion (cylindrical waves) Green theorem integral and volume
sources integration. For plane apertures and flat reflectors, [30] uses a formulation
whereby the surface double integral is transformed into a line integral around the

boundary. Further, if this boundary is a polygon, the line integral can be reduced to a



closed form expression eliminating the need for integral expressions. The usage of such
line integrals reduces sharply the computer calculations requirements. The far-field and
the radar cross section are evaluated by transformation of the resuits of the transmission
line matrix (TLM) method in [31]. Two methods are proposed. one based on equivalence
principle and the second on the Kirchhoff theory of integration in order to reduce the
complications associated with numerical methods based on differential equations. In [32]
spherical wave vectors are used to find the far-field at observation points are restricted to
a single ¢-plane at a ime. The analytical expressions are much simptlified and the method
provides very good accuracy but at the expense of computational time. The proposed
exact analytical technique can be applied to probe-directivity uncompensated spherical
near- to far-field transformations for large radiators. The method presented in [41] makes
~ use of pseudo-sampling to predict the far-field radiation. In the case of the Fresnel small
anzle approximation, the far-field reconstruction based on near-field samples will not
r:quire matrix inversions. improving the methods overall efficiency. The criteria to be

satisfied in order to obtain a valid Fresnel approximation are presented in [45].

Most of the authors consider both the absolute and relative error level impact on
the overall accuracy and stability. For a general case, the error of the recovered far-field
due to random noise, is analyzed in [33] where the error is treated as added random
variable whose distribution is to be found. Results are presented for cylindrical geometry,

and can be used as part of complete near-field error analysis.

Although an integral part of any attempt for practical implementation, the proper
selection of a probe measuring the scattered electromagnetic field is left out of this
dissertation. For an overview on electromagnetic probes [43] and [44] should be
consulted. Mutual coupling between the device under test and the probe, which affect the
measurement values are described in [35). The assumption that the measurement of
electromagnetic field is readily available will simplify enormously the presented concept.
If this were not the case, factors such as the probe intrusiveness (field transparency),
directivity, frequency response, sensitivity and ability to measure the field at essentially

one point in space would have to be considered.



2.2 Near- to Far-Field Phaseless Transformation Methods

Phaseless measurements find application in characterization of antennas at
millimeter and sub-millimeters wave bands where accurate phase sampling becomes

increasingly difficult.

Two problems arise when dealing with the problem of recovering the far-field
radiation from amplitude only measurements. The first deals with the unigueness and the
stability of the obtained result. The second arise since the actual determination of the
solution necessitates an iterative algorithm which searches for the solution by minimizing
a convex objective function. The speed of the convergence of the algorithm could be too
slow for practical implementations, or the solution could arrive at a local minimum and

remain trapped within, yielding an inaccurate solution.

In [28]. 2 phaseless cylindrical near- to far-field transformation algorithm is
described. The method implemented is presented in Figure 1.

Enforce measured
field magnitude at
surface A.

1T
Apply aperture constraint
(initial estimate of aperture ficld)

I

Enforce measured
ficld magnitude at
surface B.

Figure ! Phase retrieval algorithm

In this implementation, sample intensity data points are measvred on two
| cylindrical surfaces surrounding the antenna. The knowledge of the antenna geometry

simplifies the resulting calculations. Two sets of measurements are made at scparate
: distances on cylindrical surfaces. An initial guess at the complex aperture field
distribution is made, possibly including all @ priori knowledge about the antenna and



field distribution. In the case when no such extra information is present, uniform
distribution is assigned as the starting guess. The aperture field is then transformed to one
of the measurement surfaces where the intensity data are enforced. The new distribution
is subsequently transformed to the aperture plane. The same procedure is applied to the
second surface, and the process is repeated until satisfactory convergence has been
artained. The field transformations applied in the algorithm are derived from the
cylindrical wave equations,

=N
E(r$)= Y a,H (frye ™ @D
n=-N

noticing that this can be expressed as,
7 [E.(r.0)]=a,H>(Br) | | 22)

where 7 denotes the Fourrier transform. The field distributions are related by,

H® (ﬁr
E (r, L2[E. ==t 2.3
This particular approach considers a 1D situation (only angular variations are
considered) but the method nevertheless remains applicable to problems exhibiting
cylindrical symmetry and provides useful insight into high frequency pattern

measurement.

In [29]. the radiation determination from phaseless near-field data measurements
collected over limited planar surfaces (domain ) is approached as a non-linear inverse

problem. The functional to minimize takes the form,

o(Ey =i - Mi] +[rizEr - m @4

Where E is the unknown complex field tangential component over the measuring surface,
M; and M are the available square amplitudes over the corresponding surfaces and T is a
linear operator connecting M; to M- . The truncation operator values of IT are defined as 1



for the measurements belonging to the limited domain Q. and 0 otherwise. The plane

wave simplification.
E(x.y.d)= jﬁ (u,v)e™ =™ dudy (2.5)
can be expanded as,

E= jz z f.'msinc(au ~nx)sinc(by — mx)e™ P e

. 2.6)

=Y ny mE, W, (x5
-N =M

since the spectrum of a planar source is 2 bandlimited function. Also. u = BsinBcos¢. v =
BsinBsing and w = (B* - u® - v)'™. The T operator in equation (2.4) can be evaluated by
applying FFT or DFT methods. The values of n and m in equation (2.6) depend on any a
priori information about the radiating source, such as for example, focusing behavior.
Good simulation results were obtained, prompting the authors to conclude that by
appropriately selecting the algorithms and computational techniques, it is possible to

reduce the complexity of the hardware required for near-field. high frequency testing.

In [1] 2 new phaseless technique is introduced and the associated difficulties
analyzed. The far-field distribution is included in the functional to be minimized in either
of the two formulations,

o) = (@B - m[ +|7 B - mt| @n

where E is the generic far-field and T are the functions relating the near-field to the far-

field over both measuring surfaces respectively and M;,» are the amplitude measurements .
only. The second functional,

W(E)=|E- M +[E- LM, @8
has its variables defined in a similar way.

A procedure employed in order for the solution of minimization of either

equations (2.7) or (2.8) not to be trapped in secondary minima is devised based on



inclusion of any prior knowledge of the far-field such as its focused nature and its
effective bandwidth. if such information is present, even if it is only approximate, it will

help to characterize the set of possible solutions by providing a search path.

The far-field is first expanded into a sampling series with a controlling parameter
N, or the number of samples that defines the accuracy in the series. The number of local
minima is obviously dependent on this number. In light of this observation, an iterative
procedure is implemented. where a small N value will provide a guess for the initial
iteration cycle, its value being slowly increased until an acceptable reconstruction of the
radiated field occurs. With a sufficiently small starting value for N, the recovery will not
be trapped, but the series still has to be a reasonable approximation to the field in order

for the iteration process to be close to the attraction zone of the absolute minimum.

The results are validated by a plane scanning simulation where the authors found
that increasing the distance between the two scanning surfaces, decreases the amount of
the information about the approximate phase distribution needed to avoid optimization
traps, up to a point where if the distance is large enough, no extra information should be
needed.

2.3 Electromagnetic Field Interpolation

Study of digital signal processing specifies very clearly the constraints on the
reconstruction of band- or time-limited signals. Applied to the field of electromagnetics,
the sampling of the radiated field under certain assumptions and its subsequent
reconstruction. is feasible within tolerable error bounds, and presents new desirable and

useful qualities for field qualification and interpolation [6].

The required number of samples to reconstruct the radiated field are directly
dependent on the Nyquist® sampling rate. The aliasing problem occurring in the event of
under-sampling will preclude the proper field reconstruction since for different sampling
points we would obtain different field distributions.

10
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Methods based on the use of sampling functions for the interpolation of the near-
zone radiated fields have been successfully applied for several types of radiating systems
[12]. In those instances. the radiated field is approximated by interpolating functions
which are quasi-bandlimited or whose effective bandwidth is in close relation to the

dimensions of scattering system.

A method allowing fast analysis of radiation properties of large antennas is
presented [42]. The radiated far-field is first computed with conventional techniques, in
well defined spatial directions. approximately one sample for every lobe. The complete

radiation pattern is then reconstructed using sampling theory.

