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ABSTRACT: 

This thesis deals with the use of planar near-field measurements for 
characterizing and modeling general electromagnetic radiators, particJlarly 

non -directi ve ones. 

Relutionships between the rneusured field on a plane and the equivalent 

currents on the radiator plane were establisl.ed. These were used ta determine the 
resolution with which these current~ can be mapped. The equivalent currents 

then serve as a model from which the rudiator external field can be calculated. Tt 
was shawn that significant filtering of measurement en·ors results from the 

utilization of such a model. The consequent reduction in errors was estimated. 

The behavior of the measurement probe was studied in depth. The two gelleral 

probe types, wire and aperture, were analyzed, and field extraction formulation 
and procedure were established. 

The techniques developed were applied to the experimental study of three 

different radiators leading to new information about their behavior. Results show 

close agreement between the calculated field values from the model and those 
measured directly. 



RÉSUMÉ 

Cette thèse porte sur l'utilisation des mesures planaires des champs PI'OChl'S l'n 

vue de la caractérisation et de la modélisatien des radiateurs électromagnctlques 

en général, et en particulier des non-directionnels. 

Les relations entre le champ mesuré sur un plan et les cournnts equivalents du 

plan radiateur sont établies. Elles sont utilisées pour determiner la resolution aVl'C 

laquelle ces courants peuvent être tracés. Les courants équivalents servent ensuite 

comme modèle à partir duquel le champ externe du radiateur peut être calcule Il 

est prouvé qu'un filtrage significatif des erreurs de mesure découle de l'utilisation 

d'un tel modèle. La réduction des erreurs est estimée. 

Le comportement de la sonde dl! mesure est etudie en détail. Les deux types 

généraux, à fil et à ouverture, sont analysés et une procédure et une formulation 

de l'extraction du champ sont établi~s. 

Les techniques développees ont ete appliquées à l'étude expérimentale de trois 

différents radiateurs, conduisant à des avancées dans la connaissance de leur 

comportement. Les résultats démontrent un bon accord entre les valeure; du 

champ calculées d'après le modèle et celles mesurées directement. 
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CHAPTER ONE 

INTRODUCTION 

Neur-field me3surement techniques have, in the past decade, hecome an important 

component of antenna metrology and are, in many uppl ications, replacing c1~\ssi~al Olll'S 

such as far-field range techniques. The methods developed have proved practicul. 

:-eliable, cost and space effect;"e III measuring the far-field behavior of large, Ilighly 

directive antennas. Accordingly. the methodology of the measurement and the unulytical 

work, used ta determtne the far-field. are largel) dlle...:ted to deal wlth this type of 

'.lntennn. The work presented here. on the other hand, e\.amllle~ the near-field 

measurement thcory for electromagnetlc radlators tn general Dealing with non-dil~cli\'e 

rndiators has, therefore. required a re-exammation and extensIOn of the current practice 

in handling near-tïeld measurell1ent~. ThiS the~i~ çon~lders thc applications of pl:\nnr 

near-field mensurement on such radlators to determme the equivalent radiating currenlS 

at the rndiating sources ThiS enabled the cvaluation of other radiation charactt'ristlco, of 

the rndiator, such n~ the near-fleld and the far-fIeld from these CUHents. 

Large, highly directive antcnnas are usually complete radiatlng systems, C.g. satcllit~ 

or t'lrth station antennas, and thclr specifications, particularly the far-field behavior, 

need ta be tested. Non-directive ladiators, on tlle other hand, difl'er in that thcy may 

form parts 01' the antenna system, such 3S feeds or array elements. A known rndiating 

current mode! IS, therefore, u~eful for integration into an antenna system. Alternatively, 

this might be non-lIltentlonal radlatol, <;uch as a Junction or a discontinuity in a 

microwave integrated circuit, which produce radiation. This radiation is usually not 

desirable, but defioltely need<; to be taken loto account. 

The following seclion dl~cus~e~ the baSIC Ideas and the state of the art in the subjecl 

of near-field measurernents An extensIve amount of Iiterature exists about neur-t'jelcl 

measurements. IntroductOI v rcferencps include the chapter on antenna mensurcl1lcnts in 

the HtllldbO(lk of Al/lclll/a f)C\/gll(1), and the sptclal I,>sue of IEEE Trm/wclIo//\ 011 

Anlennal al1d PlOpagaltol/(2) The rcvlcw p:lpcr by Yaghjlan(3) is of particular intercst, 

and it contains a major blbllography on the ~ubJecl. The lJhy~ical and mathcmatica\ 

nature of the problem IS discu<;sed in the thlrd ~ect\On as an overview of the idcas thal 

are dealt with in the following chapters. At the end of this chapter, the necessary 

conventions and terminology employed in the subsequent chapters are clarified, followcd 

by a section pointing out the original features that this thesis has introduced. 
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1. 1. Development of Near- Field Measurements Prlnciples and Techniques: 

The .':c.tctice of near-field scanning of microwave radiators was ploneered in the early 

1950'5. The mam purpo~e was ta under~tand the radiation mechanism oi microwave 

antennas, scatlerers and lenses, whlch was f'ssentlal in the development process of radar 

systems. Amplitude and pha~e field mars were IOdiwensable ln understanding the 

radiation and (lIffraC!lOn phenomena sn the m lcrowave frequency range, and of the 

departure of the radlated field from the geometrical optics approximation in the vicinity 

of radiator<, and <,cattrrers The avadable scanners and data acqu:'5ition permitted the 

plotting of <;om(' detalll'd field structures, ~uch as the one shawn by Sletten(4) as 

Figure ( 17 5) 1 hl' comput mg power and processlng algoflthms ::1\ ailable at that time did 

not permit further elaboratlon For the saille rea~ons, there were no attempts to produce 

the onglllai flel(h l'rom the mea~urement probe data There was, however, sorne interest 

in the devclopnll'nt of probes for that purpose(5) 

Sorne IOtere~t III the l'valuation of the far-field radtation pattern using the near-field 

measured data evolved in the early 1960'~. Brown and JuB(6) experimented with two 

dimensional radlators u~lI1g cylll1dncal wave expansion: Field values were extracted from 

the meac;ureml'nt probe data using simplified probe r.1Odels and the radiation pattern was 

predictl'd :rom thl" data 

The lequIrcmcnt of sll1aller spa ce for testing large antennas has led to the 

development of IOc!Oor testmg. Other advantages are gained from indoor measurements, 

such as mdepcndence from wcather, confidentlality, and ubave aIl, freedom from 

reflcction<, l'rom the surroundings due to the utilization of anecholc te"tiog chambers. 

Ne:Jr-fleld testtng of mlcrowavc antennas became practical, especlally with the evolution 

of computer control and data acquisition, and the development of the algorithms 

necessary for efficient caJculatlOn of the far-field radiation pattern l'rom the near-field 

data. fhls led 10 the development of modern near-field antenna testing practices, whose 

principles are reviewed ln the following sub-section. 

