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ABSTRACT

A technique for reconstructing fields using scattering

data is developed in this thesis. The prob.lem consists of a

dielectric scatterer; i.e., a sphere (or a cylinder), in

the vicinity of an antenna whose radiation field is unknown.

The technique calculates the near-field of the antenna from

experimental 1y determi ned total fíel ds near the antenna.

From the calculated near-fie'ld, the far-field radiation pattern

of the i sol ated antenna, oF, the antenna and the scatterer

combination is determined. The problem has practical

significance since dielectric scatterers are used to shape Ëhe

radiation patterns of horns, v'rave-guides and other radiating

systems. Dielectric scatterers are also used to scatter the

prÍmary fi el d of the antennas . I n th í s manner, the wi de angle

scattering increases the signal strength in the regions of meak

primary field and facilitatesthe accurate measurement of the

near-field especial 1y for the hiSh gain antennas. In addition,

this improvement of the field strength enables one to carry

out the field measurement on a larger surface than it is

normally feasible.

To avoid ìarge scanning systems, Íêquired for large
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antennas, a stepwise measurement technìque is proposed and 'is

developed in th'is thesis. In this technique, the near-field

is measured over a small surface in the vic'i nity of the

Scatterer. The required jnformation on the field over a

surface enclosing the antenna'is then obtained by repeating

the measurements at several I ocati ons around the antenna. The

stepwise approach not only reduces the requìred scanning

surface, but also reduces the expansion of antenna field over

a large surface to several eXpansions oVer Small surfaces.

The ana'lytical expressions for reconstruct'ion of two- and

three-d'imensional fields are presented. The method is then

appl.ied to reconstruct the fjeld of certain elementary sources '

such âS, a p'l ane wave, an el ectri c d'i po'l e and an array of el ectri c

di po'l es . The effects of vari ous parameters on the accuracy of

the reconstructed fields and the useful ness of the stepwi se

approach are studied in detail -
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CHAPTE R I

INTRODUCTION

Recently, the near-fiel d measurement techniques are

recei vi ng an i ncreas i ng attenti on for determj ni ng t,he antenna

rad'i ati on characteri sti cs. Exi sti ng I i terature in the area

is numerous, but a general survey of the subject is available

in tll and l2l. Because the methods are applied to different

antenna systems and each i nvesti gator has sel ected a parti c-

ul ar approach to the problem of near-fiel d far-fjeld trans-

formation, the available methods of mathematical modelìing

and measurement techniques are often different. However, in

all cases the antenna field is measured on a closed, oF, open

surf ace near the antenna. Thi s measured f i el d 'is then

utilized to calculate the far-field radiation pattern of the

antenna, by a most suitable transformatjon method, which

normalìy depends on the measurement surface. Mathematically,

the transformati on of the near-fi el d to the far-fìe1 d i s
accurate only if the measurement of the near-field is carried

out on a closed surface near the antenna. However, from a

practical point of view, in certain occasions, accurate far-

field data mqy also be obtained from the measurement of the

near-field on an open surface, such as the aperture field of

high gain antennas. In such cases, the measurement of the

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



too cost'ly and the increased accuracy of the far-f ield data

may not be too significant to justify the extra cost.

Furthermore, an accurate measurement of the near-field beyond

the antenna aperture may not be practicaì ly feasible, since

the field strength in this region is normaì'ly too weak. The

accurate measurement of the near-fi el d gets more compl icated at

high frequencies, where the measurement coordinates become

too close to each other. The latter requirement imposes

increasingly difficult mechanical precision on the scanning

system of the near-fiel d measurement setup.

I n the above near-fi el d far-fi el d trans formati on probl ems

one, normal ìy, measures the near-fi el d of an i sol ated antenna

system. In this thesis, we are concerned with field of an

unknown antenna in the presence of a spherical or cylindrical

scatterer. The problem therefore is to reconstruct the

unknown near-fi el d of a radi ator from the measurement data of

the total near-field in the vicinity of the antenna and the

scatterer combination. The problem has practica'l significanceo

since, dielectric scatterers are occasional'ly used to shape

the radiation patterns of the waveguides, horns and other

radiating systems. Also, the introduction of the scatterer

in the vicinity of a radiator can improve the intensity of

the wide angle fieìd distributions and faci I itate the accurate

measurement of the near-fiel d.



To avoi d l arge scanni ng systems , requi red f or 'large

antennas, a stepwise approach js selected, in which the near-

field is measured over small spherìcal (or cylindri ca'l )

surfaces in the vìcinìty of the scatterer. The required

information on the field and over a surface enclosing the

antenna is then obtained by repeatjng the measurement at

several locations around the antenna. This stepw'ise approach

not on'ly reduces the requi red scanni ng surf ace, but al so

reduces the expansion of antenna field over a large surface to

several expansions over smal I surfaces. Note that when the

dielectrìc constant of the scatterer becomes unity the probìem

reduces to the near-field measurement of an isolated antenna.

I n the fol I owi ng chapters, the detai I s of the method are

described and a mathemat'ical formulation is presented.

Several exampìes are also included and computed data are

di scussed.

Chapter two presents a summary of the important antenna

measurement techni ques together wi th a I i terature survey on

the subject. In this chapter, three different methods for

determj nation of the antenna characteristics are presented.

These methods are the pì ane vvave approach, the focus i ng method

and the near-f i el d probi ng techn'ique.

Chapter two al so presents a statement of the probl em to



be discussed in this thesis. A method is proposed whjch can

be used to determi ne the near-fiel d from the measurement of

the total field in the near-field zone and jn the presence

of a dielectric scatterer. A stepw'ise measurement approach

oVer several small meaSurement surfaces, ìn lieu of a large

measurement surface, i s al so presented.

Chapter three i s devoted to the sol ut'ion of two-

d'imensìonal inverse source problems. The problem therefore

is to reconstruct the unknown near-field of a radiator from

the measurement data of the total near-field'in the vicìnity

of the antenna and a cyl'i ndrical scatterer. Although two-

dimensional problems have less practicaì sìgnifjcance' never-

theless by djscussing this class of problems some ìmportant

aspects of the near-field far-field transformation are

clarified.

The theoretical and numerical investìgatjons of the

three-dimensional inverse source problem are presented jn

chapters four and fi ve, respecti vely. The techni que for

solving the three-d'imensional problem'is similar to the one

used in the two-dimens'ional one. The scatterer in this case

is a dielectrjc sphere. The description of the problem, the

mathemati cal f ormul at'ions and the method of sol uti on are

presented in chapter four. Since in thjs case a spherical



scatterer is utili zed, then a spherical near-field far-field

transformation'is used to calculate the far-radiatjon pattern

of the test antenna from the cal cul ated near-fiel d data. In

chapter f i ve numeri cal i nves tì gati ons are presented for three

known sources. These sources are an incident plane wave, an

el ectri c di poì e and an array of el ectri c dì pol es. The i nci dent

fi el d i n each case i s reconstructed from the numeri ca ì 1y

generated total field on measurement spheres enclosing the

scatterer. The mai n reason for sel ecti ng these sources i s

that, they are practical, s'impìe and their exact incident

fi el d, whi ch are used to generate the experimental data

theoreticaì1y, are known. The stepwìse measurement approach

is utilized for the third example to calculate the far-
radi ati on pattern of the i sol ated test antenna and the antenna

in the presence of the spherical scatterer. This approach is

used to calculate the near-fìeld on a spherical surface wh'ich

encloses the isolated antenna, or, the antenna and the

scatterer combi nati on.

The summary of the work, the dj scussì on and concl us j on

of the results, and some suggestions for future research are

presented in chapter six.



CHAPTER I I

ANTENNA MEASUREMENT TECHN I QUES

2.1 INTRODUCTION

An antenna is a device for accompl ishing a transition

between a guided el ectromagneti c wave and a wave whi ch

propagates 'in f ree space. A knowl edge of the antenna

characteri sti cs i s important f or f indi ng a su'i tabl e antenna

for a certai n appl i cati on. These characteri st'i cs j ncl ude

ìmpedance, radiation patterns, gain, Phase and polarizat'ion,

etc.

The radiation characteri stics of an antenna may be

deterrni ned experimental ly by two dj fferent technì ques. The

first technique i s to make the measurements on the actual

antenna on- or off- its site. The second one'is to build an

antenna model , smal I er j n si ze than the actual antenna. The

measurements can then be done i nsi de a I aboratory on th'i s

model.

In the first technique, the antenna measurements can be

done on-the s'i te of the antenna or of f -i ts s'i te. The measure-

ments of the radiation patterns of a ful l-scale antenna located

on ìts ultimate sjte is a laborious and expens'ive task. Never-

theless, it is SometimeS necessary to make such measurements.



This situation occurs when the antenna radiatisn is

significantìy affected by the site on which it is located,

or when construction of the antenna is practical only at full
scale on the site. 0n-site measurements of an antenna may

have additional usefulness as a conclusive demsnstration

that the antenna is constructed properly, is correctìy

exci ted, and i nteracts wi th i ts envi ronment i n the predi cted

manner. When the antenna pattern is essentially independent

of the environment, a simpìe measurement technique can be

used off-si te the antenna I ocati on. Thi s consists of

operating the antenna under test as a receivinE antenna,

rotating it, and measuring the signa'l it receives from a

suitably-located fixed source antenna. The method may be used

with Success for most microwave antennas and can be app'l ied at

any frequency unless restricted by mechanical Iimitations.

In the latter case, howeVer, Scaìe-model measurements may SOme-

times be suitable.

In the second technique, the actual antenna is simulated

by a model. The measurements can be done on this model. The

main characteristics of the actual antenna can then be

calculated from those of its model t3]. There are two types

of antenna models. 0ne is a qualitative or geometrical model

and the other i s a quanti tati ve or absol ute model . In the

qualitative models on'ly the geometrical configunations of the
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etc. t3l.

lines of force are modelled and no attempt is made to

simulate the power levels of the ful l-scale system. These

model s yie'l d data di rectly on these properti es of the system

which do not depend on power level such as 'impedance, polar-

i zati on, antenna radj ati on patterns ' rel ati ve patterns of

radar echoes, etc. t3]. The quanti tati ve model s are capabì e

of yie'lding quantitative data on all electromagnetic properties

of the system. For eXampì e, measurements coul d be made for

field intensity, radar echos, absolute radar echoing area'

Thjs chapter wi I I review the measurement techniques,

wh'i ch are carri ed out on actual antennas. Two recent text-

books [4] and [5] provi de an excel I ent i ntroducti on to these

measurement techni ques. Three di fferent methods wi I I be

djscussed, the p'lane-wave, the focusing and the near-field

probing methods. In the plane-wave method the test antenna

is illumjnated by a plane-wave and may'include the far-field

measurements, compact antenna ranges and the anechoi c 'chambers

In the focusi ng method, the test antenna i s focused wi thi n

the radi ati ng near-fi el d for pattern measurements and then

refocused to infinity for operation. In the last method,

the near-field probing, the measurements are done in the near-

field region and by using a suitable near-field far-field

transformati on, the antenna radi ati on characteri stj cS are

determi ned.
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2.2 FIELD REGIONS

Reference 12] has exp'lained 'in detail the nature of the

fjeld regions surrounding an antenna. In the region close to

an antenna, the field will include both react'i ve as well as

radi ati ng components . The strength of the reacti ve component

howeVer, decays rapidly with distance from the antenna so

that it soon becomes ins'ignjficant compared to the strength

of the radìat'i ng component. The region'i n which the react'ive

component of the field predomjnates js called the reactive

near-f i el d regìon. The regi on beyond thì s i s normal ly di v'i ded

into the radjating near-field region and the radìating far-

field region. Fig.2.1 shows a pìctoriaì representation of

the three regions surroundjng an antenna. The boundaries

between the regions are not well defined, but for any antenna

the reacti ve near-f i el d regi on extends on'ly to a short

distance (about x/2r where À is the wavelength). For

electricalìy large antennas of the aperture type, the d'istance

to the boundary between the radiating near-fìeld and far-field

regions 'is R - 2D2/x , where D js the largest dimensjon of

the apertu re.

2.3 PLANE Ì,lAVt TECHN i QUES

In these techniques, the antenna test ranges shoul d be

desi gned to produce a regi on of near'ly "p1ane" el ectromagneti c

waves w'ithi n whi ch a test antenna can be pl aced so that i ts
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radi ati on pattern can be measured and recorded. The resu I t-
ing patterns may differ from the ideal far-field pattern,

due to the f act that the wavef ront i n the tes t reg'ion may

not have a comp'l etely constant ampl i tude and phase dj stri bu-

tions. Antenna ranges rvhich utilize a pìane wave as a test
source for measurements can be dj vi ded i nto three categorì es,

they a re :

a) Far-field ranges,

b) Anechoic chambers, and

c ) Compact antenna ranges .

2.3.1 Far-Fiel d Ranges

The far-field antenna rad'iation pattern requirements

have been explained in detail jn the literature [6], 171 and

t8]. In its sìmplest form, a pattern range wjll contain a

transmitting source, an antenna under test, a mount for

turning the antenna under test, and a detector for ind'icating

the rel ati ve magni tude of a recei ved f i el d. A set-up of th'i s

kind'is shown in Fig.?.2. The equ'ipment used may be

compìete1y automatic, ffiây require a point-by-po'i nt p'l ot or a

variat'i on between these two. in any case, a number of

important factors should be considered 'i n ordþr to be assured

that the radi ation patterns obtai ned are val i d and accurate

t6]. Some of these factors are:
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a) Di stance between test and transmi tti ng antennas

In order to obtain accurate far-field radiation

patterns, it is necessary that the distance between the trans-

mitting antenna and the antenna under test be sufficiently
ìarge. For accurate far-field measurements, the antenna under

test should be il luminated with a plane wavefront. Since

pl ane wavef ronts are obtai nabl e on'ly at i nf i ni te di stances,

some limits must be specified. A common specified criterion

is that the phase difference between the center and the edge

of the antenna under test should be no greater than À/16 (22.5").

If this is the case, the distance R between the test a¡ld the

transmitting antennas should at least be R > 202/x [6], i.e.,
the test should be in the radiating far-field region.

b) Uni f orm 'i I I umi nati on

A number of sÍte conditions can contribute to a non-

uniform field at the antenna under test. In al I cases the

site conditions result in a reflection of energy which causes

cyclic or irregular variations in field intensity. Ground

refl ecti on can sometimes be avoi ded by mounti ng the antennas

hi gh above the ground on towers or maki ng the transmi tti ng

antenna more di recti onal i n the verti cal pì ane so as

to reduce the amplitude of the reflection from the ground.

Reference [6] has mentioned three other methods which have

been used with some success in overcoming the ground-

reflection difficulty.
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The ma'i n parameters to be measured f or an antenna i n

the f ar-f ield regions are: 'i nput and mutual impedances,

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

Some of the far-fi el d ranges used are s I ant and refl ec-

tjon ranges. Slant ranges 17l and t9] are designed with the

source antenna near the ground and the test antenna ' a1 ong

wi th i ts pos'i t'ioner, mounted on a nonconduct'ing tower at a

fixed heìght as shown jn F'i g. 2.3. The source antenna ìs

I ocated and ori ented so that i ts f ree-space rad'iati on pattern

maximum poìnts toward the center of the test region while the

first null of the pattern points towards the specular reflec-

t'ion poìnt on the ground. In this wâ!: the reflected signaì

is suppressed. Slant ranges have been designed with towers

whose height can be changed so that the spacing between the

source and test antennas can be Varì ed. The frequency range

over which this range type has been tested and used extends

from 100 MHz to 20 GHz 17l. The ma'i n advantages of the slant

ranges are the ease of obtain'ing an essentiaìly plane wave at

the elevated poi nt and the ease of source adiuStment, shoul d

jt be necessary. Its main disadvantage is the limjted range

that one may obtain wjth the avajlable, PFêferabìy non-

conductive towers. Th'i s is especìa11y true if the more

desirable large angles are used, but the technique should

find w'ide application where the 2D2/\ criterion is easily

satjsfied 17J.
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The reflection ranges t8l and t9l are designed to

make use of the energy which is specuìarly reflected from the

surface of the range to create constructive interference wi th

the energy from the direct path in the region of the test

antenna. t,ji th proper desi gn, the i I I umì nating fi el d wi I 1

have small, essentia'l iy symmetric amplitude taper. This de-

s'i red taper is obtained by an adjustment of the height of the

source antenna above the range surface with the test antenna

maintained at a fixed height. The ground is usual 1y used as

the reflecting surface; the reflection coefficient of the

ground, as well as the smoothness, play an important part in
the overall des'i gn [9]. These ranges find ready application

in the UHF regíon for measuring antenna patterns which are

moderately broad. Ranges operati ng from UHF through I 6 GHz

are being used t9l.
one such range.

Fi gure 2.4 shows a schemati c diagram of

2.3.2 Anechoi c Chambers

A historicaì summary of the development of microwave

absorbi ng materi al s and anecho'i c chambers i s presented i n Il 0].

Anechoic chambers cons'ist of two basic types [9]:

rectangu 1 ar anechoi c chambers , and

tapered anechoi c chambers.

a)

b)

The existing chambers range from 175 ft. in length and up to
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50 ft. by 50 ft. in cross-section [10]. Chambers may operate

at frequencies as low as 30 MHz and higher than l{i0 GHz tl0l.
Some chambers have maximum reflection levels in tl¡e test

range as low as -70 db below the direct path signaT over

certai n frequency ranges, and some have shiel di ng isol ation

to as low as -140 db [l0l.

Chambers have been designed as general purpose facilities
and are employed for a wide variety of measurements; others

have been designed for particular types of measurements such

as antenna impedance, gain, bandwidth, cross-polarized component

levels, antenna patterns, monostatic and bistatic radar cross-

section patterns, system sensitivity, system suscept'ibiìity,

system compati bi 1 i ty, effecti ve radi ated power, random error

and tracki ng error [l 0l.

Absorbers for chambers are available with a variety of

characteristics of which the most important are the foìlowing:

low normal incident reflection for chamber back wall; low

forward scatter at wide angles for the specular regions of

side walls, floor and ceiling of pattern meaSurement chambers;

and low backscattering at wide ang'les for side walls, floor

and ce'i I i ng tl 0]. A compari son between the antenna-pattern

compari son and free-space VStllR techniques for evaluati ng the

reflectivity level of radio anechoic chambers is Presented in
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tl I ]. Reference [9] has explained the rectangular anechoic

chambers. The tapered one is also expìa'ined jn detail in the

I i terature i9l and Il 2].

2.3.3 Compact Antenna Ranges

The compact antenna range i s an al ternatj ve to the

more tradi ti onal far-fi el d range ( outdoor or anechoi c room)

or the new techn'ique of near-f i el d probì ng comb'ined wi th

numerical transformation to obtaìn the far-field antenna

pattern.