The reconstruction of the field uses interpolation functions (reconstruction
kernels), all of which display band-limited properties in their Fourrier transform domain.
This is the case for the most common interpolation function. the sinc function defined as
sin{x)/x (also known as cardinal series). This function and its reconstruction properties
have been widely studied, and its deficiencies assessed: it has no finite impulse response,
its calculation needs the evaluation of a transcendental sine function and most
importantly, it decreases very slowly necessitating a large number of samples, or if a
limited number of such samples is available, the result will suffer from large truncation
errors. Table 1 summarizes other available bandlimited functions taken from the area of
signal prdcessing [13]. Notice that those functions can be represented as g(s) =
sinc(res/h)-y(s) where y(s) will determine the transition characteristics of the sampling
expansion functions. The functions are parametrized to a variable s, which represents the
surface of observation, either planar, cylindrical or spherical. We define the following

parameters as,

v*—-:z_l, m=Int|:m]+l (2.9)
X 2w

where  is 2 number between 1 and /2 that controls the extra bandwidth W, & is defined

as xiw’ and N defines the number of retained samples. Since we are interested by the

11



case of spherical geometry. the interpolation functions have to be applied twice, that is in

the axial and azimuthali direction,

Fs)=1 cardinal series
| : self-truncating (ST)
¥(s)= [sinc(E)jI
hm
. —n:v(N -1) 2 s 7] approximate prolate (AP)
sinh 1—
2 (N=-Dh
W(s) = :
- [v@N-1) 25 ¥
h
sin — ((N— I)h]
[JIVN s )2 ] sampling wmdolw (SW)
coshf —_,[1—-| —
2 Nh

Tabie I- Reconstruction functions

The Fourrier-transform of the above kernels has the form,

7= M-8
g(s)—>G(v)=<sm(v), T-8<p<mT+6 (2.10)
0, M>m+8

where sm(v) is used to smooth out the jump of rect(v) at v = x. The function ¥(s) controls

therefore the rate of decay of g(s).

2.3.1 Spherical Optimal Series Expansion

The optimum set of '‘¥p(s) that minimizes the incurred error in spherical
coordinates has been studied in [14], and two new weighting terms are found to be

producing very accurate results with limited number of samples, both with and without

i2



the presence of relative and absolute errors in the amplitude and ph:isc samples. Table 2

presents those functions parametrized to a circumference. and where @y is the extent of

the sampling domain,

( q,) 2 Tschebyscheff sampling (TS). where
cos(%-
9 2| 1 TN is the Tschebyscheff polynomial of
‘305(%0' - degree N.
¥(s)=—=
2
c052 (2,1
R (@, : : '
Y@ =¥y (.0p) = RM (:‘:S Discrete approximate prolate
spheroidal (DAPS).
si.\r{[zzv +Dsian~sin?(P04 y-sin>(%4) H
where R, =-— :
N -
Jsin'-’(%z y-sin>(%4) -

Table 2- Optimal spherical reconstruction functions

The accuracy obtained by using either of the functions of tables 1 and 2, depends
on three main points,

* sampling point position
e sampling expansion function
¢ number of retained samples

The choice of the function therefore has to be considered in light of the trade-off
between achieved accuracy with a given number of samples and computational difficulty.
In most cases, retaining extra samples and using simpler expansion functions will
produce acceptable results far more rapidly than lowering the number of samples and
using a more elaborate expansion function.

13




2.3.2 Sampling Considerations

The series expansions presented in tables 1 and 2. require uniform sampling. In
some applications however, the exact position of the measuring probe cannot be
_ - accurately controlled. High-frequency field measurement is one of such applications. The
recourse employed is t0 use an optical measurement system from which accurate
information about the position can be obtained. The sampling grid will obviously be non-
uniform, and it is of interest to know whether interpolating techniques can still be

applied.

In [9] an algorithm is presented that allows interpolation from non-uniform
samples. The general result obtained can be stressed as follows: for an average sampling
rate equal to the Nyquist™ rate, the sapling lattice must be close to 2 uniform one, but for a
sampling rate greater than the minimum the sampling lattice can be quite arbitrary. From
a computational point of view, 2 uniform sampling grid is first recovered from the non-

uniform one before an interpolation formula is applied.

The proposed approach has been tested for stability by addition of random

measurement errors, and rapidly converging results have been reported [9].

2.3.3 Band-Limited Reconstruction Kernels

Another interesting approach is to specify the expansion functions in terms of
bandlimited expansion functions [2]. The functions g(s) specified in Tables 1 and 2 decay
exponentially at b:::; implying that for a very accurate reconstruction of 2 signal, the
number of required samples and its associated truncation error are dependent on the
sampling rate and can rapidly become large for effective computation [2]. Implementation
of time (or band) limited reconstruction functions circumvents those shortcomings. To

compare the two approaches, the reconstruction formulations are presented as,
: tem ()
f@=lm Y f(—)K(Wt -k) (211
Wt ol w v

and,

14



T g
f= 1;21_ f(—)K(Wr =k) 2.12)
¥ AW
for the case of the band unlimited and band-limited case respectively. The function X is
the reconstruction kernel with a limit of T in the second case. and the f function is the
reconstructed signal. In the second case to reconstruct the signal £, we need exactly [2T]
samples. avoiding the truncation error. Additional constraints on the time-limited
reconstruction kernel to insure proper interpolation, is that its Fourrier transform be a
good approximation (in some predefined sense) of the low-pass function. To further
insure the smoothness of the interpolation. imposed constraints will require the Fourrier
trar:sform to be equal to rect(x) up to the m-th derivative. The approximation error can be
decreased In either of the two ways: by increasing the sampling frequency W or decrease
the cut-off frequency of the sampled signal. For the proposed electromagnetic zipplication.
the sampling frequency will be increased with decreased AQ and A¢ steps. while from

accuracy considerations the second means should not be used.

The reconstruction function K can be found by various methods. To insure
computational efficiency the method suggested in [2] is to use the well known B-splines.
A good explanation of B-splines is found in [3] and for the sake of completeness, the

formulas to obtain them recursively are presented here as,

i, |x| <05
0, ]x] >05 (2.13)
B, =B

n=-1

'BI

where we notice that B, is (n-2) times differentiable and a time (band) limit of n/2. The
results of interpolation simulation point in a convincing way that:the usage of band-
limited reconstruction kernels produces good results as compared to the truncated version

of classical kernels when only a limited number of samples is available.

A method of 3D curve matching using splines presented in [4] is another potential
method for field characterization to be used in lieu of methods based on reconstruction
from the knowledge of sample values. This point however, will not be pursued further.
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Chapter 3

Near-Field to Far-Field Transformation and Reconstruction

3.1 Introduction

Before the proposed method of phaseless near- to far-field transformation is

introduced. it is advantageous to review the underlying principles on which it is based.

Firstly, the concept of the uniqueness of the radiated field is explained. As was
mentioned in Chapter 2, most near- to far-field transformation methods are based on this
concept. Accordingly. the present method requires the knowledge of the tangential field
distribution, and uses the radial distribution in the phase retrieval procedure as additional

- information. Since both the amplitude and phase are necessary to uniquely represent a
- radiated field. we are required to retrieve the information contained in the phase
distribution. The phase retrieval problem is far from being trivial, in fact it constitutes the
highest hurdle in the phaseless transformations. The validity of the retrieved phase has to
be assessed in the light of the difficulty to prove the uniqueness of the attained solution.
Another important problem is the high possibility of convergence of the solution to local

minima, an undesirable outcome.

The uniqueness theorem describes the sufficient and necessary conditions to
predict the radiated field. but does not prbvide a method to do so. There is therefore a
need for techniques that put into practical use the results of this theorem. For the
proposed method, the extra constraint on the near- to far-field transformation method, is
the requirement that field values be readily predicted at any distance from the first
measuring surface'. This requirement stems from the fact that we need to find a relation,

or transformation function between the measures on the first surface and field parameters

! this sphere encloses all inhomogeneities,

6.



on the second. The wealth of publications on the subject (see Chapter 2) is used as

starting point. and a method most suitable for phaseless implementation will be retained.

This relation can take various forms: point-ro-point. whereby we have as many
points on the first surface as we have on the second. or preferably a many-to-one relation.
Note that the chosen relation will actually determine the complexity of the problem
domain. and thus whether or not the solution is attained efficiently. if ar all. When
considering the amplitude field distribution only. we notice that it has a spatial bandwidth
for all practical purposes. It is therefore desirable from an efficiency point of view. to
measure solely the required number of samples. and subsequently. reconstruct the original
radiated field by using common DSP techniques. Those samples would be sufficient to
properly reconstruct the field and present an important reduction in the amount of
necesséry computations. The reconstruction functions (or kemnels) as employed to this
end, are of great importance to the overall accuracy. Some functions are quite simple, yet
introduce 2 large truncation error. The most desirable kemels are those that introduce the
least amount of error while reconstructing from limited number of samples. The field
reconstruction theory allows us to make an assumption about the wide availability of the
electromagnetic fields. This realization is important in view of practical limitations
involved with the physical data measurement and not in the theoretical case adopted in
this thesis. The insight gained by analyzing the properties of the scattered field can
_ nonetheless be applied with different purpose as will be apparent in Chapter 4.