1.1.1. Radia lion Pa ttern Prediction: 

One of the characteristics of a field described by Maxwell's equations is the 

uniqueness principle(7), which implies that the field in a c10sed region can be uniquely 

determined if the tangentlal electric or magnetic fields on the boundary are specified. It 

follows that when the tangent lai field on a closed surface surrounding electromagnetic 

sources, C.g. an antenna, is measured, the field exterior to that surface can be uniquely 

specified. The source-free reglOn in this case is the one bounded by the closed 

measurement surface and infinity, at which the field is known to vanish. If the 
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meusurement surface is of infinite extent. such as an infinite plane separating two half 
spaces, the field in the empty half space is unique. This is the basis of the far-field 

radiation pattern e'laluation of an antenna from the near-field measurement. The details 
involve the shape of the measurement surface and the measurement technique. The 

Huygens-Fresnel principle(8). which states that each point on a given wave-front ~an hl' 

regarded as a sccondary source giving rise to spherical wavetet. provides one W:ly or 
calculating the fields. An alternative way of expressing this. is by using the Eqlll\'ak'l\-:l' 

theorem(7) to replace the measured field by equivalent electric and m:lgnetic I.:llllcnl<;, 

and then calculating the field contribution l'rom lhese sources, as implicd by 

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

There are problems in employing this approach of direct calculation of tht.> fal-fk'ld 

Performing an integration over the measurement surface for each point on the f:n· field 
Îs numerically inefficient. There is also no criterion defining the sample spacing on tlll' 

surface of measurement, which might resutt in measuring a prohibitively large Ilumbcr 

of unnecessary data points. This approach necessitates measuring both the tangential 

electric and magnetic fields at each point, which can be impractical. Thl' assumption 

made here is that the field can be measured at a point, which 13 not truc, sincc the 

probe has to have a finite size. It is worth mentioning here that such an approach 

excludes any possibility of using the measured data to gain information about the fil.'!d 

interior to the surface of measurement. 

The modal expansion of the electromagnetic field simplifies the above llIentionl'd 

difficulties. Stratton(9) had formulated the modal expansion of the solution of the 

homogeneous (source-free) Helmholtz equation, in which a solution is exprcssed a~ an 

integral of elementary solutions over the mode variables, or: 

where; Ë(r)is the electric field as a function of the space variable;-. ,', ",(a.I\.,')arc 

the TE and TM elementary solutions, respectively, as functions of the space variable, 

and defined by the modal variables a and p>. The weights for each mode are i. '" «1 .I~). 
which, when specified over the domain of the mode variable, Will result in an ~lnalytical 

description of the field over the source-free region. Examples of elementary modes al C 

plane, cylindrical und spherical waves, for which the specifie forms of Equation (I.l) 

can be found elsewhere(l,3) 

The above description of the field made it possible ta design practical measurement 

procedures. In these, the measurement of the near-field over pl anar , cylindrical or 

spherical surfaces results in the determination of the weights of each mode in planar, 
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cylindrical and :;pherical field expansion .espectively. The main reason for specifying 

measurement surface shapes is the fact that the Helmholtz eQuation is separable in these 

coordinate systems, and the modes are orthogonal over these surfaces. This allows the use 

of FoU! icr transformation for planar surfaces and eQuivalent transforms for the other 

two shapes(l). This will be shawn ill Chapter Two when deaIing with the planar field 

cxpansion. The modal field expansion facilitates the derivation of asymptotic expressions 

for the far-I ield directly from the modal weights, as derived by ColIin{lO) for 

plane-wave modal expansion, and as summarized by Yaghjian(3) for the three forms of 

expansion indicated here. 

The modal field expansion also allows the definition of measured field sampling 

criteria. This is demonstrated in Section (2.5) of this thesis for pl anar measurements, and 

there exist sirnilar criteria for the other scanning schemes(ll,12). The utilization of field 

expansion represents the state of the art in near-field measurements for radbtion pattern 

prediction. Research on th is subject concentrates on Îluproving the accuracy and 
efficiency in calculatmg the far-field(2). 

There has been some work reported recently(13,14) which uses the equivalent currents 

at the radiator aperture to evaluate the far-field. These eQuivalent currents are calculated 

from extcrior field measurement This approach is similar to that employed in this thesis 

in the sense of utilizlOg the equlvalent currents, but differs in the method of evaluation 

of these currentso This has resulted in major differences between the two approaches 

regarding expersment design and measurement error handling. A comparison between 

them was, therefore, detailed later in Chapter Five. 

1.1.2. Antenlla Diagno'itics and Near- Field Metrology: 

One application of near-field measurements is to gain information about field 

structure in the vicanity of the radiators. As stated earlier, the fir~t near-field 

measurement practice was concerned wlth using near-field data to produce field maps, 

which can be used to understand the radmtton phenomena of diffeTent antennas and 

scatterers. There wt>re no attempts to process these TesuIts further. There is still sorne 

interest in this approach. p<;peclally for antennas where understanding of the radiation 

mechanism is not htghly deH'loped Levine(15) reponed sorne work on probing the field 

very close ta microstnp rad l:1tors He produced picturoes of the field by sC'anning the 

mcasuring probe vcry close to Ollcrostnp patches and array~. In spite of the valu able 

information that can be gained l'rom the~e plots, they cannot be used for quantitative 

t!\'aluation of the immecltate field of the radiators because of the close proxlmity of the 

measuring probe to the radiator surface. This proximity causes modification of the 

original radiation mechanism of the radiator by the measuring probe. 
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Frayne(16) has recently repc,rted a technique he developed for surface -field metrology 

of open microstrip structures. The technique uses a small monopole for producing 

detailed electric field maps of the normal component over these structures, for diagnostic 

purposes. This technique has been developed independently here, and used by the authol 

to produce similar maps for model confirmation and qualitative field probing as 

demonstrated in sections (3.1) and (3.2). The method, however, cannot be used ta gain 

precise quantitative information about the immediate field, because of the strong 

interaction between the radiator and the measurÎng probe. 

The modal field expansion allowed the development of sorne techniques, that use thl' 

near-field data measured at moderate distance from an antenna, to predict the immedintc 

field at the surface of the radiator. These techniques are based on the fact that once the 

complex amplitude of each mode, Il. m(<l.~) in Equation (l.l), is determined, an 

analytical representa'lion of the who le field structure throughout the source-fi ce 1 cgioll 

results. However, this can also be used to evaluate the field back at the radiator surface, 

provided the radiator itself is excluded from that region. The limitation in this case is 

that sorne modes grow larger as they are referred backwards, and their calculation at that 

surface will result in significant multiplication of the measurement errors. These modes, 

sometimes ca lied l1lvlSlble, are contributed by the reactive part of the field arollnd the 

radiator, which decays rapidly away from the radiator. The inability to use thesc modes 

in radiator surface-field metrology permits only the possibility of gaining pal liaI, or 

smoothed, reconstruction of the field. This Iimitntion is discussed in detail in chapter 

two of this thesis for the planar near-field scanning scheme. 