Most aperture antennas are desìgned to transmit a beam

over long d'istances; therefore, it is desirable to know certain

features of the radjation pattern in the rad'iating far-field'

Si nce the conventional procedure i s to operate the test

antenna in a receìvìng mode, it js desirable to illum'inate

the test antenna wjth a un'iform p'lane wave. The creat'ion of

such a WaVe is a difficult task, howeVer' one usualìy resorts

to approxj mati on methods.

0ne can I ocate the transmi tti ng antenna i n the far-fi el d

regì on to i I I umi nate the test antenna for approxjmati ng a

uniform plane wave. R - zDz /À is the m'i nimum distance between

the test antenna and the far-field reg'ion for aperture type of

antennas. If the test antenna ìs very 'large and operating at
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very high frequency (r is very small and D >> À), then R

becomes very 1arge. For this reason, serious problems can

arí se due to unwanted ref I ecti ons f ro¡ir the ground and

surroundi ng objects on an antenna range. In order to overcome

these d'i fficul ties, a p1 ane wave which is approximateìy uniform

in amplitude and phase is created by a feed and large reflector
in the immediate vicinit.y of the test antenna. This type is
ca I I ed compact antenna range.

The compact antenna range was fi'rst developed by Johnson

et. al . Il 3]. Many references have discussed in detai I thi s

kind of antenna range and its uses [2], [9] and [13] to |61.

Fig. 2.5 shows the schematic representation of a

compact range employing a reflector an.d a feed. The compact

antenna range i s used to take di rect measurements of antenna

patterns, gain, directivity, polarization and phase. It can

also be used to measure radar cross-seetion l2l and [13]. In

some situations a compact range can replace an outdoor range

up to 200 meters long. The chief advantage of this range

is its small size which allows it to be located indoors.

The small size also reduces the requirements for microwave

absorbing material l2l and [13]. it reduces the expenses by

shortening the test time. Also a vast area of expensive real

estate is not needed. It also allows to make and keep

schedules which are not af fected by weather or day'l i9ht, and
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prevents unwanted surveillance. It works 'i n a controlled,

stable environment which produces uniform results 12)' [9] and

tl3l.

The chi ef I ìmi tati on i s that the range refl ector must

be l arger than the antenna under test; i n add'i t'ion, the

reflector must be constructed very accurately l2l. The useful

frequency range of a compact range is limited on the upper

end by fabrication errors of the range reflector and on the

lower end by diffraction effects of the reflector edges and

by d'i rect radiation from the feed lzf, [9], [13] and [16]'

At lower frequenc'ies, it is more difficult to use absorbing

materi al to reduce di rect rad'i at j on f rom the range f eed to

the test antenna 121. A comparjson of far-field ranges (out-

door and 'i ndoor anechojc-chamber) and compact antenna range

is g'iven in il51.

2.4 FOCUSING TECHNIQUE

Reference 12] has expla'i ned th js technìque in detail.

The test antenna ì s f ocused wi thi n the rad j at'ing near-f i el d

f or pattern measurementS. I t i s app'l i cabl e only to antennas

which can be focused for testì ng and then refocused to

inf inity for oPeratÍon.

The chief advantage of thìs technique'is that pattern

measurementS can be made in the radiating near-field for many
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antennas when avai I abl e ranges are not 'l ong enough f or f ar-

field measurements. Thjs technìque usually is employed on'ìy

when a far-field range of sufficient length'i s not ava'i lable

The techni que of f ocusi ng at a short range i s app'l i ed

to parabol oì ds or I enses whi ch can be f ocused by ax'i a I

positioning of the feed, lìnear arrays which can be physically

bent a'l ong a ci rcul ar arc of radi us equal to the test di stance

and to electronical'ly phased arrays whose element phasing can

be altered to provide focusìng at the test distance l2l. It

i s al so appì i ed to antennas wi th parabol'i c-cy'ì i nder reflectors

and I i ne-source feeds and to p1 anar arrays whi ch can be

physi cal'ly def ormed to f ocus the array at the test di stance

12). If focusing of an extended aperture is accomplished jn

only one pl ane, patterns can be made on'ly i n the pl ane of

f ocus, and the ga'i n of the antenna wì I I be reduced f rom the

far-fi el d gai n because of the aperture phase error j n the

orthogonal p'l ane [2].

2.5 THE NEAR-FIELD TECHNIQUE

This modern technique includes near-field probing (or

scannì ng ) and near-fi el d far-fi el d transformati on.

The su j tab'i 'l 'i ty of a gì ven method of determì nì ng an

antenna pattern of course depends upon the antenna and the use
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of the data. For an antenna which is small both physical'ly

and in terms of wavelength, near field techniques

sel dom compete wi th conventi onal methods . However ' for ì arger

antennas, rìêar-f i el d techni ques have the f o'l l owi ng di st'inct

advantages [ ] 71.

Near-field measurement systems are closeìy coupled and

therefore subject to laboratory-type control which yields

hi gh accuracy. The data are expressed as I i near combi nati ons

of exact compl ex vector sol uti ons of l'laxwel I 's equati ons , wi th

high signal-to-noise ratio, averaging over l0'000 or more

measurements for each pattern Val ue, ful I correcti on for

proxim'i ty effects, and absence of ground and grazing angle

reflections, as in an anechoic chamber. Further, it provides

quite detailed pattern information, and it can yie'ld phase and

ampl i tude of each component of the el ectromagneti c s i x-vector

f or any di stance. Not on'ly i t i s i ndependent of weather but

it also permits measurements to be made in a clean room and

in atmospheric absorption bands.

Near-fi el d measurements are somewhat I imi ted by the

availabiìity of absorbers, sôY below a few hundred megahertz

for antennaS. HoweVer, the antenna may be directed toward

the zenith and ferrite absorbers used' consistent with their

cost. Further, at very high frequencies, measurement of phase
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as a function of position becomes more difficul t: pâFticularly

measurement to a small fraction of a cycìe over a large area,

all referred to a single reference [.l7].

In many cases, it is ìmpractical or impossible to measure

antenna patterns on a conventional far-field range. This is
due to the fact that for large antennas, the distance to the

radiatìng far-field R(=20'/X) becomes very 1arge. For thìs

reason and due to the di sti nct advantages of the near-fi el d

scannìng techniques as mentioned before, it is desirable or

necessary to determine far-field antenna patterns from measure-

ments made in the radiat'ing near-field region. Therefore,

near-field measurements have received considerable attention.

Two d'ifferent principìes have been used in an attempt to

determi ne far-fiel d antenna patterns from measurements of the

near-fi el d of an antenna, they are:

2.5.1 The Integral l'{ethod

Thi s method is based on the fact that the complete

electromagnetic field at a poìnt outside a closed surface

enclosing al I sources can be determined from an integraì

equation satisfied by the field vectors over the surface [18].
If this surface coincides with the antenna surface, then the

fields can be obtained from the measurements of onìy the surface

magnetic field tl] and l2l. For aperture antennas, the Huygens-
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Fresnel pri nci pì e [18] was uti I i zed to f orm an equ'ival ent

source from the aperture field distribut'ions. Reference IlB]
has shown that, the complete electric E and magnetic H fields

withjn a given volume can be expressed in terms of the current

densities of the sources within the volume and the values of

the field itself over the boundaries of the volume. If the

volume of interest is defined to contain no sources and to be

bounded by a cl osed surf ace S and the sphere at i nf i n'i ty, the

E and the H fields at a poínt P within the volume are gìven

by [18]:

where ñ is the unit vector normal to the surface and a time

variat'ion exp (,jot) is assumed. The function ú is the

scalar Green's function,

^-jkr
U = =.^ (2.3)

where k is the free space propagation constant and r is the

distance from a point on the surface to a field point.

Equations (2.1) and (2.2) require the tangential and the

-t(
F=¡lr:p 4, ) L-iru(ñ x H)ü + (ñ x E_) x vü + (ñ'E) vìrl da (2.1)

S

t(
*o = + j tiare(ñ x t){, + (ñ x H) x vü + (ñ'Ul v,rl da (2-2)

S



ectromagnetic field over the

has mentioned formulas simi lar

) whi ch requ'i re only the tangent j al

gneti c fÍel d on the surface S to

2

a

normal components of the e

s urface S. Reference I I 9]

to Equatj ons ( 2. I ) and (2.

components of the el ectrom

be known.

If it is des'i rable to determine the electric and

magnetjc fields at a point P in terms of current or charge

distribution on the surface of the antenna' then we can use

Equations (2.1) to (2.3) and the boundary conditjons (ttre

cl osed surface S i s assumed to be perfectly conducting) [lB] '

ñ*H=!
o^-sn't-=-
L
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nxE=!_

(2.4)

â.H=o

where K'is the surface electric current dens'i ty and Qs is the

surface electríc charge dens'ity. By using the continuìty

equation which relates the current and the charge densities'

then one obtains IlB]:

r = =i f tto.()v -kz6lt# daap 4roe J -
S

(2.5)
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)
S

[K x v] dae-ikr
r
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(2 .6)

Thus in summary, the method of determinìng field patterns from

source distributions involves the application of Equations (2.1

and (2.2) for aperture distributjons or Equations (2.5) and

(2.6) for current distributions.

2 . 5 . 2 Moda I Expg¡_:jp¡_t_

This method is based on expressing the total electro-
magneti c fi el d i n terms of a modal functi ons. The ampl i tudes

and phases of these modes can be determ'i ned from measurements

of the electromagnetic field over an appropriate surface in
the near-field. In this case, the modes may be piane waves

120) to 1241, cylindrical waves [20] to l22l and l?4l to lZ7l,
axi al waves [28], spheri cal waves [20] , l21l and l29l to [38],
or any other set of functions which form a basis for wave

solutions to Maxwell's equations.

In this method, the

to obtain a modal expansion

bas'i c theory of probe-compe

measurements and thei r appl

wave expans i ons are exp 1 a i n

and spheri cal wave expans i o

pattern of the probe i s transformed

i n terms of wave numbers. The

nsated and scanning near-field

ications using plane and cylindrical
ed in detail in 1201, l24l and [39]

ns in 1201, [30] and [31]. in
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this thes'is

th ree ) and

expansions.

, the emphas i s wi I I

spherical (chapters

be on the cy1 i ndri ca I ( chapter

four and fi ve ) wave (modal )

A generaì survey of the near-fi el d measurements are

available ìn the l'i terature ill and l2l .

2.6 STATEMENT OF THE PROBLEM DISCUSSED IN THIS THESIS

In the near-fiel d measurement technìques, the antenna

field is measured on a closed, oF, open surface near the

antenna. The measured field is then uti I ized to calculate

the far radiation field of the antenna, by a suitable trans-

f ormat j on method, whi ch norma'l 'ly depends on the measurement

surface. 14athematical'ly, the transf ormat jon of the near-

field to the far-field is accurate only if the measurement of

the near-field is carried out on a closed surface near the

antenna. However, from a practical point of view, in certain

occasions accurate far-field data may al so be obta'ined from

the measurement of the near-field on an open surface, such as

the aperture fiel d of high gai n antennas. In such cases, the

measurement of the near-fiel d on a cl osed surface around the

antenna may become too cos tly and the i ncreased accuracy of

the far-field data may not be too significant to iustify the

extra cost. Furthermore, an accurate measurement of the near-

field beyond the antenna aperture may not be practically
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feasible, since the field strength in this region is normally

too weak. The accurate measurement of the near fi eld i s

further complicated at high frequencies, where the measure-

ment coordi nates become too cl ose to each other. The I atter

requirement imposes increasingly difficult mechanicaï precision

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

In the near-field far-field transformation prob'lems

one, normal'ly, measures the near-field of an isolated antenna

system. In this work, the field of an unknown antenna in the

presence of a dielectric scatterer, e.9., cVlinder or sphere

wi I I be cons i dered. The probl em therefore i s to reconstruct

the unknown near-fi el d of a radiator from the measurement data

of the total near-field in the vicinity of the antenna and the

scatterer combination. The problem has practica'l significance,

since, spherical dielectrics are occasiona'l ly used to shape

the radiation patterns of the waveguides, horns and other

radi ati ng systems. Al so, the i ntroducti on of the scatterer

in the vicinity of a radiator can improve the intensity of

the wide angìe field distributions and facilitate the accurate

measurement of the near-fiel d.

To avoid 'large scanning systems, required for large

antennas, a stepwise approach is selected, in which the near-

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

a surface enclosing the antenna is then obtained by repeatìng

the measurement at several locations around the antenna. Th'is

stepw'i se approach not only reduces the requi red scanni ng

surface, but a I so reduces the expansi on of antenna f i el d over

a ìarge surface to several expansions over small surfaces.

Note that when the di el ectri c constant of the scatterer

becomes unity, the probìem reduces to the near-field measure-

ment of an i sol ated antenna.

2.6.1 Method of Measurements

In thi s sect'i on, the suggested method of measurements

to eval uate a test antenna 'i n presence of a spherical scatterer

ìs discribed. Fig. ?.6 shows the geometry of the probìem. A

scattering sphere is located in the vìcinity of an antenna

w'ith unknown radiation characteristics. l,Jhen the spherical

surface S enclosing both scatterer and the antenna is small

in size, the measurement can be carried out over this sphere

to obtain the total field. In addition, the field outside S

can be described by spherical wave funct'ions with unknown

coefficients. These unknown coefficients can then be obtained

by matchi ng the measured and the spheri cal wave expans i on

fi el ds over the spheri cal surface S.

0n the other hand, when the antenna, or i ts separat'ion

di stance from the scatteri ng sphere i s I arge, the spheri cal
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surface enclosing them becomes large. The measurement of

the field over such a large surface requires large scanning

systems, which in practice is undesirable. Tò utilize a

small scanning system, we propose to use the measurement

steps of Fig. 2.7. In this system, the measurements are

carried out over smal ler surfaces defined as Sl, S2, S3,

These results are then used to compute the field over the

surface S, whi ch encl oses the antenna and the scatterer. The

requi red fi el d outs i de S can therefore be obtai ned us i ng the

above menti oned spheri cal wave expans i on approach.

To obtain the field over the surface S we use the

fol I owi ng s teps :

1. hlithin the expansion sphere Si which includes both the

scatterer and the measurement sphere Sl, the fieìds inside

the scattering sphere and between its surface and Si are

described by spherical wave functions with unknown coefficients.

These unknown coefficients are obtained by matching the

calculated and the measured fields over Sl.

2. t,lithin Så, Så, the fields are described by spherical

wave functions about the ori gi n of each surface and their

unknown coefficients are found after the matching of theír

respective fields. Fo'l ìowing these steps the total fields

are known within the expansion spheres Si, S;, ..., and can be
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used to cal cul ate the requi red fi el d components over the

surface S. Note that, the expressions for the fjeld inside

Så, Så can be obtained from the expressÍoñs of the field

inside Sì by replacing its dielectric constant with unity.

The probìem therefore reduces to the evaluation of the

unknown field coefficients for field ins'ide S.i and calculation

of the required fjeld components over S which falls within

si.

Note that, the above method can also be used to study

the radiation characteristics of two-dimensional field sources.

Although, such sources have limited practical significance'

their investigation can provide useful information for under-

standing of the proposed measurement methods. In the next

chapter the method is used to study the prob'lem related to

the convergence of the modal expansions, depe*dence of the

results on the accuracy of the measurement data and importance

of other perti nent parameters. A two-dimensional probl em

is selected to study these parametric effects,,due to the

fact that, it is simp'ler, requires less computation time

and its results can directìy be extended to more generaì

three-dimensional cases discussed in the fo'llowing chapters.
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CHAPTER I I I

Tt^lO-DIMENS IONAL INVERSE SOURCE PROBLEM

3. ] INTRODUCTION

In this chapter, the two-dimensional fiel d of an

unknown antenna in presence of a dielectric cyì indrical

scatterer wi I I be consi dered. The problem therefore is to

reconstruct the unknown near-field of a radiator fro¡r¡ the

measured data of the total near-fieìd in the vicinity of the

antenna and the scatterer combination. A two-dimensionaÏ.

probì em i s defi ned by assumi ng that, the el ectromagnetic

fields and the cross-sectional geometry of the scatterer are

i ndependent of one of the coordi nates. The two-dimensional

probl em has I ess practi cal importance than the three-

dÍmensional one. Nevertheless, its investigation will provide

useful information and may be a basis for the three-dimensional

one. This has also some applications, for example, in

calcu'lating the radiation pattern of a long line source or

an array of tine sources in the vicinity of long dielectric

cyìinder. In this chapter, the theoretical ana'lys'is of this

probl em i s presented together wi th the numeri cal resul ts for

a plane,wave source. Three practical problems are ir¡vestigated

numerical ìy. The first one examines the convergence of the

cylindrical wave functions in the expansion of the electro-

magnetic field for a certain Scatterer size, whiìe the
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second one i nves ti gates the res tri cti on on the s i ze of the

measurement cylinder. The last probìem studies the effect
of the measurement accuracy on the generated data, whj ch i s

simul ated here by adding certai n noi se level s to the

amp'l 'i tude and the phase of the measurement data. The measure-

ment data are generated numerj caì ìy usi ng the wel I known

solution of the p'lane wave scattering from a dielectrjc
cy'l inder.

Fig. 3. I shows the geometry of the probiem. It shows

a cylindrical scatterer in the vìcinity of an antenna and the

cyf indrical coordinate system Q, Q and z. The axis of the

dielectric cyìinder ljes on the z-axis and the radius of its
cross-sect'ion is a. The field in this problem is assumed to

be independent of the z-coordinate.

Since the dielectric scattereri s placed in the

incident electromagnetic field Ei and Hi of the test antenna,
(

a scattered field will be generated due to the scattering of

the incident field by the scatterer. By measuring the total
electromagnetic field on certain cyl indrical measurement

surface of radius p = ff > a outside the scatterer, one can

recover the i nc í dent fi el d of the tes t antenna. The tota I

electromagnetic fiel d outside the scatterer is the sum of

both the incident and the scattered fields in the same region.
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To formulate the problem, let the regìon outside the djelectric

cyl i nder and between the test antenna and the scatterer be

called region (l ) ( p > a). Also, let the region inside the

dielectric cyl'inder be called region (2) (p . a). Both

regions are considered here to be source free, I inear, homo-

geneous and isotropic. In region ( I ), the total electro-

magnet'ic fields are given by: (tne time dependence exp (irt)

is impl'icitly assumed in the analysis of this chapter)

(3.1)

(3.2)

tr - tri r rSL(l) - g(l) 'Ë(i)

and

u - ul r uSa(l) - r(l) ' 1(l)

-s ,,sSince El,. and H;,. are functions of the unknown 'inc'ident
-( | ) -( | l

fieldr Eil, and lirl, then from Equations (s.l) and (3.2)

the total electromagnetic fields in reg'ion (l), L( l, and [( l),
are functions of the incident field gi., I and ti.' l. From these

relationsh'ips, if the total fields are known on a certain

surface, i.e., the measurement cylinder with radius p =A ;' â:

then the incident field of the test antenna in region (l ) may

be determined. The incident and the scattered electromagnetic

fields in region (l) can be expanded'i n terms of the

appropri ate cyl i ndri cal wave functj ons wei ghted by thei r

unknown coefficients. Also the total electromagnetic fields
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in reg'ion (2) can be expanded using the appropriate cy'l indrical

wave functions wi th unknown coeffi ci ents . The boundary

conditions require the continuity of the tangentia'l components

of the el ectromagneti c fi el ds on the boundary of the

dielectric cylinder p = a. These boundary conditions gìve a

relationship between the unknown coefficients of the scattered

f ield in reg'ion (l ) and the total f ield in region (2) in

terms of the unknown coefficients of the incident field in

region (l ). By measuring the total field on the surface of

the measurement cy'l i nder i n regi on (l ) , one can theref ore

calculate the unknown coefficients of the incident field, from

which the incident field of the test antenna in reg'ion (l) can

be determi ned.