3.2 Time Harmonic Fields

Solving electromagnetic boundary-value problems entails the usage of either the
Maxwell’s equations or wave equations. Maxwell's equations are coupled partial
differential equations, which means that they depend on both the electric and magnetic
components. In order to decouple those equations, the order of the differential equation is
raised: we now have second order differential wave equations. The electric and magnetic

fields of boundary-value problems can thus be obtained by sol\}ing cither the Maxwell’s

 ]7



or wave equations, the choice being dependent on the problem itself. The following

sections present the uncoupled or wave equations used in this dissertation.

Time Varying Fields

The electric and magnetic fields can be written respectively as [15],

» M 1 a’s
VE=VX" +u-=+-Vg +ue—— 3.1
and,
. o, & 1 o #
V==V OX +£—= —+—Vg +pus—— 32
X f§, + O, + ar-!-yaat P 9. ,wsar (32)

For sou}cc-ﬁec regions (J; = g = 0 and M; = gn» = 0) and lossless media 6 =0,
the equations (3.1) and (3.2) reduce to,

5 Pl
V-£= > 33
us P (33)

» *H
V- H= - 34
Ji75 P 3.4

respectively. Those are the simplest form of time-varying vector wave equations.
Time Harmonic Fields

Maxwell’s (wave) equations hold for an arbitrary time-dependence. The specific
type of time functions that the field quantities are related to, depend on the source
functions (charge density and current density). Since Maxwell’s equations of interest are
linear differential equations, sinusoidal time variations of source functions at some
frequency will produce the same frequency variation of the field components in the steady
state. It is therefore desirable to implicitly assume a time-dependence, and proceed with
field calculations without any time-dependence functions as in equations (3.1) and (3.2).
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Making the substitution 94 e jo. 3%72:.-02 and replacing the

instantaneous fields /. # by E and H respectively in equations (3.3) and (3.4) we obtain.
V2E=-0"usE (335)
VPH =-w ueH (3.6)

where we define [32 = co:p.s. Equations (3.5) and (3.6) are the time-harmoric (time-

dependence of ¢’ is implicitly assumed) for source-free and lossless media.

3.3 Uniqueness Theorem

With the uniqueness theorem [15] we state that once the complex tangential field
is known on or outside an (imaginary) surface encompassing all sources, the field
produced by those sources anywhere outside this (imaginary) surface is unique. We are
therefore assured that by proper measurement of the tangential tield distribution in the

near-field of a radiator and, should a suitable transform exist, 2 unique radiated far-field
can be predicted.

The proof for the uriqueness of the radiated field proceeds as follows: given the
electric and magnetic sources J; and M; . a lossy medium of complex constitutive
parameters & and . within a region S, assume that different ficlds E*, H* and E®, H® are

produced. Those fields must satisfy the Maxwell’s equations,

-VxE"'=M, +jou. H* 3.7
-VxE® =M, + jou. H® (3.8)
VxH" =) +J1 +jue E* (3.9)
VxH® =J+]° +joe E® ﬁ (3.10)

subtracting (3.8) from (3.7) and (3.10) from (3.9) we obtain,

-V x (E* - E®) = jop. (H" x H”) = M, (3.11)
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VxH - B = (6+ joe)(E* - E*) = 8], (3.12)
where J, is the conduction electric current density in amperes per square meter.

Setting (E* - E®) = 8E and (H* - H® = 8H, the conditions for uniqueness are
those for which E = 8H = 0. Applying the energy conservation equation with a boundary

S and for time-harmonic field,
ﬁs Ex!?‘-cE+J'HV(E-",'+ A" -M,)dv=0 (3.13)
and in our case,

ﬁS(SE‘xéﬁ')-ds +H_|'V[(G+jme‘)°|5§|= + joou,

&?lz]dv= 0 G.14)

so if we assume that the first term of the above equation is equal to zero, then the volume
integral must be zero as well. Since the real parts of (c+jwe.)” and jout. are positive for
dissipative media, the volume integral will be equal to zero only for 8E = 8H = 0, which
would prove that (E” - E%) =0and (H* - H®) =0 and therefore uniqueness. We now have
to find the conditions under which the assumption is valid. The first term of (3.14) can

also be written with the help of,

A-BxC)=B-(CxA)=C(AxB) (3.15)

§ [oEx 80" ] ida=4f [ix6E) &' da=§ [67" x7)-8Eda=0  (316)

where 7 is the normal to the chosen surface. Thus if the tangential components of H over

a boundary (or closed imaginary surface) are known (7% H ), and equation (3.16) holds,
then this is the necessary and sufficient information to predict the field at any other point
outside this boundary or surface.

Similarly, uniqueness also holds for the following cases,

s tangential components of E are known over the boundary,



¢ tangential components of E are known over part of boundary and tangential

components of H are known over the rest of the boundary.

Note also that lossless media. as assumed in this dissertation. can be treated as a special

case of dissipative media as the losses decrease.

The uniqueness theorem proves that if either of the three conditions specified
above is met, it is a sufficient condition to calculate the radiated field anywhere outside

the region S. but it does not yield any insight as to how to carry out those calculations.

3.4 Near- to Far-Field Transformation Methods

Most methods are applicable for a wide variety of EMI/EMC testing procedures
and antenna characterization. All methods are implemented numerically and assume a
homogeneous space which greatly simplify the theoretical part of a transform. The
following presents two methods considered for the proposed implementation. Upon
further reflection and trials, the first method was rejected due to the conjectured negative
impact of the presence of field derivatives on the phase retrieval algorithm while keeping
all other things equal.

3.4.1 Exact Integral Equation Method

_ In the formulation presented in [10], using Green's second identity for vector
fields,

j (6-VxVxP-P.VxVxQ)dv =
. -
- - . - (317
_ i_&u&(PxVxQ-QxVx P)-dS
in which P is replaced by electric or magnetic field, O by the Green’s homogeneous
function, '
’ ‘ — . e-jﬁl?_;.l

Q=a¢(r,r)= &W - (3.18)
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S; and S; are the surface enclosing all sources and the surface at infinity respectively. The
integral in (3.17) reduces to an integral over §; and after extensive manipulation the
relation between the field outside the surface enclosing all sources and the field on this

surface is for the magnetic field,

H(r):—-—— j [H( )a‘“' ) -¢(F.F')ag§)]d3 (3.19)

whence the following restrictions apply,
o the surface S; encloses all inhomogeneities,
o the primed coordinate system is for the surface S,
e the observation point 7 cannot lie on the surface S;,
e there are no incident fields.

While this method provides good results [10] when the phase is readily available,
it has been rejected in favor of the spherical wave expansion method for reasons that will

become apparent in the next section.
3.4.2 Spherical Wave Expansion

Electromagnetic fields associated with a given boundary value probléﬁl must
Satisfy Maxwell's equations or the vector wave equations. In the present case, the vector
wave equations reduce to three scalar Helmholtz wave equations and the general solution

is composed of the solution to each of the scalar wave equations.

The properties of the spherical waves, the solution to the homogeneous system of

equation are developed in various papers [24].
Spherical Wave Solution

Starting with,



VY(r.60.6) =—B>¥(r.6.0) (3.20)

where W(r.8.9)= f(r)g(6)h(¢) is the vector potential component. and after some

manipulation we obtain three scalar differential equations,

2 df (r)
dr{ s } {(ﬁr) -n n+l)}f(r) 0 (3.21)
1 df dg(6 )} ( m )~
pray dels in@ +{n( n+1)-— iy g6 =0 (3.22
Hg) -
r ¢ h(¢) (323)

where m and n are usually integers.
Note that the equation (3.21) has the form of the Bessel differential equation,

d?y

x’dx— Exl+(x-—p=)y;0 (324) B
and it has for solutions,
¥x)= A, (x)+ BY, (%) (325)
) = G (x)+ DD (x) | (3.26)

where J(x) and Y,(x) are the Bessel function of the first kind and second kind
respectively, and h,(x) are the Hankel functions.