The above technique IS applied in antenna diagnostics, in which the field on a 

reflector antenna surface IS estimated lO locate deformations of the reflecting surface 
using near-field measL'rement on planar(17), plane-polar(18) or complex radiation pattern 

measurement, which is similar in principles to spherical near-field scanning(19). Anothcr 

application in antenna near-field metroJogy is to locate faulty elements in large planar 

arrays, by measurmg the near-field and referring back to the array plane(20). Ali these 

applications involve large reflectors or arrays, for which only a small range of modes 

nt!ed to be considered in mappmg the antenna surface because of the high directivity of 

these radiators. The type and behavior I)f the measurement probe, also, does not pose 

serious issues in dealtng with the measllrcment results as will be demonstrated in the 
following two chapters III this thes;s. 

There have been sorne attempts to map the immediate field of small, non-directive 

radiators, such as a sltt. using near-field measured data(21), and employing an extension 

of optical holographic techniques into the vector electromagnetic field. The method usc~ 

modal field expansion, but makes assumptions about the radiator, such as boundary 

conditions and analytical continuation, to predict the non-radiating. modes. This resultcd 
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in improved imaging resolution, but quantitative uncertainty. In fact, source imaging in 

this case uses a form of regularization discussed in Section (2.2). The resulting mapped 

sources, thcrefore, cannot be used to represent the radiation behavior of the radiator. 

The work reported by Joy(22,23.24), which uses spherical backward transform, to find the 

immediate fields of radomes and small radiators, IS suceessful in dealing with the 

non-directive radiator beeause of the use of spherical near-fleld 3canning. It is 

necessary, however, to enclose the whole radiator includmg the supporting structure, by 

the scanned surface The method is therefore not applicable to small radiators with large 

supporting structure,>, e;ueh ae; those dealt wlth in Chapter Four 

The utilizatlOn of the equivalent eurrents of the radiator to calculate the exterior 

fields at non-a~ymptotlc dIstances, i e. near-field, is dlscussed in Chapter Two of this 

thesis. Lewis and Ncwell(25), evaluated the near-field of a directive antenna directly 

flom the plan" wave 'ipeetrum (modai expansion in cartesian coordinate system) of the 

measured field, U'>JOg local integratlOn of the plane wave spectrum. The main problem in 

applying thls approach ta a non-directive radiator is the accumulation of certain 

measurement errors on small area of the plane wave spectrum as will be discussed in 

Section (2.7). Th is might effect the accuracy of field calculation if the local spectrum 

integration was earried out over this area. 

J. J .3. Field Probe Consideratinns: 

In the early appltcations of near-field measurements, the measurement probe output 

was considered to be proportional to one of the field components at the point of 

measurement. This required the selection of probes with small effective aperture, highly 

polarized with enough output power ta aetivate the measuring instruments(5). 

Woonton(26) concluded that a probe ~hould not be longer than ol1e-half wavelength, 

linearly polartzed, and not more directive than a half-wave dipole. These reyuirements 

were eUllvenient for qualitative field mapping. Probes that fit these requirements are still 

be.og uscd in IIlvestigative and diagnostic measurements(16.27.28). 

Interest in near-flCld measurcment for radiation pattern prediction had imposed the 

consideration of detailed behavior of the measuring probe. The ~arly work on this 

subject by Brown and Jull(6), using eylindrical near-fleld measurements, had considered 

the avcraging ('ffcct of the field probe discussed in Section (3.!). They proposed 

compensating for that effeet by muItiplying each mode by a constant which could be 

deri"ed l'rom the probe radiation pattern using the reeiprocitl theorem. 

-6-
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The emergence of near-field scanning as a technique of antennn mensurell1l'nts had 

encouraged the search for more rigorous methods to nccount for the measuring l'lobe. 

One of the early works is the introduction by Kerns(29,30) of the plane-wuvt' scnttNing 

matrix, whle-,. denls with the problem ns three cuscnded networhs the antennn unde\' \l'st 

is a single-input multi-output network, \Vith the nntennu fl'l'd as thl' input and eueh 

planar mode as an output port The "puce sepuratmg the antl'nna and the plObl' modlfll'S 

each mode accord mg ta the propagation constant of that modl', and the ml'aSUI ing plobe 

is a multi-input single-output network. wlth each propagated modl' a" an mput. and the 

measured probe voltage as an output. ThIS enabled the utiltzatlOn of an S-p:\lameter 

circuit representation to construct the planar modal expansIOn of the radi:lted field from 

the measured near-fJeld on a plane The far-field i~ evaluated a~ymptoîlcally l'rom that 

expansion as stated cnlier. This theory. whlch was Jater documentrd in a booh.(30), uses 

the circuit form of the reciprocity theurem and a<;<;umes th:tt I1rgliglhle Illultiple 

scattering occurs between the antenna under test and the probe The multiple seattel ing 

will complicate the interaction mechanism between the allt('nna and the plObe by 

modifying the electlOmagnetic behavior of the antellna whde the probe is seanning. 

Coupling between thc probe and the radlated mode~, whll.:h Î" otherwlse a linear 

convolution relation, e g Equation (3 1), become< a highly compltcated phenomenon. 

The use of modal expansion, the reciprocity theorem and the a~sumption of ncgligiblc 

multiple scattering IS used throughout subsequent work publ!')hed ahout this subjccl. 

Variations exist such as considetation of different scanning gc,.metries(l2.31,32), applying 

the electromagnetic fields ver~ion of the rectprocity thcorem(:13), anô the analytical 

convenience resulting from cx.pressing the mea~ured probe output u<; a vector with cach 

component corresponding to a probe orientation. The latter proved valuable in this lhesis 

in representing the probe output voltage. 

In the formulation associated with the near-fleld measurement, the mathematical 

representation of the probe was by erthel the modal expansion of the fields exterior to 

the probe as a radiator 01 by the phasor radiation pattern of the probe This represents 

both analytical and experimental convenience, since the phasor radiatIOn pattern of the 

probe can be measured with acceptable space investment. This is altnbllied 10 the small 

size of the probe, and to the faet that the radiating part of the modal field expansion 

can be evaluated from this phasor radiatIOn pattern{34} Coupllllg betwecn the antellna 

under test and the measu! ing probe i~ expressed in terms of the modal expansion of the 

fields radiated by both(l), or the!\' complex far-field radiatIOn pattern(35), The selectIOn 

of the probe and the evaluation of the probe performance under near-fteld mcasurcment 

environment are determined by the characteristics of the probe ~uch a~ the gam and the 

shape or location of nulls in the radiation pattern. In other words, the probe output i'i 

supposed to respond, in a measurable way, to a\1 the expected significant radiated modes 

from the antenna under test. 
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The cffect of the probe behavior varies depending on the shape of the measurement 

surface and the antenna under test(3L The most severe case is in the planar scanning 

surface, and non-directive radiator, where the coupling between the probe and the 

radiator u nder te~t will depend on the probe receiving characteristics for large 

off-bOl esight angles, while for the spherical scannlOg surface, the boresight direction of 

the probe will always be facing the radiator under test, sa that for a scanning surface 

radius of several radiator diameters, the probe behavior need not be considered 

off -boresight. 