3.2 MATHTMATICAL FORMULATION OF THI SCATTERING PROBLEM

3.2.1 txpansion of the Electromagnet'ic Fìelds Using the
the Cylindrical Wave Functions

it is wel I known that any electromagnetic f ield 'i n

regions which are source free, l'inear, homogeneous and iso-

tropi c can be expanded i n terms of the cy1 i ndri cal wave

functions [2.l] and [37] which forms a basis for the wave

solution of Maxwell's equations. In the two-d'imensional

problem, where the electromagnetic field is independent of

one of the coordinates, the elementary cylindrical wave

f uncti onr rf n can be wri tten as:



where p and 0 are the radial and the azimuthal coordi nates

in the conventional cyf indrical coordinate system as shown

in Fig. 3.1. Also, tÍt) i, a radial funct'ion representìng

one of the foìlowing Jn, Yn, tÍt) or tÍ') cy1ìndrical Bessel

functions for (i) = (l), (2), (3) or (4), respectiveìy, and

k is the propagation constant (2n/x). The choice of the

appropriate radial function Z('i ) depends upon the nature of the

electromagnetic field in a gìven regìon and w'ill be discussed

later.

40

ún (p, o) = rÍt) (ko) .jno (3.3)

(3.4)

+ k2 ; d u- î- (3.5)nnzfl=-æ

I n general , the el ectromagneti c fi el d may be expressed

as 1291, [37] and [40]

E(p,ó) =*; nd.ú*îo+iu,,,"; dnxl[t,0 n=-- n'n 
rì =-ó

æ

+k2 I etrt î
¡=-æ 

-ntn 'z

and

H(p,ó) =-31 I ; ne-q," î -ill ; . þi
ur,l p n=__ "=n vn ' p uûJ n 

j__ -n âp 'Q
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whe re d
n

and l^ )p

respecti

and

and e
n

î and
a

ve1y.

are constants, r1,n is given by Equation (3.3)

î- are the uni t vectors 'in p, O and z directions,z

In Equations (3.a) and (3.5) 'if dn = 0 f or al I val ues

of n, then the field is transverse magnetìc (TM) to the z-

direction. Also, if "n = 0 for all values of n, then the

field is transverse electric (ff¡ to the z-direction. In the

analysis of this chapter, only TM case is considered. How-

ever a similar study can readily be carried out for the TE

case. A I i near combì nati on of both TE and TM cases represents

a general electromagnet'ic field problem, which should be

cons'idered for an unknown source problem.

Consìdering only the Tt1 case, ìn regìon (l) as shown

'i n Fig. 3.1 (p > a), the incident and the scattered electro-
magnetìc f ields can be written in terms of the cy'l indrical
wave functions by putting dn = 0 and k'.n = un in Equations

(3.4) and (3.5). 0ne therefore obtains,

-il( r)

ti 
'r

æ

I
ltl = -æ

_l
þo,

a J (t< o) "jnÓ în n' o' z
(3.6)

l_
p

r na J (k o) .jnÓ î
fì=-æ n n' O' P

'i k co-o
Luo' fr= -æ

a Ji(k o) .jno în n' o' o
(3.7)



The expans i on

yields:

-SL( r)

and

ri' I

H(2) (k o) .jnön o'

of the scattered field in the same region (l)
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(t.a¡
æ

Tb
nfì=-æ

_lu(¡'o
t-
p

r nb
fì=-æ n

H(2) tk o) 
"jn0n ' o'

'i
p

jko :
Luo' fr=-æ

b H(2)nlr ( kop) .in* î* (3.e)

where a and b are the ì nci dent and the scatnn
expans'ion coefficients, respect'i veìy. ko is

constant in the free space. In Equations (3.

the radi al functi on of the i nci dent fi el d ì s

the Bessel function of the first k'i nd, Jn, wh

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

radial function of the scattered fiel d ì s cho

Hankel funct'ion of the second kind H!2) to sa
n

radiation conditìon at inf in'ity. J; and tÍ')
(3.7 ) and (3.9) are the derivatives of Jn and

respect to their arguments, respectively. Sub

Equations (3.6) to (3.9) 'into Equations (3.1)

total electromagnet'ic field in reg'ion (l) can

the f orm:

tered fields
the propagation

6) and (3.i)
chosen to be

ich'is finite

) and (3.9), the

sen to be the

ti sfy the

r n Lquatr ons

H 
(2 ) wi th
n

stitut'ing
and (3.2), the

be written in

ítlr--l'-,,, iil,t/

¡\r¡.tr: I 9!¿rù



r - -'l , rSl(l) = L(l) + L(l)

= ; lunJn(koo) + onrn(r) (koo)].inr ì, (3.10)
n=-æ
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(3. r2)

[(rl = [lrt + [i,l

= - I 1 ; nla J (k o) + o H(2) rr. o)l .jnoiu_(¡ p .__ -- - n n' o n n o '- p'o ' fl=-æ

iV æ

d j [unJn(koo) +onrÍ2)'{roo)].jnoîo (3.n)
'o fl=-æ

Denoting the total electromagnetic f ield in reg'ion (2),

p < a , as LtZ) and [(r), they can sìmilarly be wrítten 'in

the form:

and

and

Ltzl = ; .nJn(k¿p) .inr ì,
h=-æ

Le) = - tråri- n.nJn(koo) .inÔ îo

# ; cnrn(r.oo) .ino î* (¡.1¡)
,o n=4



where c- i s the wei ghti ng coeffi cient of the total el ectro-
n

magnetic field. Also, in region (2), k = kd = r4rd% = 
l,

À¿ is the wavelength in this region and ud and.d are the

permeability and permittivity of the dielectric scatterer

material, respectively.

The boundary condit'ions of this probiem which assures

the continuìty of the tangential components of the electro-

magnetìc fields across the boundary of the infinite
dielectric cyì inder (p = a) are given by:
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(3.r4)

(3.r5)

n * E( l) = r1 * L(z) 
ì

I at p = a
I

â " [(l) = ; * B1z¡ J

and

where n is the unit vector normal to the boundary p = a and

di rected outs i de the scatterer. Equati on ( 3. I 4) can be

written in the form:

and

E- (a, 0) = E- (a, 0)'( I ) '(2)

H, (a, ô) = H, (a, 0)e(l) v(2)



45

A substitution of Equations (3. l0) to (3. l3) into Equation

(3.15) and using the orthogonaf ity relationship of the

exponential function gives relationshi p between the scattered

field coefficients bn in region (l) and the total f.ield
coeff icients .n in reg'ion (2) in terms of the incident f iel d

coeff icients un 'i n region (l ). This can be written in the

form:

and

n

c
n

(3.16)

where:

J (k a) J'n'o n
(koa) - Jn (koa) Jn (k¿a)

(3.ri)

rÍ')(koa) Jn (koa) Jn ( kOa)+ H(2) (k a)n o'

n

and

C
n

Thus from

e I ectromag

2j-rka
o (3. I B)

tÍt) (kou) rn (koa) * HÍ2)irou) ,tn (k¿a)

Equations (3.16), (3.10)

net'ic field in reg'ion (l)
and (3.11), the total
can be written in terms

r
ur

e r
u'r

r
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of the cy'l indrical wave expansion weighted by the unknown

incident f ield coef f icients un by the fo'l :lowing express'ions:

I-(r)(p,o) = ilþ * ,j_* 
nan[Jn(koo) + BnHÍ2) ltoo)] ejnÔ îo

jk^ æ

ffi"j_ un [Jn(koo) * BntÍt)'t too)J.jno îo (3.20)
'o fì=-æ

æ

E( r)(p,o) = ni- an[Jn(koo) + unt,\2)ltoo)].jno î= (3.1e)

and

3.2.2 Determination of the Unknown Coefficients a

of the Incident Fiel d

To determine the incident electromagnetic field of the

test antenna in reg'ion (l ), the unknown coeff icients un must

be determi ned. These coeffi c i ents can be determi ned by

match'ing the tangent'ial components of the total fields over

a measurement cy'l 'inder us i ng one of the f oì ì owi ng methods :

3.2.2.1 The i ntegrati on method

The coeffi ci ents un can be deri ved from Equati ons ( 3. I 9 )

and (3.20) by usìng the orthogonaf ity relation in the 0-

coordinate. The results are:



J (k A) +n'O e H(2) rnn '(t)

H.*(l

47

(3.21)

(3 .22)

2tt

It
J
o

n
a

o

k A)
o

I

2n
(A,o) e-ino do

or

2r
I

2'n
(A,o) e-inÓ do

(koA)

where n i s the free space i nteri nsi c ìmpedance, E_ and H' t(t) o(l
are the tangential components of the total electrii ánd

magnetic fields in region (ì), on the surface of the measure-

ment cyìinder p = A. In these equations the integra'l s can

be evaluated numericalìy by us'ing the measurement data of Ez,
or tO over a measurement cylinder. The results when used in
the above equations give the requi red expansìon coeffi cients.

3.2.2.2 The matri x method

The coef f i c'ients un

evaluated by using matrix

truncati on of the i nfi ni te

(3.20) to a finíte number

truncated to K terms, from

number of unknowns wi I I be

determined by matching the

of the incident field can also be

method. Th i s method requ i res the

series in Equations (3.19) or

of terms. If these series are

n=-(N-l) to n=(N-l), then the

K=2N-1. These K unknowns can be

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

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

on the surface of a cyl inder. A solution of these I inear

algebraic equat'ions with K-unknowns gives the unknown

coeffi ci ents an. 0nce these coeffi ci ents are known, the

field of the antenna can be calculated anywhere 'i n space. If
the measurements are done at K(=2N-l ) azimuthal angìes 0=00,

01, and þZN_2, the resulting system of linear algebraic

equati ons can be written in the form:

(3.23)

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

the matrix S is given by:

$=

So-ß

;j(N-l)oo -i(N-2)ó0. 
. .. .ioo I .iô0. . . ei(N-z)oo ei(N-l)oo

j (tl- t ¡q.,

e

-j(N-t¡6., -i(ru-e)01 .....i0., I "ió1... ei(N-2)Ol

-j (ru-l )02,,r-z -j (ru-z)02ru-2. 
. ;j0zr'r-z r .j1?l1 .? .j 

(tl-z)Óz"t-z 
.j(tl-t 4r'r-z

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

i nci dent fiel d and i ts transpose i s:

The ri ght hand si de of Equati on ( 3. 23 ) is the K el ement

measurement vector ß whi ch can be determi ned by measuri ng the

tangential components of the total electric (or magnetic)

f ield on the surface of the measurement cy'l inder. The trans-

pose of this vector ß is given by:

-t = [o-(N-l)o-(ru-z) "" o-]o0 ot oN-2 ot¡-ll ß'25)

when the tangenti al components of the total el ectri c fi el d

are known. 0r:

ßT = [H*(., 
)(0, 

oo) t*,., 
,

H.a(r)

t, 
(', , 

(A ' ozN-2 ) l

(4, ôl )

(A' 02N-?)l

(3.26 )

(3.7.7 )

if the tangential components of the total magnetic field
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a re known .

By so'lving Equation (3.23), the unknown coef f icients
of the incident field which are included in the vector r can

be determi ned from one of the fol 1 owi ng equati ons. I f the

right hand side of Equat'ion (3.23) is given by the tangential

components of the total electric fjeld as in Equation (3.26),

then:

CT,

n (3. 28 )
Jn( koA) + rnrlt) ( ooo)

where A i s the radi us of the

given by Equation (3.17). 0n

hand si de of Equati on ( 3.23 )

tangenti a 1 components of the

Equation (3.27), then:

mea surement cyl i nder and Bn j s

the other hand, if the right
is known by measuri ng the

magnetic field as given by

Jn on
a=

n J;(koA) + tntÍ2)'1toR)

The matrix S given in Equat'i on (3.?4) is the general form

for an arbitrary field distribution with respect to the 0-

coordinate. If the geometry and the field have certain
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symmetries about the x and the y coordinates, the fjeld
expansion can be selected to obey these symmetrical properties.

in such cases the dimension of the S matrix can be reduced

considerably, w'ith correspondìng reductjon in the computatjonal

labour.

3.3 NUMERICAL INVESTIGATION OF THE Tt,1JO-DIMENSIONAL PROBLEM

The theory of this chapter is app'l 'ied here to one of

the s'imple field problems for which the exact solution is
known, the scattering of a plane electromagnetic h,ave by a

dielectric cyìinder. The incident electr^ic f ield can be

written in its closed form as:

Ei = Eo.-jkox î, = to .-ikop cosþ i, (3.30)

Using a cy'lindrical wave transformation [21], we can express

the incident field as:

Ei = Eo ; j-n ;n(koo) .jnó î,
ñ=-æ

= Eo {Jo(koo) + , 
,.'!.' 

i-n Jn(koo) cosnô} ;r. (3.31)

Comparing the last equation with Equation (3.6), the exact



incident field coefficients un in this case are given by:
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(3.32 )

(3.33)

- . -na=L.'lno

There is no loss of generaìity if we consider the ampì'i tude

of the incident wave Eo to be unity. These coefficients
then become:

un = j-n

hJe will now assume that the incident field îs unknown and

will attempt to reconstruct it using the theory deveìoped in

the last section. To determine the incident field we need the

coefficients an. These coefficients can be determined b.u

using the integration or the matrix methods described in

section 3.2. In thìs sect'ion only the matrix method is

uti I i zed. The symmetry of the fi el d and the geometry about

the x-ax'is is used to reduce the number of unknowns by

sel ecti ng on 1y the cosi ne seri es for the fi el d expans i on.

Truncating the series to N terms, the vector a is given by

Equation (3.25) for 0 < n < N-1. The right hand side of

Equation (S. ZS ¡ can be obtai ned from the measurements of

the tangential components of the total electric field E, at

N points on the measurement cyìinder surface and d'istributed

equaì 1y accordi ng to:
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0m = m 
^0 

, m=011 ,2, ...., N-l (3.34)

and

(3.35)

where

ômin50otól

Ideal'ly, 0min and Qrnu* are zero and 180 degrees, respecti vely.

In the matrix method the point matching technique is utilized
and the number of unknowns correspond to the number of

measurements electric (or magnetic) fieìd data. If more

measurements coul d be performed, the unknowns may be eval uated

using the method of least squares.

in thi s i nvestigation the effects of the fol lowing

parameters on the resu'l ts are studied, they are Ia0]:

a ) The trunca tÍ on order N.

b) The effect of introducing + 1% and + 5f, noise levels

in the input data both in magnitude and phase.

c) The effect of restricting the measurements range in

the 0 direction to less than 180 degrees.

The numeri ca 
.l resu I ts of thi s chapter are obtai ned by

using computer programs specifical ly prepared for this
purpose [4] l.

^O 
= (0*u, - omin)(N-l)
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3.3.1 TruncatÍon 0rder and Truncat Errors of theetTînfrfficyl'¡ndrlcal lt'lave hunctrons

The cyì indrical wave functions representing the electro-

magnetic field is an infinite series as discussed in the pre-

ceeding section. Since jt'i s not practical to calculate such

series on a digital computer, or, to solve an infinite number

of linear a'legbraic equations as in Equation (3.23) with

N * - then it is required to truncate the infinite series to

a certain order N. Many cases are invest'i gated numericaì ly of

which onìy some cases are presented here. For exampìe, the

cases of N=12 to l5 are considered to calculate the unknown

coeffici ents un of the i nci dent fiel d by usi ng the matrì x

method as given by Equation (3.23). The requi red ìnput data

which is the tangential component of the total electric (or

magnetic) field at koA=10.0 generated by insert'ing the exact

coefficients of the incident field given by Equation (3.33)

into the Equations (3. l9) or (3.20). The unknown coefficients

un of the incident field can be calculated by soìving Equat'ion

(3.23) and using the relations in Equations (3.28) and (3. li).
These ca I cu I ated coeffi ci ents are used wi th Equati on ( 3. b )

to calculate the incident electric field. The magnitude and

phase of this calculated electric field are compared with the

exact ones and are shown in Figs. 3.2 and 3.3, respectiveìy.

In this investigation the radius of dielectric cyl ìnder is

taken to be koa='l .0, its permittiv'i ty er=2.0, and the

I On
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incident field is calculated on a cylinder of radiur koo., =.l0.0.

It is clear from these figures that, the series of the

cylindrical function representing inc'ident field converge to

the exact one, as expected, by íncreasing the truncation

order N.

To study the effect of truncat'i on error in the results,
dìelectric cyìinders of e.=2.0 and radii koa=.l.0, 2.0,3.0,
4.0 and 5.0 are selected. Measurement data are generated on

cylinders of radii koA=4.0,5.0,6.0 and 10.0 and the incident

field is reconstructed on a cyl'inder of rad'iut koo.,=10.0. To

compare the reconstructed data wi th the exact one, a percent-

age truncation error is defined by:

Percentage truncatjon error - l[ exact,yg]uel - lcal,culated valuell
lexact va I ue 

I

x 100% (3.37 )

using this definftion, the mean of the percentage truncation

error of the magnitude and the phase of the incident field
are calculated and plotted agaìnst the truncation order N

i n Figs. 3.4 and 3.5, respect'i ve1y. These f i gures are

sample exampìes from many cases which were j nvesti gated. Al I

of these have similar results. It is found from thjs ana'lysis,

that to retain the maximum error at less than 0.5% the number
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of cyl indrical f unctions N in the series must sat'i sfy the

relationship N > 3 kou and N > 1.5 koA.