The equation (3.22) resembles the Legendre differential equation,
Ndy dy m )
(I—x )F—2x3+|:n(n+l)—l—_x?:|y—0 : (3.27)

The solution of the differential equation (3.27) is composed of the associated Legendre
functions of the first and second kind respectively,
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y(x)= AP (x)+ ByF (—x)  n#integer (328)

or,
¥x) =GP (x)+ D07 (x) n=integer. (329)

where P(x) =70 form>n.
The (3.23) equation will have for solution.

h(9) = Ase™ ™ 4 B,eI™? (3.30)

or,
h(9) = C; cos(me) + D; sin(m) (331)

The solution to (3.20) will be the product of the solutions to (3.21), (3.22) and
(3.23). which in tumn depend on the exact specification of the problem. For outward
propagating waves, as is clearly required in our case (obtaining far-field measures from

near-field ones) the general solution will be the product of (3.26) (3.29) and (3.31),

¥(r.8.0)=[CH (Br)+ Dk (Br)]x

E (332)
[ 2P (cos8) + DI (cosB)[ C; cos(me) + Dysin(me)]

Extension to Electromagnetic Fields

The equation (3.32) is used to obtain the solution for the vector potentials
satisfying both,

V2A+BlA=—uJ (333)
VF+B*F=—eM (334

where J and M are set to zero due to the homogeneity assumption. The total electric and

magnetic fields are obtained by superposition of the individual fields due to A and F,



E:qm-LV(v-A)-VXF
WUE £

(3.35)

H=-ij—-LV(V-F)+VXA

(3.36)
wue u

The complete solution will be described by the field configuration produced by
the transverse electric and transverse magnetic modes TE" and TM" respectively. The TE

modes are found by setting A=0 and F = FF(r.8.¢). for the TM modes the situation is
reversed. F = 0, and A = rA(r.6.9). The complete solution necessitates the determination

of the coefficients that depend on the boundary conditions.
Boundary constraints

The boundary conditions that must be satisfied are,

E,(r=a,058<7,0<¢<21)=E; (3.37)
E(r=a0< 0<m0<o< 2T)=E} (338)
Ey(r=0<0<7,0<¢<2m)=0 (3.39)
E (r=20<6<70<¢<22)=0 (3.40)

where a is the radius of the imaginary surface enclosing all inhomogeneities and E* are

the electric field samples taken on this surface.

Applying the boundary conditions we find that the associated Legendre
polynomials of the first kind and spherical Besel functions are necessary to describe the
spherical wave solution. Moreover, in order to satisfy the radiation condition at infinity,
the spherical Besel functions are restricted to spherical Hankel functions of the second
kind, =

e C, is equal to zero since it represents inward propagating waves,



f}

e D, is equal to zero since the field is finite at 8 = 0,r and Q7 (cos@) presents 2

singularity at those points.
which yields the following equation,
¥(r.8,0) = B,,,hi> (Br)P (cos6) C; cos(mg) + Dysin(me)] (3.41)

where the remaining coefficients depend on the values of the boundary conditions. For
the case of tangential electric field known upon a surface the derivations are performed in

[17] and the results are presented in the next section.
Solution of Maxwell’s equations

The solutions to the homogeneous vector-wave equations in spherical coordinates

is expressed by defining M,,, and N,,, as:

.0 =72, (50) ) |

sin@ ¢
d cos ©42)
()2 (cose)[sin](m)qa
Z, ( kp) m

=n(n+1)———F, (059) (mcb)P
+——[P~.,(1~p)]—P"'(c089)|: ](m¢)9 (343)

1 d mP (cos@) | cos

ina pz, (kp)] pray: [5‘ ]( m)¢

where the time dependence is implicitly assumed. The two functions are the transverse
electric (TE) and ransverse magnetic (TM) waves where we note the presence of even an

odd modes (upper or lower sin dependence). The coefficients of the wave functions are,



1 2n+l (n—m)! ]
[z.(kp)]” ®2a(n+1) (n+m)!
2=z (3'44)
[IM.,-Ep,.8.9),,sin0d6do
00

1
[ o)z, o]

==

“ - E(p,.8.0),., sin6d6dp

(345

2n+1 (n—-m)!
x2n(n+1) (n+m)! ¢

where 0 < p < py <ee. In terms of the spherical wave functions Mp, and Ny, . and their

coefficients the fields for p < p; can be expressed as a suinmation:

E(P.8.0)==3 > @puM i+ BNy (3.46)
H(P.8.8)=(¥y) Y, > GnNomn + M (3.47)

Since all sources were defined to be within the sphere of radius p. spherical waves of
order n>kp will not éontribute significantly to the field [18]. Due to constraints on axial
radiation [19], the value of m is limited to 1. Also, because of the properties of the
associated Legendre functions, m < n.

Of practical interest are asymptotic approximations to the spherical Hankel
functions h,®(kp), in the far-field region,

p) (kp) (J)nd-l e j
forkp>n® ' 19 - (3.48)
S e -
Icp ap kp

which result in much simplified calculations when considering only calculations in the
far-field. |



3.5 Analytical Properties of the Scattered Field

The analysis of the scattered fields can give us great insight into the behavior of
electromagnetic waves from perspective other than the usual Maxwell’s or wave
propagation will. Since upon implementation we will work with field samples. it is
obviously of interest to investigate what impact it will have on the formulaticn developed
above. The primordial goal is to be able to describe the radiated field in a way that lends
itself to digital manipulation.

Spatial Bandwidth of Scattered Fields

The radiated field is not a bandlimited function in a strictly mathematical sense.
From analysis, however, it is evident that a very sharp transition in error occurs when
using bandlimited function to reconstruct the original field: at a critical point this error

changes from important to negligible, thus the concept of effective (spatial) bandwidth.
We represent the scattered field as,

Eq(r) = [p Go(ra")I(r' )dr’ (3.49)

where J(r’) is the current density, r is the vector from the origin of the coordinate system to the
observation point and r’ is the vector from the origin to the radiating element position as
depicted in Figure 2,

- Figure 2 Geometrical specifications



and Go(r,r’) is the free-space Green's function.

G(r.ry=—j G e g (F-7)

4z)F - 7]

Rery=T+ [F - 7le 1 A4 e‘_f""’:’.1 -
B [F-Fj
factoring out the phase dependence &'98? from the equation (3.49).
E(r) = Eg(r)e™ (351)
The new function becomes,
E@) = Jo G(r.r)I(r")dr (3.52)

which is then projected onto some set of bandlimited functions I, producing Ew(r). The
projection is attained through a convolution operation onto a suitably chosen function.
This function will depend on the observation domain, either planar or circular.

Introducing a parameter s representing a parametrized surface. the error from such

approximation is,

AE(s) = Eu(s) - E(s) (3.53)

This error exhibits a step-like behavior, producing a large error up to a critical value of
the bandwidth, decreasing rapidly towards zero thereafter. The effective bandwidth is
expressed in terms of bounding limits and depends only on the dimension of the radiating

system and the frequency of operation,

Ba< W <V2Ba (3549)

Those bounding limits are obtained by evaluating equation (3.53), which involves
asymptotic evaluation at stationary points of the integral appearing in (3.52).

Since the radiated electromagnetic field is characterized by a spatial bandwidth W,
a set of functions bandlimited to w = ¢W , with y > 1, can be used to approximate the
field. The maximum relative error decreases proportionally to €% and ¢¥, so for large

scatterers where Ba >> 1, x has to be only slightly lérgcr than unity. Any form of
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sampling cxpansion functions can be used in order to optimize the reconstruction

algorithm from a numerical point of view [6].

As mentioned above. appropriate observation domain parametrization is necessary
and for a circular domain the bandlimited functions are periodic in 2msin®. The total

number of samples will be approximately equal to.
4 2 -
—(xBa) (3.55)

which is of the same order of that needed for spherical wave expansion. Unlike in the
spherical expansion. the series can be truncated to only retain the samples near the point
of interest. The coefficients of the reconstruction functions are the field values themselves

and not their linear functionals (see section 3.4.2).
Three main points are recalled.

+ field approximation (reconstruction) onr an observation domain external to

spatially bounded sources is possible by bandlimited functions,
e the incurred error possesses a step-like behavior,
e bandwidth of the scattered field depends on the source dimension.

As was shown above we can reconstruct the radiated field from a limited number
of samples. The above method is an efficient and convenient way for interpolating the
scattered field and not a wave expansion technique: it is a rigorous way for representing
the scattered field everywhere in space starting from the knowledge of the field
distribution over a surface. Similarly. if only 2 particular region on the measuring sphere

is of interest. only samples from this region need evaluating.
Degrees of Freedom of Scattered Fields

Measurements of the radiated electromagnetic field will certainly be corrupted.
The reasons affecting the minimum detectable field are: noise, system sensitivity, and

measurement errors. The maximum field measurements are dependent on the dynamics of



i

the measuring apparatus. The spatial and temporal characteristics will determine the
accuracy of the measurements. Finally. all the round-off and truncation errors have to be

accounted for in all digital computations.

Due to the sum of all the imperfect parameters and generalized failure to correctly
evalvate the radiated field. the actual measures will represent many mathematically

distinct field distributions.

The important result is that from a practical point of view, a minimum number of
independent parameters can be used to describe a given system with a specified precision.
Applied to the electromagnetic field. that would mean that the knowledge of the total
radiated field distribution can be replaced by the knowledge of a certain number of
functions or variables. Those variables can be used henceforth in all relevant calculations
and transformations in a way that maximizes the available computing power, since no
redundant information is used. We car immediately see the similarity of the minimum
number of the variables to the concept of information content and informational entropy
[7]1. The purpose of this section is to state that each radiated field has a certain associated

degrees of freedom which completely describe its behavior with a given precision.