1.2. On Thesis Objectives and Methodology: 

A unique definition of the electromagnetic fields can be accomplished through 

defining the sources, or the radiating currents. In the Near-Far-Field transformation 

technique, the near-field data is considered ta represent secondary sources from which a 

unique far-field can be defined. The complete description of the radiation from a 

general clectromagnetic radiator, however, requiles the definition of equivalent radiating 

currents on the radiator surface, from which the field at any point exterior to the 

radiator can be calculated The equivaJent sources can be measured directly if there is 

available sorne measuring probe that does Ilot interact electromagnetically with the 

measured sources. Usually this is not possible even as an approximation, since a 

measuring probe must absorb power from the sources, and consequently, must have a 

finite size. Its presence, therefore, may highly modify the sources or the radiation 

mechanism It is possible, however, to use the near-field data, measured at sorne 

rensonable dIstance from the radiator, to gain information about the radiating sources. 

Chapter Two in this thesis denls with the problem of employing planar near-field 

scanning to determine the source distribution. 

The lim itations in the evaluatio.1 of the equivalent 50urces are defined for different 

source representations in Chapter Two Measurement configuration and parameters for 

this purpose are suggested Furthermore, the chapter defines the problem encountered in 

finding the field quantities in the near-field region from the measured near-field data. 

Thcse data are available, for practical purposes, in the form of plane·-wave spectra. A 

method i<;, thercfore, suggested for evaluating the near-fIeld quantities. A study of the 

cfrcct of CtrOIS on the near-field evaluatlOn is carned out in the sa me chapter, and the 

problems in the calculation of the near-field directly from the plane wave spectrum are 

disclIssed for non-directive radiators. A major consequence is that it can be shown that 

the use of the equivalent current model to determine the external fields tends to filter 

out some of the measurement errors. The extent of this filtering is evaluated. 
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It is assumed in Chapter Two that the field data at the surface or pllne of 

measurement is available from the measuring probe. ('hapter Three deals \Vith the 

extraction of the field quantities l'rom the m~asurement probe output voltage. It is 

demonstrated there, that the characterizat\. n of the measunng prohe 1$ of signilïcant 

importance in the interpretation of the f1leaSUlement re<lults. The probe behaviol undel 

the planar near-field measurement environment 15 examined tholOughly te dctcrminc. in 

addition to the method of field extractIon, the Innitations imposed by the measurl'ment 

noise and uncertainty, and the significance of the probe type on the interpretation and 

extraction process. This chapter introduces some theoretical and expel imental mcthods 

for determining the field extraction parameters for the measJ.lïÎng probes, and finally, 

indicate the advantages of the adopted technique III compar;<;on with the known 

approaches. 

Chapter Four deals with applications of sorne of the developed theory. The first 

radiator dealt with is an approximation of an infinite, open, microstrip l'dge. Diagnostic 

field probing is used ta validate the approximation, and scanned measurcments are lIscd 

to gain useful information about the edge. The second part deals \Vith a small microstrip 

patch radiator. In this case, the field has three dimeO<;lonal structure compared to the 

two dimensional structure of the previous case The all11, in this ~ase, is to examine the 

extent to which the near and immediate field measurement can be uscd 10 revcnl the 

radiation behavior of such a sub-wavelength sized antenna. 1he third radiator considcled 

is a horn cluster used as a feed for a satellite reflector antenna. This represenls a case or 

a relatively larger radiatol, which is still not highly-dlrective. Dealing with Ihis "ind of 

radiator is an attempt ta find a practical application of the equlvalent ~ource mnpping to 

represent the external field of the horn cluster It IS notlced that for the three cases 

considered, the planar near-field scanning offers the most practical way of probing the 

field close to the radiator, because of the relatively large size of the supporting structure 

compared to the size of the radiating areas themselves. 

1.3. The Theoretical and Mathematical Nature of the Problem: 

Most of the theoretical and analytical work that this thesis deals with falls into one or 

the following categories: 

i) The evaluation of far-field from near-field, or the near-fjeld from the equivalcnt 

sources. 

ii) The evaluation of the equivalent ~ilurces from the near-field measured data. 

iii) The extraction of the field values from the measuring probe output voltage. 
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These cases are mathematically modeled throughout the thesis, such as equations (2.1) 

and (2.2), with the unknown outside the integral for case (i), the same equations with 

the currents as the unknown inside the integral for case (ii), and Equation (3.1) for the 

case (i ii). 

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

relation: 

Ax- b .... ( 1.2) 

where Il is a convolution operator, x is the function describing sources (cause) on which 

/1 would operate to produce the effect b. By analogy to the cases described above, x is 

the measured near-field, the equivalent sources, or the field incident on the measuring 

probe for the three cases respectively. On the other hand, b represents the far-field, the 

mel\sured near-fleld or the measuring probe output voltage, respectively. This way of 

looking into the problem will identify case (i) as the forward evaJuation of an integral, 

for which one has only to worry about ensuring proper sampling of the sources (the 

measured near-field) ta guarantee a correct evaluation of the far-field. 

Cases (Ii) and (iil) involves the solution of an integral equation, with the unknown, 

the equivalent sources or the near-fIeld respectively, inside the integral, from the 

knowledge of the quantities outside the integral, the measured near-field or the probe 

output voltage respectively. This is easily distingulshed as an inverse problem. One has to 

worry, in ilddition to the source and effeet sampling, about the existence, uniqueness, 

and the sensitivity of the solution(36,37). ft is necessary to modify the convolution 

relation to facilitate partial solutions, anà to examine the limitations of these solutions. 

The physical nature of the problem cornes from the fact that the operator /t is defined 

by the measurement configuration in cases (i) and (ii), and additionally, by the probe 

geometry and orientation in case (iit). This implies that these factors play direct roles in 

defining the mathematical plOblem and the possibility of a solution. This link enabled 

setting criteria ;lnd rules for measurement configuration, probe selection and design as 

demonstrated by the following two chapters. 