3.3.2 The Effect of Angul ar Measurement Range

Ideally, the angu'l ar measurement range is ljmited to
0 < O < 180o. However, in practice jt may be desirable to

I imi t the measurements to a smal ler angul ar range. Th'i s

secti on eXam'ines the ef f ect of sma I I er measurement ranges on

the accuracy of the reconstructed fiel d. The probl em aga'i n

is an unknown plane wave scattered by a d'ielectrjc cyl inder

and the incident fìeld'is obtaìned from the measurement of

the total field.

i t i s known that i n reconstructi ng the incident field from

the measurement data oVer a cyl i nder, the matri x ì nversj on of

Equati on (3.24) j s the most stabl e one i f the measurement

points are located symmetrical'ly about the ó = 90" direction

1421. In this study therefore the incident p'lane wave is

reconstructed from the measurements over several ranges

I ocated symmetrica'ì ìy about 0 = 90o. Figs. 3.6 and 3 -7

compare the magn'itude and the phase of the cal cul ated

incident electri c fields, using l5 terms from cy'l indrical

expans i on functi ons wi th the exact ones. The resu I ts of

thesefiguresarefordifferentmeaSurementrangesof0<0<
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180o, 30o < O < 150" and 45o < 0 < 135o. The corresponding

percentage errors are 0.3?6%, 0.335% and 9.22% in the field
magnitude and 0.48%, 0.48% and 10.18% in the field phase,

respectively.

From these resul ts it is evident that a reasonable

data for the reconstructed fíeld can be obtained from smaller

ranges of the measurement than 0 < 0 < .l80o. By decreasing

the measurement range, initial'ly, the accuracy of the results

decreases sl owly, but the increase i n the magni tude of the

error accel erates when the measurement range decreases bel ow

45o < 0 < .l35o.

3.3.3 Measurement Noise Effect

To know any component of the electric or the magnetic

field, wê need to measure its magnitude and phase. From a

practical point of view, however, any measurement result will
contai n certai n error components i n both ampl i tude and phase,

which may be due to equipment limitations, environmental

noi Se Or both. Because, these errOr components are unwanted

portions of the data, they may be considered as, noise signa'ls.

They involve both pos'itional error of the probe and the measure-

ment errors. The effect of these noises on the calculated field
using the technique of this chapter wilì be discussed here. A

simulat'ion of these noises on the digital computer can be



done by introducing a random error within certain limits to

the input data. This input data is the tangentÍal component

of the total electric (or magnetic) field at a radius

p = A > a. At each measurement point in space, the magnitude

and the phase should be measured. The simulation of these

data on the computer can be done using Equation (3..l0) for
the total electric field at kop = koA and using Equations

(3. l6) and (3. l7). Also, the exact coefficients un given by

Equation (3.33) can be inserted in Equation (3. l0) to generate

the required data. In this noise investigation, three cases

are considered: (statistical'ly independent noises)

64

a) +'l% and + 5% random noises are added to the magnitude

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

the total electric fíeld.
c) + 1% ¿¡1¿ + 5% random noises are added to both magnitude

and phase of the total electric field.

The calculated incident field using the generated total

el ectri c fi el d data wi th the i ntroduced random noi ses are

compared with the exact one and are shown in Fig. 3.8 to

Fi g. 3. I 3. The percentage errors i n these cases are gi ven i n

Table 3.1. The cylindrical expansion functions with l5 terms

are used in this investigation. Figs.3.8 and 3.9 show the

effect of introducing + l% and + 5% random noises on the
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magnitude of the calculated incident electric fìeld at

k^p,=.l0.0. The random nojses are added to the magnitude ofo' I

the total electri c field, which'is generated on the surface

of a measurement cylinder of radius koA=10.0. As expected,

these figures show that the introductíon of noise into the

ampl i tude of the el ectri c fi el d deteri orates the accuracy

of reconstructed incident field. However, it Ís interesting

to note that the accuracy of the phase results has not

deteriorated as much as the amplitude results. It is thus

clear that since the no'ise js introduced only in the magnitude

of the 'i nput data, the accuracy has worsened more i n the

magni tude of the i nci dent fi el d than that of i ts phase. Thi s

is also clear in the case of introducing noìse in the phase

only, which affects the phase of the incident field more than

the magnitude as shown in Figs. 3. l0 and 3. ll. However,

comparing the results of the above cases, one notes that the

introduction of noise in the phase affects the accuracy of

the f inal resul ts much more than addit'ion of the noÍse ìn

the amplìtude.

In the third case, whjch is the combination of the

last two, the noise is introduced in both magnitude and phase

of the i nput data. For thi s reason, thi s case i s more

practi cal than the previous cases. Comparing the resul ts of

this case, Figs. 3.12 and 3.13, with previous ones, it
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becomes evident that an addition of noise in both phase and

amplitude does not affect the accuracy as much as adding the

noise to only the phase. To investigate this more carefu'l ly

the percentage errors for each of the above cases are also

calculated and are shown in Table 3..l with those of no noÍse

case. Al I data of this table are computed by retaining first
l5 terms of the expansion series. Comparing the data of

these three cases with the exact case, it becomes clear that

the addition of noise in the phase has the worst effect on

the result. Furthermore, addition of noise only in the phase

is worse than its addition to both. In all cases' however,

the res ul ts tend to deteri orate as the noi se level is i ncreased.

Since the ìatter case is the most practicaì one, it seems a

small amount of experimental error does not affect the final
data too adverseìy.

3.4 DISCUSS IONS

This chapter considered the solution of two-dimensional

inverse source prob'lem. The theoretical analysis was

presented only for the transverse magnetic (TM) fields, but

a similar analysis can be carried out for the transverse

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

The specific problem considered consisted of an unknown

incident field and a dielectric cylinder which scattered the
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incident f ield. To formulate the prob'lem, cyì indrical wave

functions v\,ere used to represent the incident, the scattered
and the total fields. Boundary conditions were applied to
obtai n a matri x rel ati onshi p between the coeffi ci ents of the

unknown incident fÍeld and those of the known total field.
This formulation has been used to study the effects of the

number of cyìindrical wave functions, angular range of
measurement poi nts and inaccuraci es i n the measurement data,

on the accuracy of the incident field reconstruction. For

simplicity a plane urave uJas used as an incident field and the

measurement data were generated numericaì ly.

To study the effect of truncation error in the results,
dielectric cyìinders of r. = 2.0 and radii kou = .l.0, 2.0,
3.0,4.0 and 5.0 were selected. Measurement data u,ere

generated on cyìinders of radii koA = 4.0,5.0,6.0 and 10.0

and the incident f ield uras reconstructed on a cyl inder of
radiut kopl=.l0.0. comparing the reconstructed data with the

exact one, it was found that to retain the maximum error at less
than 0.5%, the number of cyìindricaj functions N in the series
must satisfy the relationships N > 3 koa and N > .l.5 

koA.

The effect of angular range of the measurement points

on the accuracy of the results was also studied. It was

found that limiting the measurement point to a range less than

0 < 0 < l80o reduces the accuracy of the reconstructed field.
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However, the decrease in the accuracy was negligibly small,

as long ôs, the measurement range was retai¡r.ed between 45o

and .l35o. Further reduction of the measurement range

deteriorated the accuracy at an accelerated rate.

. Fina11y, the measurement inaccuracies were simulated

by modifying the exact data by a small percentage in a random

manner. I t was found that i naccurate data in on.ly magni tude.

oF, phase of the measured field affects its respective recon-

structed data of the incident field by a larger percentage.

An error in the magni tude of the measured field, introduces

larger error i n the ampl i tude of the reconstructed fiel d than

in its phase. Furthermore, an error in the phase caused more

severe effect on the resul ts than an erron in the ampì i tude.

The most jnteresting i nformation was found in introducing

erorrs in both ampìitude and the phase of the measurement

data. The investigation showed that introdm:cing errors in
both amplitude and the phase has much less effect on the

accuracy of the recons tructed fi el d than introduci ng these

errors in only the phase.



CHAPTER IV

THRIE-DIMENSIONAL INVERSE SOURCE PROBLEP'l: THEORY

4.1 INTRODUCTION

In this chapter, the theoretical analysis of the three-

dimensional inverse source probìem is discussed. In this

anaìysis, the spherical wave expansion which forms a basis

for sol vi ng Maxwel I 's equati ons wi I I be uti I i zed. The bas i c

properties of spherical waves have been described by reference

[36]. The probìem is similar to that discussed in the last

chapter. Nameìy, a radi ator wi th unknown radi ati on character-

istics is in the presence of a dielectric scatterer and it is

desired to reconstruct its radiation fields from a set of

measurement data. However, the scatterer in this case is a

dielectric sphere. The problem has practical significance,

since, spherical dielectrics are occasional ly used to shape

the radi ati on patterns of the v'lavegui des, horns and other radi -

ati ng systems [48]. Al so, the introducti on of the scatterer in

the vicinity of a radiator can improve the intensity of the

wi de angl e fi el d di stri buti ons and faci I i tate the accurate

measurement of the near-field.

Since in this chapter a spherical scatterer i s con-

sidered, a spherical near-field far-field transformation method

wil'l be used. Furthermore, to avoid large scanning systems,
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requi red for I arge antennas, a stepwi se approach as descri bed

in section 2.6, in which the near-f ield 'is measured over a smal I

spherical surface in the vìcìn'i ty of the scatterer is selected.

The requi red i nformati on on the fi el d and over a surface

enclos'ing the antenna is then obta'ined by repeating the

measurement at several locations around the antenna. This

stepw'i se approach not on'ly reduces the requi red scanni ng

surface, but al so reduces the expansi on of antenna f i el d over

a 1 arge surface to several expansi ons over smal I surfaces . Note

that when the dielectric constant of the scatterer becomes unity

the prob'l em reduces to the near-fi el d measurement of an i sol ated

antenna. In the fo1 1 owi ng sections, the detai I s of the method

are described and a mathematical fornrulation is presented.

4.2 14ETHOD OF MEASUREMTNT

Fig.4.l shows the geometry of the prob'l em. A scatter-

i ng sphere of radi us a i s I ocated 'i n the vi ci nì ty of an

antenna with unknown radiation characteristics. inlhen a

spheri cal surface S encl os'i ng both the sphere and the antenna

is small in size the measurement can be carried out over this

sphere to obtain the total field. in add'i tion, the field out-

side S can be described by spherjcal wave functions with

unknown coefficìents. These unknown coefficients can then be

obta i ned by match i ng the meas ured and the spherì ca I wave

expansi on fiel ds over the spheri cal surface S.
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0n the other hand, when the antenna, or.its separation
distance from the scattering sphere is large, the spherical
surface enclosíng them also becomes large. The measurement of

the fi el d over such a 1 arge surface requi res ì arge scanni ng

systems, which in practice is undesirable. To utilize a small

scanni ng system the proposed measurement steps of Fj g. 4.2 can

be used. In this system, the measurements are carried out

over smal ler surfaces defined as Sl, SZ, S3, These

results are then used to compute the field over the surface S,

which encloses the antenna and the scatterer. The required

field outside s can then be obtained by the above spherical

wave expansion approach.

To obtain the f ield over the surface s, the fo'ì 'lowing

steps can be used:

Within the expansjon sphere Sì, which includes both

the measurement sphere Sl and the scatterer, the fields
inside the scattering sphere and between its surface

and Sj are described by spheri cal wave functions with

unknown coefficients. These unknown coefficients are

obta'ined by matching the calculated and the measured

fi el ds ove" Sl .

Within Så, Så fields are also described by spherica

wave functi ons about the ori gi n of each surface and

2.
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thei r unknown coeffi ci ents are found after the match -

ing of their respective fields.

Foi ìowing these steps the total fields are known wjthin the

expansi on spheret Sj , Så, Så, and can be used to cal cul ate

the required field components over the surface S. Note that,
the expressions for the field insid" Så, Så, can be

obtained from the expressions of the field ìnsid. Si, by re-

pìacìng its dielectric constant with unity. The problem there-

fore reduces to the eval uati on of the unknown fi el d coeffi ci ents

for field inside Sj and calculation of the requ'i red field
components over S which f al I within Si. In the fol'l owing

sect'ions the expansion functions w'il I be discussed and the

formulations will be util ized to compute the fields of the

test antenna.

4. 3 METHOD OF ANALYS I S

4.3.1 Expansion of the Electromagnetic Fields Withìn Sj

Considering the geometry of Fig. 4.3, let the origin of

the coordinate system be at the center of the dielectric sphere

at a distance r(=b > a) from the test antenna. A sphere Vl,

concentric with the dielectric sphere and'its surface Si tangent

to the tes t antenna i s def ined. Let the reg'ion between the

spherical surface Sj and the surface of the dielectric sphere

be named region (l). Also, let the region inside the
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dieletric sphere (r.a) be called reEion (2). To solve the

probìem, the incident electromagnetic field in region (l ) can

be expanded in terms of appropriate sphericaì wave functions.

The latter expansion is weighted by its unknown coefficients

within two infinite series in m and n, where m and n are the

eigen values of the ó and 0 coordinates in the sphericaì co-

ordinates. The truncation of the infinite series in n to N

terms i s necessary to cal cul ate the unknown coefficients. The

infinite series in m is terminated at n since the associated

Legendre polynomials Pi (cos0) are equal to zero for m larger

than n. The scattered electromagnet'ic field in region (l)
will also be expanded in terms of sphericaì brave functions.

Similar'ly, in region (2), the total electromagnetic f ield will
be expanded wi th i ts wei ghted coeffi cients. The boundary

conditions of this problem is the continuity of the total
electromagnetic fields on the surface of the dielectric sphere

(r=a). By applying these boundary conditions, a relationship

between the scattered and the tota 1 e'lectromagneti c f i el d

coeffícients in terms of the incident field coefficients can

be obtained. In this manner, the total e'lectromagnetic field
in region (l) can be expressed in terø¡s of the unknown

incident field coefficients. Also, K=ZN(t'l+Z) simuìtaneous

equations for K unknown coefficients can be obtained by

matching the tangential electric and magnetic fields. These

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

!
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ment sphere of radius r=A(a<Acb). By soìving the system of

K I i near a1 gebrai c equations wi th K-unknowns, the unknown

coefficients of the incident field can be calculated. Sub-

stituting the calculated coefficìents in the ìncident electro-

magnetic field expansions, the incident field will be known.

Defi ne the

fields in region

Then the total fi

exp (jot) is

Ei 
'l

i dent and the scattered

as qi,I, [i,), and f?,I
in this regìon are:

tromagnetic

l ) ' resPectj velY '

(4.1)

(4.2)

I nc

(l ),
el ds

elec
US

' lL(

r!(l)

{( r)

-'l= l(r)

_ ui- -( I )

+ E?,1

+ [i ,l

The incident and the scattered fields in region (l) can be

written in terms of the spherical wave functìons [33]' [34]

and [37]. They can be written in the form (tfre time dependence

implicitly assumed):

Nn;_ ; (ae r!)
n=l m=U m^n m-n

e,ó o o

+ b. t(.t))
ryry

ri rr
k

o

(4.3)

JtùUo

Nn
; ; (ao !(.1 )* bo q(j)l

n=l m=0 m"n %r %r %.€ro 0

(4.4)
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^Nnr5tr/r\ ¿ L (c.\r/ n=l m=0 m=n

êro o

ko

* d. o(.0)l
ryry

Nn
F F t^ n(4) + d m(4))\" o j:ô _ a .,.e ln=l m=0 m'n mT m=n mn

êro o o o o

m(4)-emn
o

(4.5)

(4.6)

(+.t7

and

where:

)a

er

ri, r = jouo

*(i-emn
o

sph

nd l(j )ur. the spherical vector wave functions and are
mno ,ol utions to Maxwel I 's equations g'iven 'in the

ical coordinate system given by:

z(i )
n

(kr) tinroîe
cos

t9t,no î¿s'l n- ,Ít ) ( kr) 
aPl(cose )

n(i) = n(lrl) z(i) (kr) pm
-ran Kr n '--' 'n

o

* rr z(i) (kr)ldr - n

mPl(coso)
---õTn 

e -

lcosol tgsroî
s]n r

ïi(cosol :?:,4,îu
---=-:-S.lh

du
.l* kr

â

ðrkrT Ir 'Ít) ( kr) ] ili'oîo (4.8)

l. Y' îe and îO are the unit vectors in r,0 and 6 direct'ions,



[ç = u/Ve = 2r/\

âo and bo
UUmn mnoo

c and deemn mnoo

êro

(i)

n[(coso)

is

1n
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the propagation constant (f = ko = rrrlu;o

regìon (l)), À is the wavelength and

are the unknown spherical wave coefficients
of the incident field'in region (l).

are the unknown spherical wave coefficients

of the scattered field in region (l ).

subscrìpts denote even and odd azimuthal

(O-coordinate) dependence, respectively.

represents polar (0-coord'inate) wave order.

represents azimuthal (O-coord'inate) wave

o rde r.

subscript represents type of the radial

propagati on functi on.

m

z(i )
n

i s the associated Legendre function.

(kr) is the spherical Bessel function.

trjl)tr.r) = in (kr), ,Í') (kr) = yn (kr), rÍt) (kr) = hlt)1rr)

and ,ja){r,r) = hÍ2)1tr))
we select rÍt)(kr) = jn(kr) for the jncìdent field to assure

the field is finite at the origìn (r=0). Also t:O) (kr) =

nÍ') forl is chosen for the radial function of the scattered



field to satisfy the

infinity.

radiat'ion condition on a sphere at

Let the total electromagneti c fiel ds in region (2) be

L(Z) and [tt). l,le may expand these fields in terms of

spherical wave functions in the form:

B7

(4.e)
Nn

Er.,r = - I I (e 
^-t¿)\È/ n=l m=0 m-l.l

êrO O

k, N no-
^\ L L¿) JuUd n=l m=0

ê'O

m(,1) +
-d e

mn
o

r n(l)le-omn e0mJ

n(l)* r l]](l):de-0e mn emJ o mdn

where, region (2)z

k = k¿ = r,,/uo1 = 2n/),0 and tÍt) and 4
spherical wave functions for this case

Equations (a.7) and (4.8), respect'ively

by kd.

4.3.2 The Boundary Conditions

The boundary cond'i tions for thi

the tangentia'l components of the total
fi el ds be conti nuous on the surface of

(4.r0)

I ) are the appropri ate

and are gi ven by

and upon replacing k

s probl em requ'i re that

electric and magnetic

the dielectric sphere

U-1

1n

(e 
e

mn
o
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( r=a ) and can be expressed i n mathemati ca I form as :

(4.il)

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

sphere r=a in an outward direction.