The bounds for the degrees of freedom are derived from the knowledge of the

effective bandwidth (see previous section) which suggest the following procedure,

e abandwidth w =y Wj is selected within the prescribed error bounds, and

where %, > 1 and Wy = Ba as defined in the previous section.

+ asampling rate N = yaw/n is chosen to be within prescribed truncation error
bounds.

* the field can the be reconstructed using the values at the sampling points

whose spacing is given by ®/()12Wo)-

With this procedure, the scattered electromagnetic field can be reconstructed within any
preset error bounds. The reconstruction utilizes 2 minimal numnber of basis functions

which uniquely define the degrees of freedom of a particular scattered field.
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3.6 Phase Retrieval Problem

The phase retrieval problem has been investigated in various areas. optics,
astronomy, remote sensing and holographic imaging inclusively. An extensive
bibliography exists, far too extensive in fact to be included in this dissertation. A

comprehensive list is included in the references of [46].

In the present dissertation, this problem arises from the fact that the knowledge of
the radiated field is restricted to the amplitude distribution only. whereas the phase
distribution is needed as well to fully characterize the scattered field. This can also be
seen from the fact that although a unique Fourrier transform” exists between the far-field
and the near-field. no such relation exists for the intensities of those fields. We can
therefore safely state that additional information or processing of the near-field must be
performed in order to obtain the phase distribution. Possible solutions to this problem
depend on either the analytic properties of the fields or on a specific computational
_ procedure dependent in one way or another on properties of the near-field. As mentioned
previously, various examples can be found on methods such as reference field additions

and the usage of multiple intensity distributions (reference of [46)).

Interesting development has been presented in [5] in which the author uses the
Hilbert transform to relate the real and imaginary parts of causal spectral response. By
applying this method a minimum phase function can be obtained, from whick the
transient response can be computed. However, this method does not guarantee the
reconstruction of the actual transient response. The Hilbert transform relates the real part

and the imagirary part of a function that has finite nonzero extent,
Im(F(x)) = # (Re(F(x)) (3.56)

so that knowing the magnitude of F(x) we can apply numerical procedures and retrieve
the argument of F(x). However, if the function F(x) has zeros (a zero is defined a number
for which the function jields a result of zero) that are not on the real axis or in the lower

half-plane, each will contribute a phase increment. In the other case, a function known as

* defined for one dimensional case



the minimum phase is obtained. The phase increments can be calculated if the location of
the zeros is known. unfortunately very little information on the distribution of zeros of the

entire functions of exponential type is available [46].

The knowledge of intensity distribution on both the near- and far-field surfaces
does certainly contain new information that can be used for phase retrieval purposes.
Similarly. amplitude information from two slightly defocused image planes yields the -
necessary extra information. The first approach was suggested by Gerchberg and Saxton.
and the second by Misell (references are included in [46]). Both methods have been
subsequently proved to produce unique solutions. if analyticity of the functions involved
is assumed. Ambiguities remair for constant phase shifts and complex conjugates. the
resolution of which necessitates other type of information. Those methods have been
tested by other researchers with mixed success. and the correctness of the obtained result

still seems to depend on the choice of initial guess, functions and number of samples.

The uniqueness of the phase recovery is based on the assumption of analyticity of
the functons. In numerical procedures however, analyticity cannot be completely
realized, prompting for the requirement that the near-field distribution possesses
continuous first derivative - requirement that still does not generally guarantee unique
retrieval.

Developments presented in [8] proposes a method of determining the relative
phases among the components of an electromagnetic field at a single point from
amplitude measuremants only. It provides both the necessary and sufficient conditions to
retrieve a unique phase. There is no extension for retrieving the relative phase between

individual points, and in its present form, it is not applicable to the problem at hand.

As a conclusion to this section, let it be stated that the unique solution to the phase
retrieval problem is theoretically attainable with the knowledge of amplitude distribution
on more than ope surface, as applicable to the method presented in this dissertation.
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Chapter 4

Phaseless Near- to Far-Field Transformation

4.1 Introduction

A setup similar 1o the one presented in [10] will be used to gather field
information on a spherical surface that encloses all inhomogeneities. This information,
collected usually in the near-field of the device under test, will allow to characterize its
far-field radiation pattem. In certain circumstances. such as at high operating frequencies,
accurate measurement of the phase can be practically impossible to perform while those
for amplitude components are comparatively much easier to obtain. Since both amplitude
and phase information are necessary for proper near- to far-field transformation, a method
has to be first devised for retrieving the phase distribution from the knowledge of
amplitude distribution only. One such method involves measuring the amplitude
distributions on two distinct spherical surfaces, and to minimize a properly chosen
functional. By uniqueness theorem, the knowledge of the tangential field radiation on a
surface enclosing all radiating elements is sufficient to compute the radiation anywhere
on or outside a spherical surface of radius po that includes all inhomogeneities.

Minimizing a functional is therefore a way to estimate the unknown phase
distribution. Application of the spherical wave expansion method allows us to relate the
two surfaces by way of superposition of spherical wave functions and their associated
coefficients. The spherical wave functions depend only on the problem geometry, while
the coefficients are derived from the boundary conditions, or specifically, the knowledge
of tangential field distribution over the surface. By using this formulation, the problem of
phase retrieval for a potentially large problem domain (phase associated to each
amplitude measurement) is reduced to the estimation of expansion coefficients. The

number of such coefficients is finite in extent since higher order spherical expansion



functions contribute infinitesimal amounts to the total power. In short. the actual phase
distribution over a surface is not explicitly found. instead a search is performed for the
spherical wave expansion function coefficients. the knowledge of which will uniquely
determine the far-field radiation pattern. Since minimization of a functional is involved,
an adequate method of constrained optimization has to be applied. Very important from
overall performance point of view. a detailed description of the involved methods and
mechanisms is beyond the scope of this thesis. Such procedures searches for those
coefficients that minimize a cost function defined in terms of measured amplitudes on
one surface. Further. the search is constrained to the bounds derived for each coefficient

from the knowledge of the amplitudes measurements on the other surface.

The actual implementation is documented pointing to all the possible sources of

error introduced in the process while results are deferred until Chapter 5.

4.2 Problem Statement

In the followirg, it is assumed that amplitude measurements are carried over two
distinct but close together surfaces, X, and Z,. The measured parameter is E.,, on both
surfaces. Since spherical coordinates are used throughout, E,,, = Eg + Ey and we get the

following set of equation representing the radiated field produced by the same device:
E,o =E,0+E @ onsurfaceZ, 4.3)
Epuy =EpB+E,,0 onsurfaceZ, 42)

and we recall that only amplitudes of E,.. and Eg,, are known. Rewriting equations
(3.44) and (3.45) for the spherical wave coefficients, 2,, and by,

i~

2 . . . e s
a, —-Ef 33 MG ) By G sinGE)
=0 jml
@3)
f
where k, | 2n+1 (n-1)!

"~ o, (ko)) 72n(n+1) (241!
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where [, = — T

[ )% P12, ko] 72n(n+1) (n+1)!

and replacing in the equation (3.46).

E.Bnn = _Zal"Mlﬂ +bluNIu (4'5)

so any set of E .., producing equations (4.3) and (4.4) and satisfying equation (4.5) is a

solution. Because only the amplitude of E,,, and Eg,, are known, we have to minimize

J (4.6)

which will allow us to estimate the phase distribution. The || || symbol represents the

the function,

a,,.b,,) =norm [[IE sl —

Zalann + blnN!n

absolute value. In the algorithm, equation (4.6) is implemented with the euclidian norm

while the minimization is performed with respect to the a;, an b;, variables.

From the knowledge of the magnitude and phase distribution of the
electromagnetic field over a surface enclosing all radiating elements, we can obtain
results for the radiated electromagnetic far-field anywhere outside the enclosing surface.
From equation (4.6), it is apparent that only the (a,b) coefficients are unknown. By
selecting various possible combinations of phase distribution, those coefficients can be
found from equations (4.3) and (4.4). Application of equation (4.6) will then yield a
nearness value of such choice. The phase is therefore found directly, and we note that the
size of the problem is related to the number of amplitude samples taken. For accuracy
purposes. it is obviously desirable to have as many samples as possible. An analysis of
the trade-off between the accuracy of the solution and its computability is needed in order
to assess the feasibility of the approach. Directing our attention back to the equation (4.6),
we notice that the knowledge of the coefficients is, just as the knowledge of the phase,

sufficient to predict the radiation field anywhere. A much more appropriate approach is
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therefore to optimize directly for the coefficients and to use the equations (4.3) and (4.4)

to derive bounds for the coefficients, restricting the search over the solution domain.