It seems that the mUJority of the theoretical work in this thesis can be described in 
the above abstract fashion, except at sorne points of the work, where it is important to 

lise unprocessed information gained from raw measurement data for investigative or 
diagnostic purposes. 
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1.4. Comments on Conventions and Terminology: 

The terms Immedwte. lIem'- and fa/'- field are used extensively in this work, to delÏnc 

regions in the spuce exterior ta the radiatoî, based on the nature of the field at these 

regions. The immediute field region is thut where the ladiator reactive field is 

measurable, due ta the existence of the non-propagating modes in addition to the 

radiating ones. The near-fleld region, which is further away l'rom the radiator, is 

dominated by the rndiated modes, whlle the reactive modes ale not detectable. The field 

at a point there, however, c~nnot be assumcd as the contribution of a single plane wave 

as is the case with the far-fIeld region. In the far-field region, on the other hand, the 

radiator is far enough that it will behave like a point radiator. The field quuntities will 
accordingly have (l - IA,r /1 dependence where: , is the radial distance and 1.: 0 is the 

intrinsic wave number of the medium. 

There are no strict criteria ta defme boundaries between thec;e regions, bul based on 

experience in near-field measurements, the immediate (or reactive) field region extcnds 

ta within one wavelength away from the radiator surface. The near-field region extemls 
up ta 2D2/~+ ~ from the radiator, where f) is the large,>t antenna dimension and h is 

the wavelength at the ùperating frequency. Sometime<; the immedtate field rcgion is 

considered as a sub-region of the near-field region(3), The use of modal expansion made 

it convenient, occasionally, ta use the term CI'QIIC',\CCllt region for the immcdiatc field 

region. because of the significant contribution of the evanescent (or reactive) modes in 

this region. 

Great advantage was gained Ln this work by employing the concept of duality betwcl'Il 

the electric and magnetic fields and currents The terms field. currelll or CU/TClIl 

distribution when used without specifying thelr type, implies that the discussion applics 

ta bath electric or magnetic fields and currents. 

The modal (or eigen functlOn) expansion has been used in th is work, as is the case 

with most of the hterature dealing with near-field measurements. The planar modal 

expansion has particularly been used, for which different terms were employcd to 

designate this expansion such as plane wave spectrum(30), spectral domain representation 

or angular spectrum(38), because of the Fourier transform relationship bl'twel'Il the modal 

representation and the space domain dependence. 1 his terll1JOology was di!.cussed by 

Zucker(10) and accordingly, the terms spectral domain rcpresent:ltlOll and 'ipectral 

variables refer to the planar modal expansIOn and the modal variable'i, as opposed to the 

space do main representatlOn and space variables. The terms field or current mapping 

indicate the evaluation of space domain description of the fields and curren ts. 
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1.5. Clalm of Orlglnallty: 

The author would Iike to claim the originality of the following features presented in 

this thesis: 

1. The IJtilization of an equivalent current distribution, calculated from planar 

measurement data, as a model from which the external fields of the radiator under test 

can be calculated. ft is shown in Section (2.6) that this will result in stable calculation of 

the near-field quantities, and also shown in Section (2 7) that the possibility uf space 

domain truncation of the equlvalent current distribution will result in significant 

reduction in measurement errors The amount of reduction in measurement errors was 

estimated. The technique was applted to the radtators tested in Chapter Four, where the 

utility and the advantages of the approach was demonstrated. These measurements in 

themselvcs are also original contributions. 

2. The definition of the mapping lilnitations of the equivalent currents (or the immediate 

fields) at the radiator plane (Section (2.4) and figures (2.4) and (2.5». The important 

feature of thi~ defmitlOn is the handling of the evanescent modes, or the rp,active field 

components. Measured eva ne5cent modes were actuaI!y used to calculate the current 

distributions shown in figUles (4.5), (4.16) and (4.17). 

3. The procedUle of field extraction using the Veclor Field ExtractlO/l Coefficients which 

are Iinked to the measurement probe electromagnetic behaviod391. This link allowed the 

new interpretation of the output of the measuring probe demonstrated by Figure (3.4), 

and the evaluation of measurement validity Iimits as shown in Figure (3.6). An 

experimental procedure and the related analysis were suggested and implemented within 

Section (3.4) fl)r the measurement of the field extraction parameters of a di pole 
probe(40). 

4. The suggestion and implementation of an experimental model in Section (4.1), which 

approximates an infinite microstrip edge. This claim includes the use of the near-field 

measurement on this model to reveal the characteristics of an infinite edge. This 

approach can be applied to study other infinite two dimensional structures, such as slits 

or edges. 
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CHAPTER TWO 

THEORETICAL FOUNDATIONS OF MF ASUREI\1ENTS 

This chapter deals with the problem of defining the mathematical relationships which 

permit the determination of a radiating source from a metlsurerncnt of ils external field 

The conditions and the parameters of the mea<;urement process are a130 dcfincd. First. a 

general model of the radiator \s introduced in tht' form of equivnlent electric or 

magnetic current distnbutions, then, the rclatlOm bctween these currcnts and the 

measured field are established Such a problem i" recogniled to be an ilI-posed inverse 

problem when formulated ln the space domalll The spectral domain approach is 

therefore utllizcri to permit a well-posed fOI mulatlOn of the problem. 

Practical consideratIOns :ue tahen InlO ac~()unt ln the formulation, such as the nature 

of the available measllrlng instruments and the field plobe (whnse detailcd considcratiom 

is the subject of Chapter Three) The mechanical structures involved are such that the 

planar field scanning is of mam concern in thas chapter. This is evident in the 

applications described in Chapter Four. AIso, since only the two field components 

tangential to the measuremcnt surface may be available, this possibility is considercd as 

weIl as the general case. 

Additionally, the measured sources determined t'rom the measurement will be sensitive 

to noise and errors in the measured fields. This sensitivity is determined analytically to 

obtain suitablf' formulae for the maximum measured field resolution. The required 

measurement sampling rate is also considered The computatlOnal dctcrmination of the 

near-field surrounding the radiator from planar near-fleld measurement is investigated, 

and a method is proposed towards this objective, taking IIlto account the non-directive 

nature of the radiator under consideration. 

Finally, this chapter discusses the sources of measurement noise and errors, with 

specifie attention to non-directive radiator measurements, and examines the measurement 

error contribution to errors in the radiator mode!. 