From Equations (a.l) to (4..l1), a relationship between

the scattered field coefficients cmn, drn in region (l ) and

the total field coefficients êmn, frn in region (2) in terms

of the unknown 'incident field coefficients âmn, brn in regìon

(l ) can be determined. This relationsh'i p can be obtained by

applying Equation (4.1.l) and using the known orthogonalìty

relationships of the associated Legendre and trigonometric

functions wi th respect to 0 and 6. After tedi ous mathemati ca I

manipuìat'ion, one then obtains:

ce
mn
o

d.
mn
o

êa

C
n

a
e

mn
o

b
e

mn
0

a
e

mn
o

b
e

mn
o

D
n

( 4 .12)
E

n

%t

n

fi=Or112r...rn
h=1,2,..... rN

ñ x E,,, = ñ , '-rr/ * Ltz) 
I

I

â * [( ,) = â - urrt I 
on r=a

0

0

f ô
nìTr
o
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where:

l=tn

Jn(koa) Jn(t<oa) + Jn(koa) Jn(koa)

Ê[2)tr.oul 3;{r,ou) - ûÍ2)' (kou)3n(k¿a)

3n{tou) (koa )J'
n

j'
n

(kou) + în{tou)
D

n

3n{tou) fiÍt) (kou) - ûÍ2 )(kou )¡;(kou)

i /e rur-

(4.r3)

i;{r.ou) ûÍ')(r.ou) - in(toa¡ ÊÍt''(kou)

-j/;ruy

^ ^l12\lJ (k.a) H\'/ (k a)n'o n o
- i; ( k¿a )ûÍt ) (koa )

and

2n(t<r) = kr zn(kr) Ãk-f
=l- /2 7n+Le (kr)

r
ur

r
u'r

r
ur

r
ur

r
ur

r
ur

i s the Ri cca ti type spherical Bessel function 1211.
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Now, by substituting the results of Equation (4.12) into
Equatìon (4.1), one can obta'i n the tangential components

of the total electric f ield in reg'ion (l ) (a < r < b) 'i n the

form:

Nn
Er(r,0,ö) = - Eo nl, *lo

êtO ú 
trn(tor¡ + cnÊÍz)(oo.)l¡T a

mefi (coso)

sine '

aefl (coso)

-ão-

ll!{.'ol -

lii t'ol I

o6 t3Åtoo r¡ + DnÊn(t)ioor)l

(4.14)

and

E*(r,0,ó) =

Nn
EITu n=l m=0

êrO

{u. [in{t<or)
mn
o

mnf (coso)

si no

+c Ê(2)rr r)ln n o '-

aPm
n

(coso)

dU lii t'o I

.) * unûj ') ioor)lt3; t rot

_lkr
o

b.
mn
o

sin, . \ ì
cos 

(mQ/ J
(4.rs)

where Eo
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4.3.3 Calculation of the Incident F'ield Coefficients
b.

mn
o

ba )
mn
o

â e and
ry

To be spec'if i c, on

r=A (a . A . b), the field
and ( 4. I 5 ) may be wri tten

the surface of

components us i ng

i n the form:

and

al

o

u te r .

in

r

t

ic

the meas urement sphere

Equations (a.la)

u re

ri c

he

ate

by

at
omp

r

be

Fo

bra

To calculate the incident field coeffic'ients a o
mh

ne can use Equat'ions (a. I a) and (4. l5 ) and the 0

rthogonaìity of the trigonometric functions with

to 0 i n reg'ion (l ) . 0n the surf ace of the meas

here of rad'i us r=A (a < A < b), the Riccati-sphe

funct'ions and their derivatives are constant. T

nality relat'ionship with respect to 0 will separ

fficients of different m. Thi s can be achieved

g the test antenna and using the measurement dat

ut the orthogonaìity integrals with an on-lìne c

ti vely, i t may be achìeved by measuri ng data ove

of constant 0 and evaluating the orthogonaìity

ls numerìcally by utjlizing the measurement data

nner the relat'ionships between coefficients can

to a set of relationshìps for fixed m indices.

xed m, the coefficients ê.rn and bo*n (n=m, m*l,

can then be determined by solving 2N linear alge

ns.

o

o

t
p

o

e

n

o

a

s

a

a

d

i

o

respec

ment s

Bessel

orthog

the co

rotati
carry

Al tern

circle
integr

th i s m

reduce

each f
N+m-1)

equat'i



Eo(A,o,o)

and

where

N

{A"on
n= |

AP
n

-+

dU

n

T [A^
m= I mÏr
êrO O
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(4. r6)

(4.17)

(4. r8)

N

T

n=l

âP nrh ntoeon ao * ',m=l
êro

^mMPn t't slnA - --ì--^ -"'mó
m"n slnu cos
0

^^mdY n cos--:-:- mÓdu s I n

t+

âPm, n n cos-+ ur.n le- ;iimol ]
o

Eo(A,e,o) =

mPm

1 t,nn -# lå!'nol I

o

A_* = Eo u_._ [in {ron ) + ,nÊÍt ) (ooA )]mn-mnoo

Ba = Eo beryry ti; tr<o
^/o\ ¡

A) + D H\'/ (k A)l' n n ' o '"

and

Aoon = o' Boon = o' Eo

Here A e and B 
" 

are constants on the measurement sphere
mn mno o surface r=4. Integrating Equations (a. I 6)

and (4.17 ) and using the orthogonality relationsh'i p with

_l
KA

o
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respect to 0 at a fixed m, one can define the foìlowing

functions

For m=0:

For mìl:

. r?¡t N âP
ror(o) = * J ru(A,o,o)do=n1., B.onlEa

o

and

ro*(o) = * l'" Eo(A,o,o)do =r!1 A.on+ (4.re)
o

rru(e) = + í" Eo(A,e,o) sin m6do

o

N+m- I mPT âPm

= ; [A --!--n ^4 I- L '"emn sinO "omn A0 r
n=m

and

" r2¡
I-,(o) = | I r.(A,e,O) cos mOdOmQ' 'It J A'

o

(4.20)

N+m- I aPT mPT

= '''T- ' [A.,nn # - Born ,r-lt ]
n=m
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In Equations (q.ZO), there are 2N unknowns. The integrals I,no(0i) and

ImO(0j) can be evaluated by carrying out measurements at

0=0r, i=1,2,...,N and rotating the test antenna around the

z-axis, 360 degrees at each measurement poi nt of 0. 0ne can

then form a system of linear aìgebraic equations jn 2N

unknowns for each gi ven val ue of ûì>l , in the form:

tsl

where

IImo(o)] and IImO(o)] are known

each whose transposes are equa 1

fto.,,.,l

f-*r,,.'l 
=

IInro(

I i*o (

r,rl

orr 
I

(4.21)

Iro(oz),

col umn vectors

to:

.., r*u(o^)J

of N elements

i n the

It*u(e)]t =

and

Irmo(e)]t =

Ir*o(rl),

Irmo(el), I16(or)'

The unknown coeff i c i ents u.rn

vectors [4.*n] and IBo*n] and

..., Ir*(e*)J

and b are i ncl uded
omn

thei r transposes are:

' Aet, N+m- I ]In = [Aat, t' Aa* 
, m* ] '

and

IBorn]t = [Bom,m, Bor,m*ì,

.t
a*n I

om, N**- I ],B
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x [S] is a 2Nx2N matri x, and can be written in theThe matri

fo rm:

trij
mPm( coso . )n' l'
-srîd;-

tsl =

i n whi ch ISl ] and ISZ] are NxN matri ces,

are:

rl

,l
[t 

t r :

I

Its"l
lL

r,rl

ell]
fn= 
lt'

Isz

Isl

'ì

( 4 .22)

( 4 .23)

(4.24)

¡=j+m_1

and their elements

(cos0., )

sin0.'- tPT*r-l

= 
âPÏ*t-I(tote)

ãe

and

s^. .
¿'t J

aPm(coso)n'---â 
0

In a sim'i lar
equati ons can

the other hal

0=0.
.l

n=J+m-

manner, a s'im'i I

be constructed

f of the coeffi

ar algebraic

as Equation

cients:

sys tem of I i nea r

(4.21) to calculate

tsl
i,r(

åo(
f 

to',.' 
'

Lt 
u'*n l
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on'ly

cients

used

(4.25)

and

(4.

Solving

a single invers

[A o ] and [B " ]ryq,in Equation (4.

incident field

Eo(A,o,O) cosmQdQ

Equations (a.21) and

'ion of the matrix tSl
can be calculated.

lB) to evaluate the c

r;o(o) =_1
1I

l'n
J
o

" r2rtt
rT)

0

rmô (o ) EO(A,o,O) sinmsdS

the same matri x AS given in Equations (4.22), andisl is

23) .

(4.2a) wh

, the unk

Thei r res

oefficien

t.rþl and tbúl for m>1.

In the case of ffi=0, Equation (4.19) g'i ves

'l lto..,'l fn

J lr'.onrl L'

Ia.onJ'from w

lb I- eon-

I tol

l,rr,m=o)l

ISr(m=0)

t0l

ou(o)

oq(o)

hich, the coefficients IAeon],

can be cal cul ated.

l-B I and hence- eon-
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4.3.4

The i nve rs i on of the ma tri x

Equations (a.21 ) and (4.24) for m>l

i n deta i I [43]. it was shown there

inversion of the matrix tS] can be

poi nts are I ocated at the roots of

function:

of Measurement Points

tSl which appeared in

has been studi ed previ ous iy
that, the mos t stabl e

done, if the measurement

the fo1'lowing opt'imization

oil= I om-l t.. \

,rtfÇ P¡+m-r (Yr/ ( 4 .26)

whe re :

Yr =

cos 0 - (r'
cos0a ++ cos0.br__l

2t

lcosou - cos0O

|-r--
The angìes 0u and 0O are the

angles, and: 0"(r=1,2,...,N
measurement poi nts such that

the number of measurement poi

azimuthal dependence, and PM-
NI

polynomial of the first kind

N+m- I . The roots of Equati on

v =0.

imiting computat'ional aspect

are the location of the

0u.01.02

nts in the 0-directìon, m is the

(vr) 'i s the assocì ated Legendre

of order 14=m-l and degree N'l =

(4.26) are symmetri c around

The I imiting computational aspect angler 0u and 0b can
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be given a priori as a lÍmiting case of the measurement

ìocations sector of 0. In the case they are not known,

they may be estimated from Ia3]:

cosoa - cosobl 
= 

totu,^l totu*_ 
and

-_-T_-l-
lcosOu 

+ coseOl - cos0., + cos0*

l-___-_-T-l-----z-

The only condition for calculating 0u and 0n using Equation

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

(+.zt¡

( 4 .28)

The reason for using the optimum distributions of

the measurement aspect angle 0 as in Equation (4.26) is that

the determinant of the matrix S in Equation (4.22) wiìl be

maximum at these points, which assures the most stable

i nvers i on of the matri x S [43] .
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4.4 CALCULATION OF THE FAR.FIELD RADIATION PATTERN OF AN
ÃXTE N-ñT-

The far-field radiation pattern of an antenna is one

of its most important characteristics. The field pattern is
actua'l ly a three-dimens'ional or space pattern, and ìts complete

description requires field intensìty measurements in al I

directjons in space Iaa].

There are several probl ems i n whi ch an el ectromagnetì c

field is known on a surface, and it is desired to determine the

field elsewhere. A common example'i s when the field is

specified over an antenna aperture or other "near-field" surfaces,

and it js desired to determine the far-field rad'iation patterns

[33]. There are two techn'iques f or accomp'l 'ishing the trans-

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

(2) Representi ng the f i el d at an arbi trary po'i nt as a

summatjon of free-space "modes " where the mode co-

efficients are determined by matching the fields on

the surface on wh i ch the fi elds are known.

In the I ast case the modes may be any set of f unct'ions wh j ch

(l) Representìng the fjeld at an arb'i trary point as an

'i ntegral over the surface on which the fieldsare known

(Huygens-Fresnel princìple) [18]; and,
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form a basis for wave solutions to Maxweì I 's equations. In

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

field r

surface

This pr

129J, I
here fo

The probl

adiation

S which

oblem is

331, [34]

r use in

em now i s, how to ca'[cu] ate the antenna f ar-
pattern if the field is known on a closed

encloses the antenna, as shown in Fig. 4.4.

wel I known and is soTved by many authors IlB],
, ... etc., and its solution will be summarized

the next chapter.

4.4.1 The Huygens-Fresnel Principle

For aperture antennas, the Huygens-Fresnel princip'le

was utilized to form an equivalent source from the aperture

fiel d di stri butions. Reference [.l8] has shown that, the

complete electric field E and magnetic field H within a given

volume can be expressed in terms of the current densities of

the sources within the volume and the values of the field
over the boundaries of the volume. If the volume of interest
Vl contains no sources and is bounded by a closed surface S

and a sphere at infinity (tne region outside the volume V in

Fig. 4.4), the E and H fields at a point P within the volume

Vl are given by Equations (2. I ) and t2.2). These equations

require the tangentia'l and the normal components of the

electromagnetic field on the surface S.
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ANTENNA

ANTENNA
APERTU RE

Fig. 4.4: A
S

cross-section showìng the test antenna, a closed surface
enclosing the antenna.



From a practi cal poi nt of

antennas, ê. g. , refl ectors, horns

calculate the far-field radiation

in front of the antenna aperture.
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view, for the aperture-type

, etc., it ís desirable to

pattern only from the fiel ds

This means that a knowledge

of the electromagnetic near-field on part of the surface S'in

front of the antenna or in the aperture plane of the antenna

is sufficient to calculate the approxímate radiation pattern

by using the Huygens-Fresnel principle. The theory of this

chapter can be used to calculate the electromagnetic near-

field required on the aperture of the antenna by calcuìating

the electromagnetic field inside a region YZ as shown in Fig.

4.4. insid" YZ, the electromagnetìc field on any appropriate

aperture plane in front of the antenna can be known, s'ince it
is inside this region. But if it is desired to calculate the

radi ati on pattern i n the whol e space, then, the near-fi el d

on the whole surface S must be known. Thìs is also feasible

by using the stepwise technique described by section 4.2.

That is, by measuring the field over a sphere enclos'i ng Uz

and centered at 02, the el ectromagnet'i c f i el d of the

antenna can be known completely insjde the region YZ

Surroundin g 0Z and tangent to the antenna. Thus, the near-

field on part of the surface S which l'ies inside the reg'ion

UZ can be determined. Repeating this process' i.e., measuring

the field oVer several spheres around the antenna' the field

expansions inside each sphere can be determined. From which'



the field over those portions

sphere can be dete rmi ned. I n

antenna everywhere, over the

can be determi ned from whi ch

103

of S whi ch I i es wi thi n each

this manner the field of the

surface S, enclosing the antenna

the far-field can be evaluated.

4.4.2 Calculation of the Far-Field Antenna Pattern Usinq

-

SpïãFi cãT-Fãve Functi ons

Here the electromagnetic field'in the region V., (out-

síde v) can be expanded in terms of the approprìate spherical

wave functions as in section 4.3. In this case m(4) and n(4)

can be chosen as the appropriate vector wave functions wh'ich

contain the spherical Hankel function f'(2)1tor) and its
derivatives as a radial function, which satìsfy the radiat'ion

condition at infinity. The unknown coefficients of the

spherical wave functions expansions may be eval uated by matchì ng

the fields on the surface S, on wh'ich the fields are known.

The matrix method of section 4.3 can be used to calculate

these coefficients. 0n the other hand, the integratìon mel.hod

which is used by l29l and [34] can also be used. In the latter
method, the unknown coefficients of the incident electro-
magneti c f iel ds i n region V., f or outgoì ng waves are gì ven by

the fo'l lowing formulas [3a]:

ô
ntrl
o Y*nvn*{ko.., )

(2r

)
o

si n0d0dQ (4.2e)



and

of V (k r)n'o
t'hÍ')(oor)l
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o*%

0 ru
oo

-l m(^3) (.1 ,0,ó)xE(rl ,0,0)
mn
o

.1
yrnvn ( kor., )

sin0d0d0 (4.30)

where

â o and b o are the unknown coefficients of the spherical wave
LLmn mno o functions expansion of the electromagnetic fjeld

given by Equations (a.3) and (4.4) us'i ng the appropriate

spherical wave function, r(4) and n(4).

f (rl,0,O) is the electric near-f ield wh'i ch js known on the

surface S of the sphere V of rad'i us r=rl.

q(3)(.l,o,O) and n(3)(rl,e,O) are the spherical wave functions

at r=.1 given by Equatíons (a.7) and (4.8) usìng the radial

function rÍt)(kort) = hÍt)(oo.l),where nÍt)tkorl) is the

spherical Hankel function of the first kind.

V (k r)n'o r'(l)rt rlno r'hÍt)(oor)l (4.3r)lâ
I r ar

o

*
Vn (kor) complex conjugate

n(2)f r .) .1- -A-..n ...0., koa är ( 4 .32)



and

and

0nce the coefficients äe and b. are known, the electromagnetic
mn mn

field in the region vl &n be.ul .alculated. The far-fierd
radiation pattern of the antenna can then be evaluated by using

the fo1 lowing asymptotic formulas of the spherical Hanker

f unctions [45]:
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- ,*^ n(n+l) (n+m)! ^ _12 for m=o
ïmn - L't"m -Zn+l G:m)T ' 'm -ìl for ml0 (4.33)

l* r,i2){r.0.) = in+r +ts (4.34)
o

l* +*t,"hÍ')(oor)l =in# (4.35)

Formulas similar to that of Equations (a.29) and (+.gO) Out

using the magnetic fìeld H, instead of the electrjc field E,

can also be used provided that H js known. These formulas

are gi ven i n reference [3a].

4.5 DISCUSSIONS

In this chapter, the theory of the inverse source

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

i n front of the antenna whose radi ati on fi el d i s unknown.

It was required to calculate the far radiat'ion pattern of the

isolated antenna, oF, that of the antenna in the presence of

the scatterer from measurements of the total fiel d in the

near-field regìon of the antenna. l,lJhen the spherical surface

S enclosing both sphere and the antenna, as shown in Fig. 4.1,

is small'in size the measurement can be carried out over this

surface to obtain the total field. in addition, the field
outsi de S can be descri bed by spheri cal wave functi ons wi th

unknown coefficients. These unknown coeffic'ients can then be

obta'ined by matching the measured and the spherical wave

expansíon fiel ds over the spherical surface S. 0n the other

hand, when the antenna, or its separation distance from the

scattering sphere is 1arge, the spherical surface enc'l osing

them also becomes large. The measurement of the field over

such a ìarge surface requ'i res large scannjng systems, which

in practjce is undesirable. To utilìze a small scanning system,

the stepwi se measurement technì que was proposed and presented

in section 4.2. This technique'i s also d'i scussed elsewhere

t46]. The method of anaìysi s and sol ution of thi s probl em

was al so presented. The cal cul at'ion of the f ar-f iel d

radiation pattern using this technique was summarized.
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It can be concl uded that f rom a theoreti cal po-i nt of
view, the technique of the field measurement using scattering
data is feasible 'in the three-dimensional case as was in the

two-dimensional prob'l em of chapter three.