Before proceeding further. the equation (4.6) should be analyzed. Egun represents
the radiated electric field on the second surface. of which only the amplitude is known.
The summation involving the TE and TM modes is a linear transformation. and their
respective coefficients dependent on the tangential radiated electric field as measured on
the first surface. Again, only the amplitude of the tangential field is known. By assuming
the phase distribution on the first surface. we will obtain some radiated field on the
second surface. The functional will measure the actual nearness of the measured and
inferred amplitudes. A result of zero in equation (4.6) would signify a perfect match. the
most desirable and unlikely outcome. Assuming the value obtained will be close to zero.
or to some pre-defined value deemed acceptable within the error bounds. what is the
information that we can extract from it? Obviously the amplitudes match. but do the
phases as well? If we refer to the discussion in section 3.6. we could state that
theoretically the phases will match, usually with the same offset for all values. This offset
can effectively be disregarded for relative notions such as phase. In practice, various
initial guesses will serve as inputs io the algorithm and as will be presented in Chapter 5,

reasonable convergent behavior can be expected.

Next important question to arise is the number of sample points we require to
attain an acceptable result. Assume for that purpose that the samples on the first surface
are readily available anywhere, as to effectively reduce the error from spherical wave
expansion. This is the case in the present dissertation, as the field values are obtained
through computer simulation; otherwise field interpolation techniques presented in
Chapter 2 can be used to render this assumption valid. We notice here that the amplitude
points on the second surface act as constraints. If we had only one point on the second
surface, we could have different solutions for the phase distribution on the first surface. If
we had as many or more samples on the second surface than the first, intuitively we
would get only one solution. Obviously, intuition is a rather vague concept, and it nceds

some more formal underlying principles to state the previous assertion in a mathematical



framework. From the discussion analytical properties of the radiated fields (see section
3.5) we know that a certain number of samples is required to describe or characterize
completely the radiated field within reasonable error bounds. There is a relation between
this number of samples and the concept of degrees of freedom of scattered fields. The
degrees of freedom are the minimum number of independent parameters. in our case
measurements, that are needed to describe a function within the measurement accuracy.
We can view this concept as expressing the radiated field in terms of coordinates or basis
vectors. We can see that the two concepts, sampling and degrees of freedom, share the
same requirements, and in fact both are dependent on the effective (spatial) bandwidth,
and both can be approximated by the calculation of the Nyquist™s number Np. The concept
of degrees of freedom is widely utilized in mechanics or in the field of robotics. If we
know that a system has n degrees of freedom, specifying n independent constraints will
limit the search for an extremum of 2 specified functional. The correct solution will still
not be guaranteed since local extrema will be reduced but not eliminated altogether. This
problem could be circumvented with a rough knowledge of the phase distribution
obtained with some other means or some particular numerical procedure employed to

avoid the secondary minima (see section 2.2). This will be dealt with in the next section.

The phase. although a natural choice, as appears from preceding discussion is not-

the best solution for our purpose. Rewriting equation (4.6) as to explicitly show its

Mlo Neln a|n
" 4.
[Mlon Nolﬂ Ibtﬂ ( 7)

The minimization is therefore done with respect to the (a,b) coefficients and not

dependence on spherical wave coefficients,

®(a,, b, )= norm["}:’,‘l‘mm || -

the phase distribution of the first surface. Once those coefficients are known, the radiated
electromagnetic field can be computed anywhere outside the surface enclosing all
inhomogeneities. The size of the involved matrices is as follows. The coefficients (a,b)
are column matrices with length dependent on the number of expansion modes # and the
total size is 4n (accounting for both @ and b coefficients and their respective even and odd

modes). The matrix containing the TE and TM factors has for rows the number of
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independent measurements on the second surface. We notice that for this matrix to be
square, twice as many measurement points than number of mode expansion have to be
selected. The last column matrix holds the amplitude measurements on the selected points

on the second surface.

4.3 Retrieval Algorithm

Implementing equation (4.7). we note that the field distribution on the second
surface will be dependent on the coefficients. calculated in turn from the field distribution
on the first surface. The coefficients are the same for all three coordinate vector
components when the order n is the same (eq. 4.3 and 4.4). Recalling the uniqueness
theorem in section 3.3, the knowledge of tangential field components completely
describes the radiated field. The minimization of the functional therefore must take into
~ account both values at the same time. In another words, it is possible to find a phase
distribution such that it would perfectly match one of the vector field components, but
produce erroneous results in the remaining components. To illustrate this point, let us
take a closer look at a simplified case where the minimization is done only for the 8

component of the radiated field (the ¢-directed vectors are assumed to be zero).

< Figure 3 Solution domain of one distribution

The solution domain Sy is defined as the solution to equation (4.6) for all possible

pcrmutations of the set {6x}. The task of the minimization therefore is to find the
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minimum, zero for the particular case of equation (4.6). over this k-dimensional space.
Please refer to Figure 3; the point A denoted by a litde circle represents the absolute
minimum, or a value of zero for equation 4.6. Points m, through m, denoted by little
squares represent secondary minima which have to be assumed as acceptable solutions for
a certain error level € (see 3.5). Points n; through n, denoted by little gray squares denote
secondary minima that do not constitute a solution at an error level &. From Figure 3 we
clearly see that whether the solution will get trapped in a secondary minima depends
essentially on the choice of the initial “guess™ of the coefficient distribution taken from
the set {a,, b,}. A solution that converged to one of the n points is clearly not the solution
as would be apparent from a posteriori analysis of the solution. If the solution ends up in
either the points A or m, we have to accept it as the solution. In the particular case of
electromagnetic fields this will in general could be an erroneous solution since we also
require the minimization to be performed over S, simultaneously. To make this example
applicable (and valid) in the electromagnetic application, we add the solutior domain Se

as in Figure 4,

Figure 4 Solution domain for relate.! disjoint distributions

We can notice that generally, the domains Sg and S, can have some minima in
common and some particular to their respective domains. Up to this point both domains
are still disjoint. In order to join the two domains various means can be applied, the most

convenient being the square root norm. In this case we obtain a new solution domain,
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See = £(S5.5,) (4.3)

where f represents a joining function, the euclidian norm. The new distribution remains -
dimensional but whose location of extremum points will generally be different than either

of Sg or S, except for some particular cases.

Figure 5 Joint solution domain

This situation is depicted in Figure 5, where only the point A remains unchanged
along:with other overlapping minima points from Sp and S, . This is obvious since the
Euclidean norm preserves the relative distances between possible distributions and the

solution domain is defined for positive values only.

The square root norm acts as a filter, removing all minima that do not belong to
both Sp and S, . In another words, if for a particular distribution there is a local minima
present in both domains, a local minima will also be present in the joint domain. It is be
noted that the inverse is not true: if the joint domain presents a local minimum, the
original domains will not in general also present a minimum for the same choice of phase
distribution. Also, even though there are less secondary miﬁima or traps for the joint

domain, the same observations as to the case depicted by Figure 3 apply.

A very natural question that arises is whether we absolutely have to join the Sq
and S, distibutions. The first observation is that the sets {Se} and {S,} are not

independent of each other since they were both derived from the same unknowns (see

3.4.2). The second observation is that once a _solution has been found for either of Sg or
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S,. it also has to be a solution to the other distribution, otherwise we can safely reject it as
a secondary minimum. Building a cascading algorithm, where after some iterations, the
next approximation of the coefficient distribution is fed into a process that works
exclusively with one solution domain. will hopefully be more robust than a standard
functional that minimizes over only one domain, namely S.,. The obvious limitation are
the cases for which local minima overlap, in which case the algorithm gets trapped. just
as it would behave over S, domain. In that instance unfortunately. there is no apparent
solution. Another foreseeable trapping problem can possibly happen even without

presence of local minima on S and S, as shown in Figure 6.

A

Sea

Figure 6 Oscillation trap

In this particular case, with a starting point g, the search algorithm would descend
upon the S, domain, then initiate a search on Sg with a starting point ¢” bringing it back to
the ¢ point. We notice however that the joint domain does not have to present any local
minima, as would be for a simple addition of disjoint domains. This can be avoided be
implementing an algorithm ‘with unequal numbers of iterations over each domain,

possibly generated randomly.

The above discussion is easily ported to the case of radiated electromagnetic

fields. The coefficient retrieval algorithm is presented in Figure 7.
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Figure 7 Coefficient retrieval ulgorithm

Note that we have to rearrange the equation (4.8) into disjoint functionals. The p-
domain is included. and although not necessary from the uniqueness theorem, it will bring

another dimension to the search algorithm.