2.1. Radiator Models: 

This section reviews the weil established principles on which the radiator models arc 

based, and discusses sorne of the concepts needed to structure an appropriate model. 
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Electrornagnetic fields are naturally generated from electric currents and charges, and 

since the charges are related to the currents by the equation of continuity ( \]. J = - p ). 

the radiator can be described by electric current distributions alone. Consequently, the 

antenna radiation behavlOr can be "pccifled unlquely by such a current distribution 

within it~ volume, The elcctne r urrent di<;tribulJon can work as a com'entent model for 

certain type of antenna~ I!kc the dlpoles and loops, where the radluted fields are 

generated by relatlvely sImple elcctrtc current dlstnbutions. For other :lntennas with 

more compllcatcd <;tructures, the descnptlOn of the antenna Jn terms cf the actual 

electric current., 1<; rather complJcated If not impossIble Different types of aperture 

antc'nnas arc good cxamples of these cases, e g electromagnetlc horns The radiatIOn 

<;ourccs for thec;e antennas would be slmpler when descnbed in terms of the aperture 

electric field dl,>tributÎon. The extertor fIelds of these antennas can be calculated from 

the aperture fIeld U~Jng the Huygens-Fresnel prmclple(8). The equlvalence principle(7) 

can also be used to replace these aperture fields by equivalent fictltious magne tic 

currents wlthout changlng the external fIelds of the antenna ThIS \ .... ill result in a 

complete syrnmetry of Maxwell equations The dualJty between the electric and magnetic 

currcnts 15 used to un if y the approach of trcating electric current and aperture radiators. 

It can be shawn that, for a planar source model, and usmg the Image prmclple, the 

field sourcr!. can be rcpresented by ['1111er equlvalent electnc 0/ magnetic current outside 

the source region('11). In the planar source representatlOn adopted 111 th\s work, the 

choice of the current type will affect the shape of the resultmg current distribution. For 

example, If a horn antenna is modeled as a magnetic current !'>ource, the current 

distribution will be iocallzed in and about the horn aperture area. Representing the horn 

with electnc current sources will rcsult in dlstnbuting that current o'ver a large area 

within the plane containing the aperture ThIS leads to the conclusion that it is 

preferable to take the nature of the radmtor inta account before selecting the type of 

equivalent current that can best represent the radiation behavlOr. 

The problem of characterizing the external behavlOf of the antenna can be restated 

here as that of findin~ the equlvalent electric and/or magne tIC currents that contribute 

to the external field of the antenna. Figure (2.1) shows examples of antennas with thcir 

suggested equivalent currents. It can be demonstrated that, in general, wire antennas and 

aperture antennas are more convenlen\ly represented by electric current and magnetic 

current sources respectively. The problem of determining the sources from the measured 

field, is easily recognlzed as an inverse problem for which, the existence, uniqueness and 

sensitivity of the solutions(3G) have to be considered. 
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Figure (2.1): Examp1es of antennas with their equivalent current distri­
bution. 
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ft is known from the principles of inverse problem formulation(36,37,42) that one way 

of facilitating a solution i<; to include sorne assumption or a pnor: information about the 

solution. There <;eems to be logical contradiction between this requirement and the fact 

that an inve'itigative measurement is attempted. Any assumptions will imply that the 

nature of the measured re<;ults is already known, which IS not always the case. The only 

trade off cmployed here is that the sources are located on a plane (radiator plane), since 

this thesis deals wlth antennas with planar apertures. 

2.2. General Relation between Source Currents and Measured Fields: 

A general geometry which corresponds to the problem of defining the current 

distribution of a radiator from the measured field quantities on a surface, is illustrated 

in f-igure (2.2). The radiator is represented by the tangential electric and magnetic 

currents l(,') and M(,') respectively on the surface S' surrounding the radiator. The 

field measurement surface IS S on which it is assumed that E(r) and (for) H(r) are 

determined by measurement. The relationship between the sources and the field is as 

follows: 

h(/)- f. r(;)(r/1 ).J,(,·)+G2(rlr·).M.(r·)].dr' ........... (2.1) 
"i 

anJ 

ïï (1') - f .[(;7(r Ir' ).J .(r·)+ ë) (rI r·). M .(r·)].dr· ........... (2.2) 
s 

Where the kernels Gland G2 are, in general, the t'ree space dyadic Green's functions(7). 

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

be used. Also, from the preceding section either J or M is used ta define the externat 

field. 

The above equations are Fredholm's integral equations of the first kind which are 

gen('rally ill-posed for smooth kernels(421, This is the case here, since the measurement 

surface does not coincide with the sources. This kind of problem is encountered in many 

elcctromagnetic problems in addition to the inverse problem undt ( consideratIOn. The 

conventional approach 15 to timit the possible current distributions, or in other words to 

apply constraints on the permissible solutions of equations (2.1) and (2.2). This 

approach, which is called the regularization of the problem(37,42), relies on the trade off 

between accu rate current distribution evaluation and the problem condition. This can 

take man y forms, such as applying a smoothing factor to the current distribution, or 
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expanding the currents into orthogonal distribution functions, as is often used in 

numerical treatment of scattering problems, by expressing the currents as rnutually 

orthogonal basis functions or modes (43), 

ln this work, considering the nature of the problern, the source expansion into 

orthogonal functions is adopted for the following reasons: 

1. When the currents are expanded into certain entire domain modes(43) for which the 

Helmholtz equation le; separable, and when the fields are similarly expanded, the modes 

will decouple The relation between the sources and fields will be algebraic which will 

allow separatc trcatment of the modes. This is advantageous numericaIly, and also allows 

the examination of the Ichability of the inversion for each mode This will facilitate 

quantitative evaluatlOn of the effect of the measurement noise and uncertainty on the 

determination of the sources 

2. The predrtermlnatlOn of the modes, that can be reliably used towards the inversion 

procedure, gives an idea about the resolution with which the sources can be mapped for 

certain measurement configuration. The modal description of the field also allows 

establishing criteria for the sample spacmg of the measured field, which was impossible 

for the gelleral fIeld descriptIOn. This is demonstrated in Section (2.5) for the planar 

source mode!. 

3. In near-field measurements, the determination of the radmted field fJOrn the field 

probe output is possible only when the field IS expanded into orthogonal modes, except 

for the special cases specifled ln Chapter Three Thus, the field data is already available 

in the form of orthogonal modes 

4. Gther regularization schernes can be \lsed to deterrnine the radiating sources from the 

measured field but reqUlre pre-assumptions about the nature of the radiator to enable 

well-posed tnversion formulation This cao be useful in sorne cases where there is sorne 

confidence about the vahdity of the pre-assumptions. In general, presuming anything 

about sources may conflict with the objectives of investigative rneasurement. 

-18-



t 

-~ 
..... 

2.3. Spectral Domain Formulation: 

As stated in the Introduction. the externat field in free space can be expanded as an 
integral of simple modes(7,9) over the domain of a mode vector, each mode huving u 

complex amplitude as a function of the modf' vector. The expansion of the field inlo 

planar modes is specified here, becaus~ plannr immediate and near scanning is chosen in 

this work. This choice is justified by the fact that it is not necessary to enclose the 

whole radiator includmg the supportmg structure, by the surface of mensurement in 

planar scanning. This would be necessary for the other two available schemes. which url' 

cylindrical and spherical scanning. The planai scanning surface wHl enable measuring thl' 

field close to the radiator. while minimizing the contribution of the supporting structure. 