CHAPTI R V

THREE-DIMENSIONAL INVERSE SOURCE

PROBLE14, APPLICATiONS AND NUMERICAL

INVESTIGATIONS

5. I INTRODUCTION

In this chapter, the appl ication of the fÍeld measure-

ment using scattering data technique, wh'ich was discussed in

chapter four wil I be investigated numericaì ìy. For the

radiation source three different cases are considered; a

piane wave, an electric dipole and a four-element electric
dìpo1e array. Cons'i dering any of these sources the field
scattered by a specified dielectrìc sphere is obtained

analyt'i cal ly and is used together with the incident f ield to

generate numeri cal ìy the measurement data over speci fì ed

measurement spheres. These measurement data are then used to

obtain the field expansion coefficients within each expans'ion

sphere. The cal cul ated expansi on coeffi cj ents are then used

to reconstruct the initial source field. For varjous geo-

metri cal and expans ion sphere number and radi us, the

computational errors are computed and the accuracy of the re-

constructed fields are then studied in detai l. The numerical

results of this chapter are obtained by using computer

programs spec'i f ical ly prepared for this purpose [41].
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5.2 PLANE blAVE CASE

An i nci dent pl ane wave propagati ng i n the pos'i ti ve z-

di recti on and pol ari zed i n the x-di recti on i s sel ected here

to examine the theory of the field measurement us'ing scatter-

ing data technique of chapter four. The electríc and the

magnetic fields of the incident plane wave are:

and

The i nci dent el ectromagneti c fi el ds can be

of the spherical vector functions m and n

ti = î E e-jkotXC

H'i = î 'o .-iko,yn

(5.1)

expanded 'i n terms

g'i ven by Equations

where'i.. and i.. are the unit vectors in the x and y directions,xy
k^ and n are the propagation constant and the intrinsic

o

impedance of free space, respecti ve1 y. The uni t vectors i *
and i.. can be written in terms of unit vectors of spherical\/

"n

coordinate system ir, io and iO as:

i - sinocosói + cos0cosói^ - sinói.x'ru0

and (5 .?)

îy = sinos'inoî,^ + cos0sin0îu + cosoî0
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(4.3) and (q.q). At r=0, the field is finite and we there-
fore select spherical Bessel functions of the fi rst kind as

the radi al functi ons. 14oreover, the dependence of Equati on

(5.2) on ö is limited to m=1. Hence considering the odd and

even properties of Equations (a.7) and (4.9), we assume the

expansion functions in the form:

o[]r'lE-

+ n r(]n-e I

Hl = +
k

ojr%

oo

I
n=l

)r
n'r.,rÍ]l + bn

and

The probì em

sion of Equations

,.i, 
(',!!1,ì

under considertion

( 5. 3 ) wi th un known

(5.4)

i s to sel ect the expan-

coefficients

(5.3)

lr

where un and bn are the unknown coefficients of the jnc.ident

fi el d yet to be determi ned. However, for a pl ane wave, these

coefficients are given in [21] and [3i] and are of the form:

i -n (2n+l )on - -nfnlÐ-

and

b Jun

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

n
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and determine them by using the theory of the previous chapter

The scatterer is a dielectric sphere of radiur koa=1.0, with
a relative permittivity e.=4.0 and a relative permeab'i 1ìty

ur=.l .0. Because, thi s probì em i s a s impl e one, measurement

data are generated onìy over a single measurement sphere,

enclosing the dielectric one, and having a radius of koA=3.0.

The scattering of a plane wave by a d'ielectric sphere is wel I

known. Thus, the measurement data over the measurement sphere

can be obtained readily by adding the known incident field to

the scattering one. These generated data are then used to-
gether with boundary conditions of Equations (a.ll) and (4.13)

to determine the expansion coefficients of the íncident field.
Final 1y, these expansion coefficients are used in Equations

(5.3) to calculate the íncident field.

Note that, si nce only m=l modes are present, the requi red

expansÍon coefficients can be obtained by using the measure-

ment data in only ô=0 and þ=T planes. Also, if N terms in

the expansi ons are retai ned, on'ly N matchi ng poi nts i n the

0-direction will be necessary to determine the unknown co-

effi ci ents. These N poi nts are sel ected at opti mum I ocati ons

which are determined us'ing Equation (4.26). For several

di fferent val ues of N, the reconstructed EO- anO tO-components

of the i nci dent fi el d are compared wi th the exact ones i n

Figs. 5. I to 5.4. For this particul ar problem, the reconstructed
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fields for N>7 agree well wjth the exact ones, with an

accuracy better than 0.01%.

5.3 ELECTRiC DI POLE CASE

5.3. I The Exact Sol uti on

l,l'i th reference to Fig. 5.5 consider an incident wave

from an x-directed electric d'i poìe which lies on the z-axis

at a di s tanc. ro f rom the orig'in 0 (center of the di el ectri c

sphere). The exact field of this source is known and is

given in [21]. The incident electri c and magnet'ic fjelds E

and H in terms of the magnetic vector potential A are in the

form [2.l ]:

E--jou^A*=f-v(v.n)- u- JoLo
(5.5)

(5.6)

and

H= VxA

where ûr'i s the angular frequency rad./sec, uo 'is the free

space permeab'i ì ì ty, and .o 'i s the f ree space permì tti v j ty.

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

l21l:

II e-ikol"-"'l
A=

4nlr-r'I
(5.7 )
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Fig. 5.5: Geometry of measurement and expansion spheres for an x-directed
near a dielectric sphere.
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where A is evaluated at the field point

situated at the source point r'=(x',y',2
f ree-space propagat'ion constant. The di

fi el d and the source poì nts i s gi ven by:

lt-r' I

r=(x,!,2) and Ig"'is

') with ko being the

stance between the

ìlB

(5.8)

d'i stance

simplifies

For an x-di rected di poì e

z^ from the origin (Fig.
o

to:

A=

and

located on the z-axis at a

5.5), the vector potential

iA

I r- r' I
=urF+ y'+ 7 -7 ) 2- -(' (5.e)

Hence, the exact electromagnetic field of this electric dipole

can be obtained f rom Equations (5.5) and (5.6) and us'ing

Equations (5.7) and (5.9).

5.3.2 Spherical Modal Expansion of the Electric Dìpole Fields

The spheri ca I moda I expans i on of the fi el ds of an

electric dipo'le located at r=ro, are g'iven by Equations (4.3),

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

rli){r.o.) = in(ko.) for ..ro and ,Ii){r,0.) = hÍt)(oo") for

r>r The uknown coefficients in this expansjoñ âe and b.o'Fú



are avai labl e

locatíon and

th e fo rm:

and

in the literature
orientation of the

ll9

l47l for an arbitrary
dipole and are of

[34] and

el ectri c

k2nI
o

i',n n

k2 nI g-

o

r(l)(," )
-e '-o'

mn
o

. m(4)-e
ry

. n(l)(" )
-*tn '-o '

o

for r>r
o

for r<r

for r>r
o

for r<r
o

(5. l0a )

(5.r0b)

(5.lla)

(5.llb)

9"

lr )
-t )Y*n

k2nI
o L

b
eqf Y*n

k2nIg
o

Ymn
( 
"o ). n(4)

-emn
o

wherer r(t)(to) an¿ n(t)(ro) are the spherical vector wave

functjons given by Equations (a.7) and (4.8), respectìvely

at r=ro, n is the intrinsic impedance of free space, ko is

the free space propagation constant, lo is the location of

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

and y*n is given by Equation (4.33). The coefficients gìven
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in Equations (5. l0) and (5. I I ) are different from those of

references [34] and 147l by a constant factor ir¡.

Since the d'ipole is located on the z-axis as shown'in

Fi g. 5. 5, the expans i ons of Equati on s (a.2) and ( 4.3 ) wi I I

be restricted onìy to m=l terms. Th'is'i s due to the fact

that, for 0o=n, 0o=0 and from 121), [34] and l47 l we have:

mPl ( cos oo )

-il no -o

n(n+l )

2

âPm(coso )n' o'
--lãt

)n*l

n n(n+l )

(5.12a)

(5.r2b)

for m=l

(s.lsa)
for mll

0 =tt
o

fr-rl'=J
lo

It-t={
lo

m=l

mll

m=l

mll

and

0 =T
o

Since, at least one of these funct'ions appear in each spherical

function, r(i) und !-(i), they become zero when m is not equai

to unity. Thus, for the dipo'le source of Fig. 5.5 the exact co-

ef f ic'i ents become:

a =b -0emn omn

and

2

f=l-
1

k2nLQ,-+- (-r
Yln

0

nÍt)tkoro)
omn



and

and

L_U-
emn .')tl

lr= r
o

121

(5.13b)

(5.14)

(5.15)

fþtt (-r
tln

n+l n(n+l )

o.',{]}l

2 # ãï t'hÍ')(o

for m=l

for ml I

where yln is given by Equation (4.33) for m=1. Utilizing
these results, the spherical wave expansion of an x-directed

el ectri c di pol e I ocated on the negati ve hal f of the z-axi s

can be wri tten 'i n the f orm:

Ei =

,,i - 
ko

n-
J,UO

æ

-t- L (a
n=l

" r(l )
oln-oln

,,'i, t'r1r{]} + o.r,'u!]}l

where m and n are

by Equations (a.7)

to be valid for r<

r,lt )(ko.)=jn(t<or¡

(5.r3).

the spherical wave functions and are gìven

and (4.8), respectively. For expansion

Fo, the radial functions are selected as

and aoln and beln are g'i ven by Equations

5.3.3 Numerical Investigation

The problem here is similar to that of the plane wave

case. The exact f i el d of the di po'le together wi th exact
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scattered field of the dielectric sphere are used to generate

the measurement data. The required expansion coefficients
are calculated and are used to reconstruct the field of the

electric dipole.

The reconstructed data are used to study the convergence

of the spherical expansion series, to investigate the dependence

of the expansjon series on the locat'ion of the dipole and to

compare the accuracy of the reconstructed field with and with-

out optimal distribution of the measurement points.

5.3.3.'l Convergence of the spherical wave expansions of an
electric dipole

in thi s case, the convergence of the spheri cal wave

expansions of an x-directed electri c dìpo'le located on the z-

axis is investigated. The field measurement using scattering

technique of chapter f our i s uti l'i zed and the matri x method

is used to calculate the unknown coefficients of the incident

electromagnetic fields of Equations (5.1a) and (5.15). The

geometrical and phys'ica1 parameters are selected as those of

the piane wave case discussed in section (5.2). That 'i s radi j

of the d'iel ectri c and the measurement spheres are a and A

such that koa=1.0 and koA=3.0. Also, the dipoie is located on

the z-axis at a point ro=(0,0,2o) with kozo=10.0. The centers

of the scatterer (dielectric sphere) and the measurement sphere



123

are located at the orig'i n 0 as shown in Fig.5.5. Also, its
rel ati ve permi tti vi ty .r and permeab'i I i ty ur are chosen to

be 4.0 and I .0, respecti vely. The tangential components of

the incident electric fieldr El and El are calculated usingUQ
the spherical wave expansion at 0=0 and þ= I pianes. These

calculated tangentìal components are compared in Figs.5.6 to

5.9 with that obtained from the exact solution of Equatjons

(5.5) and (5.i). The comparison is made on a sphere of rad'i us

kor.,=3.0 and f or di f f erent number of terms i n the expans i on

series. Figs. (5.6) and (5.7) compare the calculated ampl'itude

and phase of E; wi th the exact ones 'i n the plane ó=0. Correspond-

i ng compari son f or t; in the þ= T p'lane i s shown i n Fi gs. 5. B

and 5.9 for the calculated amplitude and phase of this
component. These compari sons show that the cal cul ateO U¿ and
_itö converge rap'id1y and for number of terms N>7, the accuracy

i s better than 0.01%. In computat'i on of al I these resul ts the

optìmum distribut'ion of the measurement poìnts in the 0-

d'i rection was utilized.

5.3.3.2 Effect of the di pol e I ocati on on the trunca ti on error

hree cases are cons i dered i n

dipole distances from the origìn are

The mean percentage errors i n ó=0 p'l

the phase of El as defi ned i n Equati
U

th'i s section, in whjch

k z =5.0. 10.0 and 20.0.oo
ane of the magnitude and

on (3.37) are shown in
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Figs. 5.10 and 5..l1. Also, the mean peraentage error of the

magnitude and the phase of E; at 0 = | OTane are shown in

Figs. 5.12 and 5..l3, respectively. It is noticed from Figs.

5..l0 to 5..l3 that for the same accuracy, when the dipoìe is
located at koro = 20.0 and 10.0, both senies of Equations (5.1a)

*and (5.15) converge much faster than the case of koro = 5.0.^
As an exampìe, in Fig.5.l0, the mean percentage error is less

than 0.36% fo. koto = 10.0 and 20.0, when 7 terms in the series

are used. t,.lhile it is more than 8.6% for kozo = 5.0 and using

the same number of spherical harmonics. Simi tarly, for N=8,

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

than 0.05% fo. koro = '10.0 and 20.0 but becomes more than s.4%

for koto = 5.0. The above results are fon the magnitude of the

tangential componentt Eå of the calculated incident electric
field at kotl = 3.0. Similar results obtained for the error in
the phase of E; are shown in Fig. 5.ll and the error in the

magnitude and the phase of rl,-.omponent are shown in Figs. 5.12
a

and 5..l 3, respecti vely.

These results are significant from Ëhe measurement

point of view. They indicated that, if the measurements are

carried out over a measurement sphere at a larger distance from

the source, the convergence of the series is faster and smaller
number of coefficfents need to be computed. This, of course,

means that smal ler number of measurements need to be carried.

*Thit
terms
test)
whi ch
asz

o

can be shown analytically by evaluatinq the ratio of two consecutivein the series ofequatións- (5.ì4) and-(s.ls), (the converqence ratio.. For higher order terms, this ratio is proiortional to klr/k^zn (r<z^),

ff:Ëil::.âS 
Zo increases, i.e., the convergence of rhe sËrieH inprovËs
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out. In other words, to obtain the given degree of accuracy,

in the calculated electromagnetic field using scattering data

technique, it is better to scan the receivíng.probes far from

the test antenna.

5.3.3.3 The effect of using non-optimal distributions of the

ce

a) Sel ecti on of the non-optimal measurement poi nts

The optimization function which determines the best

locations of the receiving probes with respect to 0 is given

by Equation (4.26). The reason for using this optimization

function is that, it provides measurement points which

maximi ze the determinant of the matrix S in Equation (4.22) .

This assured the most stable inversion of the matrix S [43].
The question which arises here is that, what v+ilì happen if
the receivÍng probes are positioned at locations other than the

optimum ones given by the roots of the optimization function

of Equation (4.26) . Can one sti ì I obtai n a reasonabl e resul t
also in such cases? In section 5.3.3. I, for an electric
dipoìe, a numerical investigation was carried out at the

optimum I ocations of the recei vi ng probe. In thi s secti on,

the same case is considered but using non-optimum distribution

of the recei vi ng probe. In thi s case, the truncati on order N

for calcuìati ng the incident electric fie'ld using the spherical
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wave expansion of Equation (5.1a) is taken to be between 4 to
B. Also, the electric dipole source is assumed to be x-

directed and located at a d'i stanc" =o, SUCh that, koro=10.0

on the negati ve part of the z-axi s as shown i n F'i g. 5. S.

Again, the azimuthal dependence ó here will be m=l as mentioned

before in section 5.3.2. The radii of the dielectric and

measurement spheres are taken such that koa=.l.0 and koA=3.0,

respecti vely. Table 5. I shows the optimum and the chosen non-

optimum di stri buti on of the 0- I ocati ons whì ch are used i n th'i s

numerical investigation. From numerica'l computation poirrt of

view, the non-optimum I ocations of the probe shoul d be chosen

such that none of these points should make the maxtrix S

sÍngular. This condition can be satisfied by avoid'ing the 0-

locations which cause the singuìarity of the matrix S. These

points are given by theorem (l) of reference Ia3] and are

g'iven by:

(i)

(ii)

(iii¡

or

or
(N-r ¡

N

chosen such

to prevent

(5.r6)

that the

the singu'larity

In Table 5. I, measurement points are

above three conditions are satisfied
of the matrix S.



Table 5.1: The
of
N=4

optimum and non-optimum di
the angu'lar pos i ti ons 0 of
to B, in degrees.

0ptì mum

N=4

28.36

70.12

I 09.88

151.64

Non-
0ptimum

30. 00

70. 00

110.00

I 50. 00

0pti mum

N=5

23.07

57 .32

90. 00

122.68

I 56.93

stri buti on of
the receiving

Non-
0ptjmum

30.00

60. 00

90.00

I 20. 00

I 50.00

0ptimum

N=6

the I ocati ons
probes for

Non-
0ptimum

19.95

47.16

7 6.11

I 03. B9

132.84

I 60. 05

30. 00

50.00

80. 00

I 00.00

I 30. 00

I 50.00

0pti mum

N=7

16.26

40. 54

65.17

90. 00

il 4.83

I 39.46

163 .7 4

Non-
0pti mum

30.00

50. 00

70. 00

90. 00

I 
.l0. 

00

I 30. 00

I 50. 00

0pti mum

N=8

ll.48

36.87

57 .32

78.46
,l01.54

122.68

143. I 3

I 68.52

Non-
0pti mum

30. 00

40. 00

60.00

80. 00

I 00. 00

I 20. 00

I 40. 00

I 50. 00

J(,
(.']
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Fi gs. 5. I 4 and 5. I 5 show the magni tude and the phase

of the cal cul ated i nci dent el ectri c fi el d component Ei of the
U

electric dipo'le, respectiveìy. The exact magn'i tude and phase

of the same component are also shown in these figures for
comparison. The incident electric field is calculated usìng

the spherical wave expansion of Equation (5.14) with N=4 to B

and using the non-optimum distribution of the measurement points

with respect to 0 as g'iven by Table 5.1. The magn'i tude and

the phase of the incident electric field component ri of the'0
same source are shown in Figs. 5.16 and 5.17, respectively aìong

with the exact ones. corresponding results, for the optimum

distribution of the points were presented in section 5.3.3..l and

shown in Figs. 5.6 to 5.9. From Figs. 5..l 4 to 5.17, it is
evident that, the calculated fields us'ing spherical wave

expansion and non-optimum distribut'ions of the 0-locations still
converge to the exact solution. However, a largernumber of

spherical harmonìcs are needed in this case than the opt'imum

distribution case. This result Ís important from experimental

point of view. Since in some cases, it may not be convenient

to positìon the receiving probes at the optimum locations of

the optimization function of Equation (4.26). These results

indicate that with non-optimum measurement points, accurate

results can still be obtained provided that the conditions of

Equations (5. l6) are satisfied. This is also important for
cases where, for practical reasons, one uti I izes several fixed
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probes. The selecti on of non-optimum di stri buti on of

measurement poi nts, however, reduces the accuracy of the

results for a given number of spherical harmonics. This is
the price which one will pay for the convenience of non-

optimal distribution of the receiv'ing points.

b) Error analysi s for optimum and non-optimum
distributions of 0-locations

The percentage errors i n the magni tude of the tangentì a'l

component Ei of the electric d'i poìe are shown 'i n Fìgs. 5.lB'U
and 5.19 for truncation orders N=7 and B, respective'ly.