The minimization process uses the method described in section 4.5. Because we
have no guarantee of finding the absolute minimum, the process has to be initiated with

different ‘guesses’ at the (a.b) coefficients, rendering the proposed method heuristic.

- M :. N ::, alu
S X
for radial propagation, e
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M. N [a,
D,(a,.b,)= nom(ﬂf;‘””-[{M;’:‘ N I ]I:bl ﬂn (4.10)
1n

for axial propagation and.

M? N ta,
¢o (alu 'bx.. )= "0""{“539 " - ,[M:l Noh:l Ibl ]ID (3.11)
In In In

for azimuthal propagation, all with obvious notational changes.

The rows of the wave expansion matrix now represent one of the three coordinate
measurements on the second surface. As mentioned previously. the initial guess is
generated randomly for the lack of any valid a priori knowledge of the expansion

coefficients.

The iterations are performed sequentially on the ¢. § and p amp'itude components
with an initial guess of the expansion coefficients. As the constrained optimization
searches for the solution the new coefficient approximations are fed back to the
algorithm. As mentioned previously. we are trying to converge to a solution from
different directions.  There is no mathematically defined number of optimum iterations
over a particular domain, but we are trying to insure that each iteration finds some

minima. This minima will then be validated by searching over the other domains.

We notice however, that with this approach only the amplitude measurements on
the second surface are used whereas we have such measurements from the first surface
available as well. We can use this information through equations (4.3) and (4.4) to obtain
bounds for the (a.b) coefficients respectively. Those bounds will limit the solution
domain by imposing constraints on possible values (Z;b) can assume. The development

for the a,, coefficient proceeds as follows: since for a complex number,

a1 + =2 <fal +[] (M?)

£

by induction.
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sO we obtain from (4.3).
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and bounds for the b, coefficient are obtained in the same manner. Equation (4.14) gives
a fmite bound for a,, since all involved functions are finite in the region of interest.

Obviously. the same bounds apply to either of the equation (4.9). (4.10) or (4.11).

The final formulation is stated accordingly: minimize either of equations (4.9)
through (4.11) such that (4.14) holds. We notice that the phase distribution is not found at
all. Instead we estimate the coefficients that are function of this distribution. The problem
to solve is clearly reduced: from a case where the number of unknowns is large and not
well defined (we need the samples for numerical integration). we pass to one where they
are well quantified and related to the physical size of the radiating device. Furthermore.
simplification [19] can be obtained from the orthogonality property of the sinusoid
functions (applied to equations (3.44) and (3.45)).

4.4 Spherical Coordinates Implementation

Although easy formulation is achieved when expressing the equations
mathematically, they still need to be implemented on a computer for simulations and

validation results.
The Coordinate system

Some encountered problems were as trivial as transforming values from Cartesian
to spherical coordinates. This stems from the fact that each point can be uniquély
represented in spherical coordinates, except for the points where the axial angle is equal
to zero. This problem occurred for the construction of the validation field where
calculations were made for sources not on the coordinate origin. Another modifi cal:ion
required the transformation from spherical to Cartesian coordinates in order to computc'

the inner product between two vectors.
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The coordinate system is defined as in Figure 8 and the notation is applicable in

the subscquent sections.

Figure 8 Coordinate system

Spherical Hankel Functions

For the present need, only the Hankel function of the second kind need to be used
since we are interested in outward traveling waves. The following relationship between

the Bessel and Hankel functions exists in ¢ylindrical coordinates,
KO (x)= T, () = i¥,,(x) (4.15)
where £ is the cylindrical Hankel function of the second kind.

An additional transformation has to be applied to the equation (4.15) in order to
obtain the spherical Hankel function [19],

h,‘.z’(x)=J§[J,,+%(x>—ir,,%(x)] (416)

Numerical integration

The integral in equations (3.44) and (3.55) will be approximated by a summation
in equations (4.3) and (4.4). Various numerical integration techniques exist such as the
trapezoidal rule, Simpson’s and Gaussian quadrature. The method applied, however is the

N
://’/:
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simplest one. the rectangular rule. Since the assumption was that the field over the first
surface is readily available. the error introduced is minimal but the computational
complexity is reduced. If not enough measurements are available, field interpolation

techniques discussed in Chapter 2 can be used to obtain a sufficient number of amplitude

data points.

4.5 Optimization techniques

The minimization of equations (4.9) through (4.11), depends on many variables
and represent a measure of ‘closeness’ of the complex problem statement. We have to
choose the optimization method based on the usual constraints: accuracy and rapid
convergence. The optimization methods guarantee to find values for variables that will
minimize some ‘cost’ function. As such, those methods are algorithmic. Because the
function to minimize will usually be convex. the obtained minimum can be 2 local or a
global one: only a posteriori analysis will tell which was artained. Different variable
values will be produces depending on factors more relying on chance rather than
mathematics: the process therefore becomes heuristic as there is no proof that a particular

solution is the desired or best solution.

There are two basic strategies to envisage when faced with minimization problem.
The first is the ‘divide and conquer’ principle, whereby the problem is subdivided into
smaller problems of manageable size, each of which is solved independent of each other.
The complete solution is obtained by putting the individual solutions together. Obviously,
for the method to be valid, the subproblems must be naturally disjoint. The second resides
in the ijterative improvement. We start in a known system state, and a standard
rearrangement is applied to all parts of the system until 2 new and better state is found.
The new state becomes the new configuration and the process continues until no further
improvement is possible. The process is usually carried several times, each with a

different starting configuration and the best result saved.
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First we note that we can set up the problem as a constrained optimization, in
which case we wouid use Sequential Quadratic Methods (SQP). or as an unconstrained
problem, where a simple functional minimization will suffice. This is the method
proposed for the presented algorithm since the bounds on the (a,b) coefficients are easily

implemented as constraints.

The goal in SQP optimization is to transform the problem at hand into an easier
sub-problem which can then be solved and used as the basis of an iterative process.
Methods focusing on the solution of the Kuhn-Tucker equations, which provide the
necessary conditions for optimality, are the basis for nonlinear programming algorithms.
Those methods are known as the SQP. where a quadratic programming sub-problem is
solved at each major iteration. and are very efficient, accurate and produce successful

solution over a large set of optimization problems.
An efficient implementation [36] is composed of the following:

¢ update of the Hessian matrix of the Lagrangian functions using a quasi
Newton updating method,

e quadratic programming problem solution,
e line search and merit function calculation.
For a detailed treatise on the above points, the reader is referred to [37] [38).

We can also view the problem as a simple minimization procedure, or finding the
roots of a system of non-linear equations. In this instance, either the Gauss-Newton or
Lavenberg-Marquardt methods can be applied. The third possibility, the mixed
cubic/quadratic polynomial method is depende:Con the availability of analytic derivatives
from a computational efficiency point of vie{w. The first two methods utilize a search
direction function which is obtained from linear least squares problem (Gauss-Newton) or

from the solution of linear set of equations (Lavenberg-Marquardt).

Both methods present good characteristics but do not guarantee the uniqueness of
attained solution. For a more detailed discussion, [39] presents the details of the above
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mentioned methods. Another algonithm implementation is the simulated annealing
procedure described in {49]. Note that this method can be quite robust, but the trade-off is

the important computing time requirement.

4.6 Validation Field

For validation the simulation will be performed in the following manner: an array
of ideal dipoles will be used to generate data in the near-field for values of 0<8<r,
0<¢<2rm and variable p. In a practical application where a device under test resides on a
(perfect) ground plane, the image theory can be used to find the value of the radiated field

below the ground plane. The far-field radiation produced by the same array will be used

to validate the simulation. that is. the coefficient retrieval and the subsequent near to far-

field transformation.
Field generated by an ideal dipole

The term ideal dipole refers to an infinitesimally short (or of small finite length
such as Al << A) piece of uniform amplitude current. It does not exist by itself, but may be
viewed as a piece of current on an actual radiator [16]. The magnetic field produced by
ideal dipoles coincident with the Cartesian system of coordinates is shown in a

mathematical form in Table 3.