This practical advantage can be demonstl ated by observing the structure of the radiatol S 

dealt with in Chapter Four As described in Appendix (C), the measuring equipment 

used is particularly (.;onvenient for planar measurements. Similar principles apply to otller 

field expansions, such as cylmdrical and spherical wave expansions, used in cylindrical 

and sphetical measurement'i respectively(1) 

The plane wave spectrum(38) (PWS) representation of electromagnetic fields is 

employed, but the decomposlttOn of the field into TE and TM modes implied by 
Equation (1.1) is not considered here This decomposition is based on the assumption 

that each mode can be looked at a~ a transmission line, whose charactel istic impcdancc is 

determined by the mode vartables and the mode type (TE or TM). This ean be useful in 

evaluating the interaction betwcen the radiator under test and the measuring probe using 

circuit concepts (S-parameters)(30) Max well's equations are used here instead, to 

characterize the propagatÎon and the interactIon with the measurement probe of cach 

mode, without the nced for the type de-;ompositlOn. ThIS is uscful in observing the 

influence of the probe's electromagnetlc behavior on the measllfement. 

The measurement procedure is described here with reference to Figure (2.3). The 

probe is scanned over a plane S exterior tt' the radiator, using a field probe. Phasor 

output volt:\ges are read from the probe on a regular grid, for different probe 

orientations, and the plane of measurement IS extended to includc an area over which 

the field magnitude is measurably significant. The extraction of field information from 

the probe output voltage is the subject of the next chapter. In the following 

development, however. it is assumed that the field quantities are already extracted from 

the measurement output data. 
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2.3.1. Field-Source Relation in the Spectral Domain: 

The equivalent currents on the antenna surface s· can be expressed as: 

M.Cx', y') .. x M xCx', y') + YMy(x'. y') 

and 1 sCx', y') ... xJ xCx', y')+ yJ y(x'. y') 

Alternately, these currents can be described as: 

where; MsCkx.ky) and 1,(kx ,k y )are the two dimensionat inverse Fourier transl'orms 
of the magnetic and electric currents respectivety. It is recognized that the Fourier 

transform and its inverse are dual operations, Either will transform a function from the 
space domain (x,v) into the spectral domain (kx.l..y) or vice versa. In this work, the 

inverse transform ie; used ta transform from the space damain into spectral domain and 
the Fourier transform is used to transform flom the spectral ta the space domain. A 

single mode with spectral variable (kx.ky), therefore, can be described as: 

The electric and magne tic fields can be related to these currents, but at this point, only 
the electric field is considered, since the magnetic field relations can be constructed by 

the duality properties of Maxwell's equations as stated eartier. 

Considering the planar mode orthogonality(7), the vector potentials will have the same 

tangentiat (x.y) space dependence as the currents, but the z dependence is expressed in 

terms of a normal wave number k z such that: 

where(7); k~ "" k~ ... k~ + k~, and F and ïi are the contributions of M and 1 respectively. 
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To comply with the radiation conditions for z>O the normal wave number kz is 

expressed as: 

for k" real 

for k. Imaglnary 

The electric field for z>O, which includes the measurement surface, can be evaluated 
- - - - l -from these poten tials using the relations E = - V )( F and E = - } Wil A + ~ V (V. A) • The 

mode magnitude of the potentials cao be evaluated using the boundary conditions 
Ni - z x "'if. and ] ~ - z x ïi at the source plane. This results in expressing the electric 
field in terms of the magnetic and electric currents as: 

( k~ ) -Jk." -+k Il k Z 
Z 

-k"ky -Jk Z __ Il r 

k" 
-k (!-Jt.= 

" 

Rewriting Equation (2.5) in a simplified form: 

Ë AI(k ~. k y' z)" ë 1 (k x ' k y ' z). Ni ,(k", ky) 

F J(!..:,,' k y ' z)- G 2(k", ky. z) .1,(k". ky) 

.... (2.5-a) 

.... (2.5- b) 

.... (2.6-a) 

... . (2.6-b) 

The electric field in the plane of measurement z=d, due to the radiator equivalent 
electric and magnetic current on the surface s', is expressed as: 
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Two observations may be made at this stage about the above relntions: 

1. The algebraie forrn of the relations between the sources and fields facilitates a 

sirnplified determination (Jf the condition of these relations. lt is possible ta e"alliate J 

or /If from E only for tilt' modes (k,.hy)for which the dt·terminnnts of ë l or (;',arc 

non-zero or small enough to cause multipl ication of mensurement noise and errors 

beyond a pre-specified limits. An elaboration on this is detailed in the following section 

to determine the use fuI range of field measurement in the spectral domain and the 

attainable source mapping resolution. 

2. Equation (2.7) is a Fourier transform relation which indicates that the determination 

of the modal fields over the spectral domain is equivalent to the determinntion of the 
space dependent fields. While this is mathematically correct, it will be shown in 

Section (2.6) that an under-sarnpling problem mny exist when dealing with the specll al 

domain expressed as discrete data. 

2.4. Source Mapping Limitations: 

Practical considerations have ta be taker into account in estimnting the limitations in 

mapping the sources. As will be discussed in Chapter Three, the nature of the measuring 

probes, usuaIly, allows high resolution measurement of only thos~ two components of the 

field that are tangentinl ta the plane of measurement, when a single probe is used. The 

measurement of the normal cornponent involves the use of a different probe. 

Accordingly, the following three cases can be dlst1l1guished: 

1. Calculation of equlvalent rnagnetic current dlstnbution from two measured tangential 

electric field components. The same conclusions apply to the dual case of calculating the 

equivalent electrie current distribution from two measured tangential magnetic field 

components. 

2. Calculation of equivalent electric current from two measured tangential eleetric field 

componems. The same con:;lusions apply, also, to the dual case of calculating the 

equivalent magne tic current distribution from two measured tangential magnetic field 
components. 
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3. Calculation of equivalent electric or magnetic current from three measured electric or 

magnetic field components. 

It will be shawn below that cases (1) and (3) are equivalent. In the following 

sub-scction, the mapping limitation for the first case is examined, and in the subsequent 

sub-section, the second case is considered. 

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

Referring ta Equation (2.5-a), it appears that only the two tangential electric field 

components may need to be used to determine the equivalent magnetic currents. The 
z (normal) component is especially noise sensitive, since it is weakly coupled ta the 

source currents, as evident from the third row of the matrix in the same equation. The 
measurement of this component, thert..fore, is not necessary. If the three components of 

the magnetic field are measured, the electric field can be calculated directly using 
Maxwell equation V x Tï = /u..H F for each mode. The conclusions from this case, 

therefore, apply to the first and the third cases listed above. 