Correspond'i ng resul ts were al so obta'ined f or the phase of E:,
U-

and for the magnitude and the phase of El components but are
o

not shown here. These fi gures compare the error di stri butions

of opt'imum and non-optimum measurement points for the whole

range of 0<01n. In both cases, the mean value of the percentage

errors using the optimum measuring points i s aìways less than

that of the non-optimum points. As an examp'le, for N=7 case,

the mean value of the percentage error is equal to 0.359% for

the opt'imum case, but it 'increases to 0.653% for the non-

optimum case. Simi I arly, for N=8 case, the mean va.l ue of

the percentage errors are equal to 0.051 % and 0.151% i n the

optimum and non-optimum cases, respect'i vely. The mean value

of the errors is decreased by a factor of 7.0 for the

opt'imum case when the number of harmoni cs N i s i ncreased f rom
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7 to 8. [¡Jhile in the non-optimum case, it is decreased only

by a factor of 4.3? for the same increase in N. From these

results one can conclude that selecting non-optimum

distribution of the measurement points such as in the case

of several fixed probes, the accuracy of the reconstructed

f iel d 'i s I ow. However, the accuracy can be ìmproved by

increasing the number of the measurement poìnts. Th'i s is
clearly shown in Figs.5.lB and 5.19 for N=7 and B, respectìvely.

5.4 ELECTRI C DI POLE ARRAY

The stepwì se measurement method descri bed 'i n chapter

four is used here to examine the accuracy of the computed

fields. For the test antenna, a four-element electric dìpole

array is selected. Dipoles are x-di rected electric current

elements and are separated by a distance of X/4, where À is

the free space wavel ength. The phase center of the array i s

I ocated at the ori gi n 0 and the el ectri ca I phase di fference

of two adjacent elements is assumed to be ô - -3t/4 radians.

The array is rad'iatìng in presence of a djelectric sphere of

radiuS â, as shown in Fig. 5.20. The measurement data are

generated ana'lytical ly over the measurement spheres Sl , SZ,

..., Stt and the stepwise measurement approach as expìained

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

fields. In Fig. 5.20 only three measurement spheres Sl, Sz
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and s" are indicated. The corresponding expansion spheresJ

are S.i , Så and Så. hlithin each expans'ion sphere which

contai ns one of the measurement spheres, spherical wave

expansion with unknown coefficients are defined and the

unknown coefficients are determined by matrix inversions as

described in chapter four. These wave expansions are then

used to compute the fiel d components over the spherical

surface S, which encloses the antenna and thus gives the near-

field of the test antenna. If the far-field of the isolated
antenna is desired, the field distributions over S can be

used to determine the expansion coeffjcients for the field
externa l to s. However, 'i f the f ar-f i el d of the antenna i n

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

the antenna and the dielectric sphere can be obtained similar
to those over S. These fi el d components can be used to

determine the desi red expansion coefficients for the field of

the test antenna in the vicinity of the dielectric sphere.

Since in this example we have considered a spherical scatterer,

a sphe ri ca I near-fí e1 d far-fi el d transformati on method wi I I

be used. Furthermore, to avoid ìarge scanning systems

requi red for ì arge antennas , the stepwi se approach i s sel ected,

in which the near-fields are measured over a small spherical

surface in the vícinity of the scatterer. The requjred

information on the field and over a surface enc'losing the
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antenna 'i s then obtai ned by repeati ng the measurement at

several locations around the antenna. Th'is stepwise approach

not only reduces the requi red scann'ing surf ace, but also

reduces the expansion of antenna field over a ìarge surface

to several expansions over smal I surfaces. Note that when

the d'ielectric constant of the scatterer becomes unity the

prob'l em reduces to the near-fiel d measurement of an i sol ated

antenna. In the f o'l ì owi ng sections both cases wj I I be con-

sidered, i.e., the f ar-f ield radiat'ion patterns of an isolated

antenna as well as that of the antenna in presence of

dielectric sphere wil I be calculated. In both cases the

f o1l owi ng data are assumed f or the numeri cal 'i nvesti gati on:

rad'ius of the dìelectrjc sphere kou = 1.0,

dielectric constant of the d'ielectric sphere er=4.0,

the separation between the center of the dielectric sphere

and the origin 0 kod=8.25,

the radi us of the measurement sphere kor.,=3.0,

the radius of the spherical surface S which encloses on'ly

the antenna koA=5. 0, and

the radius of the spherical surface S' wh'ich encloses

both, the antenna and the scatterer koA'=l 0.0.

The reconstruction of the isolated antenna fiel d and

the field of the antenna in the presence of a dielectric
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5.4. I Cal cu I ati on of the Far-Fi el d Radi ati on Pattern of the

sphere wi I I al so be discussed. The resul ts f or the amp'l i tude

and the phase of Ee are presented i n detai I . The resul ts

for E, are similar and therefore oniy a sampìe calculat'i on
o

i s i nc I uded.

I so I ated Antenna

In this sectjon the far-field rad'iation pattern of

the isolated antenna is calculated from the near-field measure-

ment data and the calculated field over the surface S, Fig.

5.20. Note that, this spherical surface S with rad'i us koA=5.0

encloses only the isolated antenna. The interaction between

the antenna and the scatterer i s negì ected. In thj s exampi e,

the measurement data is generated anaìyticaì ly over the

measurement spheres. Because the azimuthal dependence of the

array f iel d 'is known (cos0 and sinO dependence only), measure-

ments are carried out onìy in the 0=0 plane fo. EO and in the

0= | nlane f or tO. To examine the usef ulness of the stepw'i se

measurement method, three different cases are studied [46] -

Namely, three, four and fìve measurement spheres are uti I ized

to obtain adequate information in the piane O=0 for EUand jn

the p1 ane O= | toF E* to eva I uate the expans i on coeffi ci ents.
¿Q

These expans'ion coefficients are used to reconstruct the

fields and the results are then used to find the resuìting

errors in the reconstructed fields.
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5.4.1.1 Error analysis

l,Jithin each expansion sphere which contains one of

the measurement spheres and is tangent to the antenna

surface, field expansíons are determined by using the measure-

ment data. These fiel d expansions are then used to cal culate

the fi el d di stri butions over a spheri cal surface s encl osi ng

the an tenna. To exami ne the accu racy of the ca I cu I ated

fields, the exact field components over S are computed and

the expected errors are ca I cul ated from:

e = l{20 logt0l(lEg¡¿ç¿l - lEcatcutare¿l)l-zo logtol Eexacrl} l.
(5.17)

The measurement data are computed by solving the

probìem of scattering by a dielectric sphere. Expected errors
for di fferent numbers of the measurement spheres are al so

computed and the resul ts for three and four measurement

spheres are shown in Figs. 5.2.l and 5.22, respectively for
E^ and E, components of the electric field. l,lhile Figs.UQ
5.23 and 5.24 show the expected errors for four and five
measurement spheres for the same components of the fi el d. It
is evident that the accuracy of the computation Ímproves as

the number of the measurement spheres increases. In a

practical situation, the exact antenna field is unknown and

the computation error must be defined as the difference of

the fields for different number of measurement spheres. Note
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that the exact near-field of the electric dipole array at

any point on the spherical surface S is the summation of the

fiel ds from each el ement of the array. The exact fiel d of

each element is given by Equations (5.5), ( 5.6) and (5.7)

taking into consideration that the phase difference between

each two elements be ô - -3r/ 4 radians.

The error d'i stri bution of Ee-.omponent at ó=0 pl ane

i s shown i n Fj g. 5.21 usi ng three and four measurement spheres

in the range 0<0<n. The center of the i th measurement sphere

is located on the surface of a sphere w'ith a rad'i us kod=8.?5.

The measurement spheres are distributed on this surface, at

the azimuthaì p1 ane 0=0, accordi ng to the formul a:

c'l ¡-o=f (i-l) rad.
ms

(5.r8)

where N*, is the number of the measurement spheres in each

p1ane. Also, Fig. 5.22 shows the error distribution of EO-

component at ó = i pl ane usi ng three and four measurement

spheres. It can be noti ced, in the case of three measurement

spheres that, the erroli s high in the reg'i ons between these

spheres. As an example, the error js larger than 0.25 db

in the regions 30o < 0 < 60" and 120" < e < l55o for EO-.omponent

as shown in Fjg. 5.21 . However, in the case of E*-comPonent,
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these regions are 30" < e < 60o and 135' < 0 < 170. as shown

in Fig. 5.22. The maximum error is 3.6 db for EO and 8.0

db for E -comÞonents.
o

In the four measurement spheres case, the maximum

error decreases to 1.0 db in Eo and to 0.4 db in Eö- components.

Also the regions of inaccurate results are in the ranges of

B0o < e < 100' and l40o < e < 155' for EO-.omponent and 155'

< 0 < 170' for the EO-.omponent. The size of these regìons

decreases by abou t 50% if the number of measurement spheres

'increases from three to four. if more accurate results are

requi red, i t í s recommended to use ì arger number of measure-

ment spheres in each p1ane. This is evident from Figs. 5.23

and 5.24. These fì gures show that, the error decreases

significantìy in the case of five measurement spheres when

compared to three and four spheres. As an example, in F'i g.

5.23, the maxìmum error in EO-.omponent in the five sphere

case is less than 0.2 db, while it is more than 1.0 db in the

four spheres case. Simi I ar resul ts are al so evi dent from

Fi g. 5.24, where the error distri butions in EO-.omponent has

decreased for fi ve spheres case.

5.4.1.2 Numerical results for the radiation pattern of the
ì=õTa t

In this section, the calculated far-field rad'iation
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patterns using the matrix and the integration methods are

compared wi th the exact ones. Several cases are cons i dered

to examine the effect of inaccurate field on the surface S,

which encloses the isolated antenna, on the far-field radiat'ion

pattern of that antenna. In this example, it is adequate to

compute the tangentjal components EO and t0 of the el ectri c

field on the surface S in only ô=0 and ô= i planes. This js

due to the fact that Ee and E0 components are known a

priori to have cosö and sìnQ dependence, respectìvely.

In the fjrst case, the near electric fjeld is calculated on

the surface S, w'i th radius koA=5.0, by using three measurement

spheres in each principal pìane. This calculated field js used

to calculate the radiat'ion pattern of the jsolated antenna by

using the matrix and the integratìon methods described'in

section (4.4). Figs. 5.25 and 5.26 show the normalized magn'itude

and the phase of the far-field radiation pattern of the E0-

component at 0=0 pl ane, respecti veìy. I n both fi gures , I 5

points are used from the calculated near-field on the surface S

in the range of 0 < 0 < lB0' to calculate the far-field

radiation pattern of the antenna using both the matrix and the

'i ntegratìon methods. The resul ts have been compared wi th the

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

matrix method agrees wel I with the exact data in
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the main lobe (Fig. 5.25). Their discripency is about 2.0

dbs in the back lobe, and about 3.0 dbs in the side robes.

The major di sagreement is around the nul I s. For the con-

venience of p'lotting in this f igure and ín al I remaining

fìgures, any magnitude less than -50.0 db is set at -50.0.

0n the same graph, in Fig. 5.25, the calculated far-field
radiation pattern of the isolated antenna using the integration
method is also shown. The error in the latter case is higher

than the errorin the results obtained by the matrix method

using the same data. Fig. 5.26 shows the phase of t0-
component at ö=0 plane. The maximum error in the calculated
phase of the radiation pattern occurs'in the regìon of side-

lobes and around 60" < O < 120" .

In the second case, âh attempt is made to improve

the accuracy of the far-fi el d resul ts by removi ng the

i naccurate near-field data. In the regions between two

measurement spheres 20" < 0 < 60" and 120o < 0 < 160o, near-

fiel d data are inaccurate and they are excl uded from the

computati on. As a resul t, onìy I I data poì nts on the surface

S are utilized. Figs. 5.27 and 5.28 show the computed new

ampl i tudes and phases. I t is evj dent that the resul ts of

the integration method has deteriorated, but those of the

matri x method are sti I I reasonabl e. From these resul ts, we

conclude that the exclusion of the inaccurate data, does not
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necessari ly ìmprove the accuracy of the fiel d patterns.

I n the thi rd case, the nea r-e I ectri c fi e I d on the

spherical surface s is generated by using four measurement

spheres. In this case, the inaccurate data regions occur

in the ranges of 80" < e < 100" and 140' < 0 < 160' as shown

in Figs. 5.23 and 5.24. Figs. 5.29 and 5.30 show the far-
field radiation pattern of the EO-.omponent at 0=0 pìane us'ing

the data whi ch i s generated by four measurement spheres. In

these figures, the calculated radiation patterns by the

matrix method uses l4 po'i nts in the range of 0 < e < 180",

excluding 0 - 30o, 90" and 150" points. The integration
method 'in this case is using l9 equal ìy spaced points with

spacing A0=10o. Figs. 5.29 and 5.30 show excellent agreement

between the ca I cul ated and the exact rad'i ati on patterns i n

the main and the back lobe directions but some errors in the

s'ide lobe directions are noticeable. The maximum error occurs

at the s'i de lobes as shown in Fig. 5.29 and is about 1.0 db

Also, the significant error in the phase of Eo-.omponent

occurs in the range of 60o f 0 < 120" (Fig. 5.30).

In the fourth case, five measurement spheres are used

to generate the near-el ectri c fi el d on the surface S whi ch

encl oses the test antenna. The errrors i n the magni tude of

this generated data in comparison with the exact ones are



c)
cf

O
O
Õ

I

O
O
c;

ØJT
J
LrJ
m..o
'.-cJ(-).
[J cf
OT

O
O
cl
:f

I

Lt

MR

cl
cf

C]
Ln_
,0

ìCT

B I X ME

+

++

IN

+
+

.00

EGRRT I

F'ig' 5'25: comparison of the calculated magn'itude of rl wlth the exact one, four element dipole array, threemeasurement spheres, ó=0.

20. 00

N

+

l"lETH

t+

40. 00 60. 00 80.
THETË

00 1

(DEGBEESJ
0. 00 120.00 1U0.00 1 60. 00 I 80. 00

J

Ctr
to



Oo
O
æ

o
cl
O
cv

cl
O

(f
(D

(n
L!
Lrl
cÊ
ct
L!

=Lr-l
(n
G
:tr
o_

c¡
O

cl

O
O

o
@

I

O
O
O
c\l

I

O
O

cl
co

ôôûtût rrtö6

'o'. o o

Fig. 5.26 Comparison of the
three measurement

À¡-

ôt68ð.

+

A
o

C

ß

.00 r+0.00

+

o

T

I

++
OQ

Y

+
0

M

+
a

E

THETÊ
calculated phase
spheres , ó=0.

EGFÊI]

.00

ôôöòto
AÀÀÂ^

A

80. 00 1 00. 00

N METH

(DEGREES)
iof E, with the exact one, four element dípole array,

0.00 0. 00 0. 00 I 80. 00

O)
O



+**+ +

. +-f +++

METHÚD

180. Otl

METH

ìRÊTIÚN

T

¡,

J

O)
J

i 60. 00

++++-r

one, four element dipole array, three

+ I NTE

1U0.00

+++*-|+

1 20. 0080. 00 1 00. 00
THETfI (DtGRtES)
gnìtude ot fl with the exact
rror regions, ö=0.

O
O
cl

cl
O
O

I

c)
O
c;

úrT
-J
LTJ

m
'-- 

=(J
LIlO
OT

60. 00

Fig. 5.?7: Comparison of the calculated ma

measurement sPheres excludìng e

rl0. 00

O
O
cl
:f

I

20.00

O
cf
cl
LN

'o'. o o



o
O

cl

o
cl
O
çv

O
O

(n
UJ
UJ
cc
(.J
UJa
L!
U)
CI

=o-

(o

cl
cf

+

o

O
cl
ô
Ø

I

Oo
O
rv

+
Jrl '+.

-t-

lltnnn

--¡-+*4*ó6ô@OO

I

O
O
cl
@

FÁ
Q0oo

+

t*****
DO@@@@

0.00

Â

*-¡ - a.oô6ôoo
+

Fig. 5.28: ComParison of the
three measurement

+

+

T+

3R9Rnß

20_0û

+

O

^

+

+

EX

MÊ

r-+++++-t

8QQ066e

u0. 00

+

CÏ

BiX ME

+ IN

60. 00 B0

THETÊ.

cal cul ated phase

spheres excl udi ng

+

oo
6A

-*- '+

RRg9RE

EGRÊT ]

^

ååä¿r*

HOD

]N METH

û _ 00
(DEGRETS)

i
of fj with the exact one, four element dipole array'
error regions, 0=0.

+

D

0. 00 0.08 i 0.00 1 0.00 I 80.00

J

Oì
f\)



O
O

O
O
C]
d

I

O
O
ci

ØT
J
L!
m
'-.3
LJ
[J cf
ÕT

Cf
cl
cf
--+l

I

F-\

MÊ

Cf
C)

O
Ln_
,0

ìCT

B I X ME

+ IN

THETÊ
Fig. 5.29: Comparison of the calculated magnitude of

measurement sphereS, ó=0.

.00

EGBÊTi

20. 00

N t'lETH

u0. 00 60. 00 80. 00
(DE

_iL^ W]
tl

GREES)
th the exact one, four elenlent dipole array, four

1 00.00 120.00 1r{û. 00 160. 00 180.00

Or(,



oo
O

O
cl
O

O
cl
O

-(ô(n
LIJr!
cc_
(5B
LrJ .

cl cf

LU
L,ì cr
cror-i
o_E

I

cf
O
cl
r\I

I

ol
-t.l
OI
col*l
'o'.

Fig. 5.30: Comparìson of the calculated phase of f[ with the exact one, four element dipole array,
four measurement spheres, 0=0.

oeooóð

20. 00 q0.00 .00 80. 00 1 00. 00
THETÊ (DEGBEES)

120.00 0.00 160.00 1B0-00

J

CrtÞ



O
O
cl

O
O
O

I

Þ+ìâ-

O
O
a;

Øl
_l
LI
co*'3
(-J
L!O
crT

O
O
cl
j

I

E)

A t'lÊ

O
O

O
Ln_
,O

HL I

B I X l"lE

+ ÏN

T

\

IEGRÊT

00

Fig. 5.31: Comparison of the calculated magnitude of fl with the exact one, four element dipole array, five
measurement spheres, ó=0.