Dipole orientation Magnetic field

:l;:lﬂgﬁt:; ez :;;sl,n centered on the P % ﬁ(l N 3% ) e-:ﬁr Sn6 &

zloc::fli;h:tg ﬁ;nccntmd on the a2 =%jﬁ[l+$) e-:& (cos(¢) 8 —cos(8) sin(¢) 5)
:I;Ejf;: :ﬁ;’n‘fmtmd on the A= -% JB|1 +}%’:]¥(sin(¢) 8-+ cos(8) cos(9) §)

Table 3- Magneric field radiated by an ideal dipole
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The produced electric field is obtained from

resulting in Table 4,

|
JOE

E=—VxH (4.17)

Dipole orientation

Electric field

along the z axis, centered on the
coordinate origin

R - = ipr
E=I— _l (jﬁ+l)e cos@ 7 —
2w jower rj r

- -ipr . ; -
IA< - I e (ﬁ’—iﬁ——i,)sinee
4 jwer r ror

along the y axis, centered on the
coordinate origin

~ ~ -ibr
g=18c _1 ('54.1)8 sin@ 7 +
2w jwer r;r
- i > ] 0
Iz _1 e (ﬁ-_ﬁ__,]cosesimpa
4w jower r ror
N S N -
S 1 e (B-_ﬁ_i,}osqub
Ar jwer r ror

along the x axis. centered on the
coordinate origin

- -ibr
E=i& - ! (jﬁ+l)e—cos¢sin9f-+
2w jwer rj r

. - ifr i y

IAZ : 1 e (B=_iﬁ_é)cosecos¢9

4 jwer r r.r

_Jaz 1 e (ﬁz_ﬁ_ I)sinqb&’
4 jwer r r

Table 4- Electric field radiated by an ideal dipole

The radiation produced by an ideal dipole is easily described mathematically and

depending on the parameters r (the distance from the ideal dipole to the observation

point) and 7 (the ideal dipole current excitation) various magnetic field values (both real

and imaginary) can be obtained. Adding other ideal dipoles in the same region, the

elecromaguetic field values will then be computed using the principle of superposition

{16].
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Methodology

In order to obtain various field configurations quickly. the dipoles were assembled

into a configuration shown in Figure 9,

Figure 9 Active dipoles

where each dipole is placed along a coordinate. Each dipole in the array can have a varied

complex excitation.

The electric field is generated using an offset from the origin of the coordinate
system and source excitation listed in Table 5. By position, we mean an offset from the
origin in Cartesian coordinates and units are expressed in meters for each coordinate. The
excitation is multiplied by one thousand (producing.larger numbers at the output). one per

each dipole as in construction in the Figure 9.

position excitation (x 1000)
source #1 0,0.0 11,1
source #2 02,0.3,0 )
source #3 -0.2,0.5,0.4 2-j,5-6,145j
| source #4 -0.3,-0.1,-0.2 \ 2+2},10j,-2+3j
source #5 0.3,-0.2,-0.2 -7j,5.4-j

Table 3- Active sources

" As will be apparent in Chapter 5, only a few such dipoles suffice to produce very
dynamic radiation fields. :

TN
LRt
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Chapter 5

Results

5.1 Introduction

The analysis is performed for the field generated by sources described in Table 5
and for an operating frequency of 1GHz. The near-field is measured at a radius of r = im,
henceforth represented by surface S,, for values of 0<8<r and 0<¢<2x in increments of

/50 producing a total of (50x100) samples. Note that from the third entry in Table 5 we

] 2 2
calculate the radius rp of a minimal sphere, where ry = v022 +0.5% +0.42 E; encloses

ali dipoles. The product of the radius r, and propagation constant B is,

A=== ﬁr0=2T’r =4z (1)

v

1
3‘

L

so that at least 13 modes are needed to accurately represent the field through the spherical
wave expansion. In the actual implementation, 20 modes are used producing a total of 80
unknowns (see Chapter 3). The radius of the second measurement surflacc, surface Sg, is r

= 1.1m. The far-field was calculated on the surface Sc, at a radius r = S:‘

5.2 Discussion

The generated field yields amplitude distributions as in Figure 10, Figure 12 and
Figure 14 for the radial, axial and azimuthal components respectively: this is the
information we can obtain by direct measurement of the radiated field and is assumed
known. The corresponding phase distributions are presented in Figure i1, Figure 13 and
Figure 15 for the same unit vector directions. Of course, this portion of information is not
obtained by direct field measurement. ‘ :



For validation purposes of the spherical wave expansion method, Figure 16,
Figure 18 and Figure 20 represent the amplitude of the reconstructed field. Both the
amplitade and phase distributions are assumed available on surface S,. The discrepancy
between the fields calculated directly by using formulas in Table 4 (Eformuta) and the
reconstructed fields (Ereconsirucred) are shown in Figure 17, Figure 19 and Figure 21 for the

respective vector unit coordinates using the norm of the differences.

o]

(52)

E formula = Erccans:mcrcd |

Very good reconstruction can be obtained as shown by the small absolute error for each

coordinate direction. Figure 34 represents the amplitude of the tota] far-fieid.

2

E far—field = J"Ep"- +|]‘EB"2 + |E° (5.3)
obtained through transformation. Equation (5.2) is modified accordingly.
A= \l [Ep = Ep|| +[Eo - E6 - +|Er — B 54

and the result shown in Figure 35 Again, results in agreement to the predicted values are

produced.

-

Application of the algorithm presented in section 4.3 yields the results presented
for the following cases,

o first case, initial distribution of the coefficients close to the desired solution,
obtained by directly calculating the coefficients from equations (4.3) and (4.4)

and adding a small random component (£10% of the original),

e second case, initial distribution generated randomly but within the bounds

prescribed by equation (4.14).

Results for the radial, axial and azimuthal distributions are presented for the first case in

Figure 22, Figure 24 and Figure 26, and for the second case in Figure 28, Figure 30 and

Figure 32. Equation (5.2) is applied in all cases and the results are presented for the first
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case in Figure 23, Figure 25 and Figure 27. and for the second case in Figure 29, Figure

31 and Figure 33.

Whereas in the first case a proper solution was found, in the second case. the
solution was clearly trapped in a local minimum. In another words. a coefficient
distribution satisfying equation (4.6) was found. but which does not reproduce the
original field with a tolerable amount of error. The situation after transformation to the
far-field using the coefficients found in both cases is shown on the next graphs. Again.
the total far-field zr.-.'i-;“peciﬁ;:d by equation (5.3) is shown. Figure 36 and Figure 37
represent the far field and the error calculated with the expansion coefficients found for

the first case, while Figure 38 and Figure 39 represent the second case.

The two described cases are representative of the possible outcomes. It is clear
that although we can converge to a solution, it may not be the proper solution. Local
minima present therefore a real and serious impediment to the usage of phaseless near- to

far-field transformation methods. A proper implementation will reinitiate the procedure

with another randomly generated distribution and keep as solution the coefficients best -

satisfying equation (4.6).
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Chapter 6

Conclusicn

6.1 Review

- The possibility of determining the far-field pattern of radiating systems by

X

measuring their corresponding near-field presents numerous advantages over the direct
measurement of the far-field. However, various difficulties inherent to the near-field
measurement and its subsequent transformation to the far-field have to be overcome
before suth methods can be successfully applied to EMIVEMC and antenna
charactcriz:itid.:c problems. The most important necessity is that precise phase
measurements of: ﬂ? sampled near-field points be available. A related topic is the size of
the resulting problem apparent at implementation. Phase measurements can prove to be
difficul:, if not impossible to perform. On the other hand, the amplitude measurements
can be obtained with a relatively high degree of accuracy at any frcqueﬁéj;. The amount of
samples necessary to achieve an acceptable level of accuracy will depend on the chosen
method of transformation. As a rule of thumb, the more samples we gather, the more

accurate results wé obtain after the applied transformation. Most of the research in

) “Aiterature deals with simplified cases where the knowledge of the phase distribution is

implicitly assumed. Relatively few of the -presented methods deal explicitly with
amplitude only field measurements, and those that do consider simplified one or two
dimensional geometry. The proposed approach considers a general three dimensional case
without any assumptions as to the probable radiation pattern, making it suitable for
cl_cctromagncﬁc interference and compatibility measurements. The retained approach
implements the well known spherical wave expansion technique. The coefficients of the

spherical wave functions depend on the boundary conditions, that is the radiated near-

field. Due to the incomplete knowledge of this field, only bounds for those coefficients

0



can be calculated. Application of heuristic methods to the estimation of the coefficients.
and upon the assumption of the uniqueness of the solution. is sufficient to fully
characterize the radiated fields. Two examples illustrate of the possible outcomres. It is
clear that although we can converge to a solution, it may not be the proper solution. Local
minima present therefore a real and serjous impediment to the usage of phaseless near- to
far-field transformation methods. A proper implementation will reinitiate the procedure
with another randomly generated distribution of the coefficients and keep as solution the

distribution that best minimizes a cost function.

6.2 Future Research

~ure research has a few topics to cover. Obviously the algorithm proposed
herem <an be improved by tightening the bounds on the variables or by supplying an
initial set of variables closer to the desired distribution. Another area of research can be a
new heuristic method applied to the proposed algorithm, or to another algorithm not

necessarily based on the spherical wave expansion.

To expand on the performance of the proposed method, and since it is a heuristic
method, experiments have to be performed from which a statistical inference about the
performance can be obtained. Comparison with other methods is as yet not possible since
to the best knowledge, no existing method takes into account a general three dimensional

case.
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