HÚD

20

]N MITHT

00

\
\
\

u0. 00

D

ì

f

\[

60. 00

".*

I

80.0c 100.00
THETR (DEGBTTS)

4-+-4'+-+-+-

120. 00 1110. 00 160. 00 160.0¡

Or
(Jr



oo
O
@

O
O
cl

O
O
cl

-(o(n
LÙ
Lrl
cc-
(Jõ
L!'
clcJ

L.LJ

U)o
cc)
F.;
LL (Õ

I

O
O
O
CU

I

tllol
ol
MIt

THETÊ (DEGBEES)

Fjg. 5.32: Comparison of the calculated phase of El with the exact one, four element dipole array,
five measurement spheres, ô=0

00 .00

6

C

B

6

T

I

oÞ

r+0. 00

@

M

@

E

@

Hl

60. 00 .00 i00.00 0.00 1 r.10. t0 00

Ot
Ol



cl
O
cf

O
O
O

I

O
c]
O

U)T
J
LLI
co
'-3(-J
LLI cf

-T

\

O
O

O
=f

I

\

\

\

ff
r

O
C]

Ò
Ln_
,O

,g
-**-*\

.00

4

1

l^

Fig. 5.33: Comparison of the calculated magn'itude of e| with the exact one, four element dìpo1e array, five
measurement spheres, qr= ;.

EXRC

MÊTB

20. 00 r.iO. 00 60. 00 80. 00 100. 00
THETÊ (DEGBEES)

+ I NTt

T

X

DBÊT]ÚN

METH D

-AA444

MTTHSd

I
I

4

.^^AÁ

I

120.00 Irl0.00 1 60. 00 i 80. 00

O)\



O
O
O
æ

Cf
O
cl
NÉ

Þ
a
CJ
.D

(n
LI
L!
cÊ-
c:õ
LIJ .

=oLLJ

U)o
cfo
I^
o_ã

I

O
O
cl
rv

I

OIol.t
ol
col

'o'.
THETÊ (DEGREES)

Fjg. 5.34: Comparison of the calculated phase of E] wìth the exact one, four element dipole array,
fjve measurement spheres , þ= T . 

a

20.00 q0.00 60.00 80. 00 I 00. 00 I 20. 00 1 q0. 00 0.00

J

C¡r
oo



169

shown in F'i gs. 5.23 and 5.24, respectìvely for the E0- and

E,-components. These figures show sìgnificant improvement
I

in the patterns over the previous cases. Figs.5.3l and

5.32 show the magnitude and the phase of the far-field
radiation pattern of Eo-.omponent at 0=0 p'lane. For th'is

case, the magni tude and the phase of the other far-el ectrj c

field componen, EO , ât ø =l p1ane, are shown in Figs. 5.33

and 5.34. It is clear from these fìgures that, there is an

excel lent agreement between the calcul ated far-field and

the exact ones 'i n the ma i n, bac k and s i de I obes of both E0 -

and E, -components .
I

5.4.2 Calculation of the Far-Field Radiation Pattern of
s e r¡ c e iT-T p ñêTäãT-s c a t te r e r

This case'i s very similar to the previous one for the

f iel d of the i sol ated antenna. The same examp'le wí th the

same parameters wi I I be used. The on'ly di f ference 'is to

calculate the near-field on the surface S'wh'i ch encloses

both, the test antenna and the scatterer as shown in Fig. 5.20.

The radius of the spherical surface S'is taken to be koA'=10.0.

Five measurement spheres are used to generate the total field

on th'is surface and from which, the far-fjeld radiation pattern

for the combi nati on of the antenna and the scatterer together

wi I I be ca I cul ated.
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In this examp'le, the dielectríc sphere as wel I as the

array elements is considered to be on the z-axis as shown in

Fig. 5.20. The die'lectric constant of this sphere is assumed

to be er=4. 0.

Figs. 5.35 and 5.36 show the far-field radiation
pattern of the magnitude and phase of Eo-.omponent of the

antenna in the presence of the spherical scatterer using the

matrix and the integration methods. In both figures the

number of points used as input data on the sphericaì surface

s'are 17 and l9 in the matrix and the integration methods,

respectiveìy. It is clear from both figures that, the matrix
method has excellent agreement with the exact solution in both

magnitude and phase. l^lhile the integration method gives good

agreement in the main and the back lobes but gives large

errors in the side lobes. By increasing the number of points

in the integration method from l9 to 37, an exceìlent agree-

ment is obtained. These results are shown in Figs. 5.37 and

5.38 for the magnitude and the phase of EO-.omponent at 0=0

pl ane. Simí I ar resul ts are obtai ned for EO-.omponent as shown

in Figs.5.39 and 5.40 for the magnitude and the phase of this
component, respectively. The integration method general ìy

requiresmore data points than the matrix method to give

approximately the same results. In this example, the integration

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

reference [3a] for different examples.

5.5 DISCUSSIONS

In this chapter, the appl icatìon of the field re-

construction using scattering data technique was invest'igated

numeri cal 1y. For the radi ati on source three di fferent cases

were consìdered, a plane wave, an electric dipole and a four-
element electric dìpoie array. Considering any of these

sources the field scattered by a specified dielectric sphere

was obtained and was used together with the inc'i dent f ield
to generate numerical ly the measurement data over specified

measruement spheres. These measurement data were then used

to obtain the field expansion coefficients within each

expansion sphere. The calculated expansion coefficients were

then used to reconstruct the initial source field. For

various geometrical parameters, number of expansion spheres

and thei r radi i, the computational errors were computed and

the accuracy of the reconstructed fields were studied in

deta'i l.

For the pì ane-wave, the convergence of the spheri cal

expans'ion series of the reconstructed incident electro-

magnetic fields were investigated numerica'l ly. It was found

for th i s case that, the expans i on functi on seri es of the
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reconstructed el ectri c fi el d i s convergent to the exact

solution with accuracy better than 0.01% if the truncation

order sati sfi ed the condi ti on N>2koA>2koa, where a and A

are the rad'i i of dielectric and measurement spheres,

respectiveìy. In this case, the optimum distribution of the

measurement po'ints were used.

For the second source, an el ectri c d'ipoì e, the reconstructed

data were used to study the convergence of the spherical

expansion seri es, to i nvesti gate the dependence of the spherìca'l

expansion series on the location of the dipole and to compare

the accuracy of the reconstructed f iel d wi th and w'i thout

optìmal di stributi on of the measurement points. It was found

that, if the measurements are carried out over a measurement

sphere at a I arger di stance from the source, the convergence

of the series is faster and a smaller number of coefficients
needs to be computed. This essential ly means that a smal ler
number of measurements are to be carri ed out. In other words,

to obtain a given degree of accuracy, in the calculated

electromagnetic field using scattering data technique, it js

better to scan the receiving probes far from the test antenna.

This resul t is significant from the measurement point of

view. It was also found that, the calculated fields using

spherical wave expansion and non-opt'imum distributions of

the 0-locations still converge to the exact solution. However,
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a larger number of Spherical harmonics were needed in this

case than the optimum di stri buti on case. Thi s resul t i s

al so important from the experimental point of view. Since

i n some cases, i t may not be conven j ent to pos i t'i on the

receiving probes at the optimum locations dictated by the

optimization funct'ion of Equation (4.26). These results

indicated that with non-optimum measurement points, accurate

results can sti I I be obta'ined prov jded that the cond'itions

of Equations (5.16) are satisfied. Th'is is very important

for cases where, for practi cal reasons, one uti I ì zes several

fixed probes. The selection of non-optimum distribution of

measurement poi nts, howeVer, reduces the accuracy of the

results for a given number of spherical harmonjcs. This is

the prìce which one norma'l ly will pay for the convenience of

non-optimal di stri buti on of the recei vi ng po'ints.

For the thi rd case, a four el ement el ectri c

near-field of this source was calculated us'ing

measurement technique of chapter f our. A'l so,

was utiIized to evaluate the near-field of the same array in

the presence of a djelectric sphere. In both cases '

di fferent number of measurement spheres were uti I i zed. From

these cal cul ated near-fi el d, the far-fi el d radi at'i on pattern

of the isolated antenna and the antenna'in the presence of a

dielectric sphere were calculated. The calculated radiation

patterns !vere compared wi th the eXact one i n three, four

d'ipole array, the

the stepwise

the same techni que
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and five measurement spheres cases. It was found from the

numerical results that, when the number of measurements

spheres is'lárger, the calculated near-and far-fieìds brere

more accurate. It was also concluded from the result of

this case that, in the spherical near-field far-field trans-

formation, the point matching technique (matrix method)

requires less data points than if the integration method is

used to give approximately the same accuracy. In the

specific example which was mentioned in section 5.4, the

integration method required rough'ly 2.2 times as many data

points as the matrix method. This result agrees wel I with

similar one obtained for different examples cited ín
reference [3a].



CHAPTE R V I

S UMMARY CONCLUS IONS AND SUGGEST IONS

FOR FUTURE hlORK

6.1 SUMMARY AND CONCLUSIONS

A technique for reconstructing fields using scatter-
ing data was developed in this thesis. The probìem consisted

of using a dielectric scatterer; ê.g., sphere (or cylinder),
in the vicin'ity of the antenna whose radiation field is

unknown. Th'is techn'ique can be used to cal cul ate the near-

fÍeld of the isolated antenna, oF, of the antenna jn the

presence of the scatterer on a surface enclosing only the

antenna or both antenna and the scatterer from measurements

of the total fiel d near the scatterer. From the cal cul ated

near-f iel d, the f ar-f iel d radiat'ion pattern of the isolated

antenna, oF, the antenna and the scatterer combination can

be determined. The problem has practical sìgnificance since

dielectric scatterers are used to shape the radiation

patterns of horns, wavegu i des and other radi ati ng systems.

Dielectric scatterers are also used to scatter the primary

f iel d of the antenna. in thi s manner, the w'i de angl e

scatteri ng i ncreases the si gnal strength i n the regi ons of

weak primary field and facilitate the accurate measurement

of the near-field espec'ial1y for the high gain antennas.

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

than it is norma'l 'ly feasible.

t^lhen the spherical surface, enclosing both dielectric
sphere and the antenna is smal I in size, the measurement

can be carried out over this surface to obtain the total
field. in addition, the field outside this spherìcal surface

can be descri bed by spherical wave functions wi th unknown

coefficients. These unknown coefficients can then be obtained

by matchìng the measured and the spherical wave expansion

fiel ds over the spherical surface which encloses the antenna

and the scatterer. 0n the other hand, when the antenna, or

its separation distance from the scattering sphere is large,

the spherical surface enclosing them also becomes 1arge.

The measurement of the f iel d over such a 'large surf ace requi res

ìarge scanning system, which is practically undesirable. To

uti lize a smal I scanning system, the proposed stepwise

measurement approach wh'ich is developed in this thesis, can

be used and will be summarized here.

In this system, the measurements are carried out over

smal I spherical surfaces near the antenna which are named

measurement spheres. The resul ts are then used to compute

the field over a spherical surface, which encloses on'ly the

antenna or both antenna and the scatterer. The requi red
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field outside this surface can therefore be obtajned by the

above spheri cal expansi on approach.

To obtain the field over such surfaces, the following

steps were used:

An expansi on sphere was defi ned whi ch encl osed the

scatterer and one of the measurement spheres and was

tangent to the antenna surface. The field jnside the

scattering sphere and between its surface and the

surface of the expans'ion sphere were described by

spherical wave functions wjth unknown coefficients.

These unknown coeffic'ients were obtained by matchìng

the calculated and the measured field over the surface
of the measurement sPhere.
l,Ji thi n second, thi rd and the rema i ni ng expans'ion

spheres whi ch encl osed one of the other measurement

spheres, fields were also described by spherical wave

functions about the ori gin of each surface and thei r

unknown coefficients were found after the match'i ng

of their respect'i ve fields.

Fo1 ì owi ng these steps, the total fi el ds whi ch were then known

wi thi n each expans j on Sphere were used to ca I cul ate the

required field components over the spherical surface which

encl osed the j sol ated antenna, oF, the antenna and the

2
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scatterer. Note that, the expressions for the fiel d inside

second, third, and the remaining expansion spheres could be

determined from the expressions of the field ins'ide the

first one, by replac'ing the dielectrìc constant with unìty.

The probì em therefore reduced to the eval uati on of the

unknown field coefficients for the field'inside the first
expansion sphere, which enclosed the scatterer, and to the

calculation of the required field components over part of

the requi red surface which fel I w'ithin the expans'ion sphere

In chapter two, a review of the important antenna

measurement techniques whjch are normal 1y used to test an

antenna were presented. Three di fferent measurement methods

were; the plane-wave, the focusing and the near-field probing.

Each method was descri bed in some detai I and i ts advantage

and I imi tati ons were gi ven.

The mathematical mode'l ì ing and solution f or this

prob'lem in two and three-dimens'ional cases were developed

in detail in chapters three and four, respect'i ve1y.

Chapter three presented the solution of two-dimens'ional

inverse source problems. The theoretical analysis ¡tas

presented only for the transverse magneti c (TM) fi el ds but



I 85

a similar analysis could be carried out for transverse

electrjc (TE) or any general two-dimensional fields. The

specific prob'lem consisted of an unicnoun jncident field
and a dielectric cy'l inder wh'ich scattered the incident f ield.
To formulate the probìem, cy'lindrical wave functions were

used to represent the i nci dent, the scattered and the total
fields. Boundary conditions were app'l ied to obtain a matrix

relationship between the coefficients of the unknown incident
field and those of the total field. This formulation was

used to study the effects of the number of cylindrical wave

functions, angular range of measurement points and

inaccuracies in the measurement data, on the accuracy of the

incident field reconstruction. Comparing the reconstructed

data with the exact one, it was found that to retain the

maximum error to less than 0.5%, the number of cyl indrical

functions N in the series must satisfy the relationships

N > 3k a and N > 1.5 k A. where a and A were the radii of theo - o-
dielectric and measurement cyl inders, respecti vely.

The ef fect of angu'l ar range of the measurement points

on the accuracy of the results was also studied. It was

found that 'l imì ti ng the measurement points to a range less

than 0o < <Þ < .l80' reduced the accuracy of the reconstructed

field. However, the decrease in the accuracy was negligibly

smal l, as long ôs, the measurement range was retained between
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45" and 135". Further reduction of the measurement range

deteri orated the accuracy at an accel erated rate.

Also, the measurement inaccuracies ¡{ere simulated by

modjfying the exact data by a small percentage in a random

manner. It was found that inaccurate data in onìy the

magni tude, oF, the phase of the measured fiel d affected i ts

respective reconstructed data of the incident field by a

larger percentage. An error in magnitude of the measured

field, introduced larger error in the amplitttde of the re-

constructed field than in its phase. Furthermore, an error

in the phase caused more seVere effect on the results than

an error in the magnitude. The most interesting results were

however found i n i ntroduci ng errors i n both ampì i tude and

the phase of the measurement data. The inuestigation showed

that introducing errors in both amp'l itude an.d the phase has

much smaller effect on the accuracy of the reconstructed

field than introducing these errors in only the phase.

In chapter four, the theory of three dimensional

f ield reconstructions using Scattering data technique v'Jas

presented. A stepwi se approach to carry out the measurement

oVer severa'l smaì I measurement spheres was also discussed.
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A method of analysis and a solution of this prob'lem was

also presented. The calculation of the far-field radiation

pattern using these techniques was then summarized.

In chapter five, the appììcation of three dimensional

field reconstruct'ions us'i ng scattering data techn'ique was

i nvest'i gated numerica'l ly. For the rad'iation source, three

di fferent cases were consi dered, a p1 ane wave, an el ectri c

dipole and a four-element electric dìpoìe array. Considerìng

any of these sources the field scattered by a specified

d'ielectric sphere was obta'ined and was used together wjth the

incident field to generate numerical 1y the measurement data

over specified measurement spheres. These measurement data

were then used to obtain the field expans'ion coeffìcients

within each expansion sphere. The calculated expansion

coefficients were then used to reconstruct the ini tial source

fi el d. For various geometri cal parameters, the number of

expansi on spheres and thei r radi j , the computatíonal errors

were computed and the accuracy of the reconstructed fìelds

were studied in detai ls.

The stepwi se measurement techni que was uti l'i zed

Successful ly to evaluate the near-field on spherical surface

enclosing afour-element electric dipo'le array, 0r, the same

array i n the presence of a dj el ectri c sphere. i n both cases ,
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d'i fferent number of measurement spheres were uti I i zed. From

the calculated near-field, the far-field radiation pattern

of the isolated antenna and the antenna in the presence of

a dielectric sphere were also calculated. The calculated

radi ati on patterns were compared wi th the exact ones us i ng

three, four and fi ve measurement spheres. I t was found from

the results of the numerical investigation that, when the

number of measurement spheres i s ì arge, the ca I cul ated

resu I ts were more accurate. Al so, 'i t was concl uded f or

spherical near-field far-field transformation,which was

utilized in the above example that, the point matchjng technique

(matrix method) requj red less data points than the jntegratÍon

method for a g'iven accuracy.

In the same chapter, the reconstructed data for an

electric dipole source was used to study the convergence of

the spherical expansíon series, to investigate the dependence

of the spherical expans'i on serìes on the location of the

source and to compare the accuracy of the reconstructed fj el d

vrith and wjthout opt'imal distribution of the measurement

po'ints. It was found that, if the measurements are carried

out oVer a measurement sphere at a larger distance from the

source, the convergence of the seri es i s faster and smal I er

number of coeffi ci ents needed to be computed. Thi s ' of

course, means that smal I er number of measurements need to be
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carri ed out. I n other words , to obta i n the gi ven degree of

accuracy, in the calculated electromagnetic field us'i ng

scattering data techn'ique, it is better to scan the receiv'ing

probes far from the test antenna. It was al so found that,
the calculated fields using spherical wave expansion and non-

optimum distributions of the receiving probe locations stj I I
converge to the exact solution. However, a larger number of

spherical harmon'i cs were needed jn th'is case than the optìmum

distribution case.

6.2 SUGGESTI ONS FOR FUTURE l,lORK

Some usefu I topì cs for future i nvesti gati on wou I d be

the followìng extensions of the work presented here.

l. To apply field reconstruction us'ing scattering data

technique to different fields, ê.g., ultrasound, X-

FâV, nuclear fields,'lasers, etc.

2. To study the i nteraction between the test antenna

and the scatterer.

3. To design on-l i ne automated measurement set up usì ng

the techni que descri bed i n thi s thes'is.

4. To use p'lanar scanning system and plane-wave near-

field far-field transformation for the Droblem of
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spherica I scatterer to f ac'i I i tate the measurements

from practicaì Point of view.

5. To apply the same technique to reconstruct the field
of an antenna i n presence of a di fferent scatterer

shape, ê.g., thÍn discs, fin jte 'length cylinders,

spheroids, etc.
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