The mcasurement errors component in the measured electric field is C."" ;'':Ee .. +YE Qy ' 

and the resulting error in estimating the equivalent magnetic current is Ëm = XE m" + yE my' 

The relation between their magnitudes from Equation (2.5-a) is: 

.... (2.8) 

To establish the timits of the usable range of modes (k,., ky), for use in calculating the 

currents, it is useful to ex.press the tangential wave numbers as: 

kt - "',cos'!' 

where kf = k~ + k~. The wave number k, is then the magnitude of the tangential wave 
number for the mode (klC,ky) and '1' is its direction . 
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Using the relation between the three wave number componcnts indicated in 
Equation (2.4), the normal wave number k ~ can be expres~ed as: 

k z = ~k~-k~ 
k z = -.Jk~-k~ 

for k,<ka 

for k,>ka 

The above two cases indicate radiating and evanescent modes respectively. 
Equation (2.8) can be rewritten as: 

IÊmJ = T(kl'd)JË.1 

where: 

T(k"d)= 

T(k"d)= for k,>k n 

•.• (;..> .\) 

.... (;>.10) 

It is obvious from the above relation that the field-current transformation is 

well-conditioned for the radiating modes, white the possibility of ill-conditioned 
tmnsformation arises only for the evanescent modes, and is dependent 011 the distance d. 

To set a criterion for the maximum acceptable measured tangential mode 1. '",," • a 

mode is considered usable in transformation if the error power in the cnlculatcd CUl'l'cnts 
does not exceed twice that of the error in the mode (k. = 1.. y" o. )(i.e. 1., = O.) for the 
sa me measurement noise power. In other words: 

T(k d) ... -JJ~t",ax-"~d _ J... 
'max' e r;:. 

v2 

By manipulating the above equation and expressing the distance as (/ ~ = cl / À : 

.... (:>.11) 

Figùre (2.4) shows the relation between the maximum tangential wuve number and the 
distance il' wavelengths between the equivalent currents and measurement planes. ft can 

be seen that the evanescent modes are useful only in the proximity of the radiator 
surface while k,maxapproaches ka as the distance gets larger. The dashed curvcs in 
Figure (2.4) shows the maximum attainable k'max when the error power is allowed to 
muItiply by four and eight, respectively. instead of the above mentioned double power 
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Figure (2.4): Maximum tangential wave number of the equivalent currents 
(k ,mOI< 1 k.). versus the distance d)".. in wave lengths, between the equiva­
lent currents and measurement planes. 

SoIid curve: noise power multiplied by a maximum of two. 
Dashed curves: noise power multiplied by maximum of four and 

eight. 
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Figure (2.5): Equivalent currents mapping resolution for maximum noise 
power multiplication of two, four and eight. 

The resolution is defined here as the maximum distinguishable number 
of points per wavelength. 
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criterian. These represent different levels of measurement errors and noise significnncc 

compared to the original field contribution. By inspecting the thrce curves, it cnn be 

concluded that the evanescent mode measurement is possible only for J on the order of 

0.1 À. • Strong interaction between the radiator and the measuring ficld probl' is highly 

possible in th is case. 

~ince k lma , is the highcst radial spectral frequency component of the mappcd ludiator 

current distribution, it can be used to define the attainable resolution of that 

distribution. The first step in doing sa is to find out how a Illagnetic current idcul point 

source at ,'", y' = 0 would be mapped, with the constraint of "101'/\' The point source, 

being an impulse in the space domain, ha~ a constant spectral response over the entire 

spectral domain. With the limitation of a maximum measurable tangential wnve number 

imposed by Equation (2.11), the space domain measured point source R (\ . y') is by 

Fourier transformation: 

Expressing the space variation in terms of the radial distance from the origin /' inst('ad 

of the rectangular coordinates x' • y', to account for the radial symmetry of the space 

response, and integrating along r: 

.... (?I?) 

As a measure of the resolution, one can consider that two point sources on S ~ 

separated by a distance r ~,n are distinguishable, if the response of either of them dcca ys 

to, at Ieast, half power at the location of the other point. In this case the resolution can 

be defined as the maximum number of distinguishable point sources per wavelength on 

the radiator plane. According to the definition used here, a higher resolution numbcr 

indicates a better resolution. This criterion is used in plotting the rc~ults in Figure (2.5), 

which relates the attainable mapping resolution ta the distance between the mea5UrCI11('nt 

and the antenna surfaces. The solid curve corresponds to a permi~~iblc mcasurcment 

noise power multiplication of two, while the dashed curvcs are for nOI~c power 

multiplication of four and eight respectively. It can be seen that ~xcept for small 

distances (d)" <.1). the resolution approaches 2 pointsjwavelength, independent of ll)". 
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2.4.2. Electrlc Current Source Model from Measurement of two Tangential Electric 

Field Components and the Dual Case: 

This is the second case indicated in the beginning of this section. In this case 

Equation (2.5-b) appties to relate the electric currents to the two measured components 
of the electric field, excluding the last row of the matrix in this equation. By duality, 

sim ilar relation appl ies to relate the measured magnetic field components and the 
equivalent magnetic currents rcpresenting the radiating sources, except that E is replaced 

by Il. Excluding the last row of the matrix in Equation (2.5-b), it can be used to relate 

the error in the calculated electric current f J' to the errors in the measured field Ê., as 

follows: 

The matrix in the above equation has two distinct eigenvalues: 

k. ? -Jk,rI 
oC! 

À .--=;...--
1 2wck.. 

.... (2.13) 

As was done in Equation (2.10), the field and current errors can be related such th~t: 

.... (2.14) 

For a certain mode, the minimum value of T in the above equation is 1 n." , , and the 

maximum value is ) /À 2 which corresponds to the worst case of noise multiplication, and 

is considered in eval uating k Ima~ for this case. Using the same criterion as in 

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

.... (2.15) 
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• The resolution can be found in a similar fashion as the previous sub-section using the 

above k Imuv The source mapping resolution for the cases of this sub-section is far lower 

than that of the cases of the previous sub-section. ft will be shawn in the next chapter. 

however, that a proper choice of the measuring probe will enable u high resolution 

measurement of the tangential components of the desired field type. This will facilitatt! 

dealing with only the cases of the previous sub-sedion, and will result in relatively high 

resolution equivalent current mapPlOg at the source plant>. 

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

Measured field Number of EqUIvalent ResolutIOn 
... 

type components • Current type 

Electric Two Magnetic High 

Two Electric Low 

Magnetic Two Electric High 

Two Magnetic Low 

El('ctric or Three Electric or High 

Magnetic Magnetic 

* Two measured components are tangential to the plane of measurement 

•• High resolution is defined using Equation (2.11), and Low resolution is defincd using 

Equation (2.15). 
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2.5. Experlment Design and Field Sampling Criterion: 

The design of an experiment is highly dependent on the nature of the radiator under 

test and the accuracy required JO fIeld mapping. The factors to be determined when 

designing a mea~urement are; the distance d between the radiator and the surface of 

measurement, the dimen'>lons of the measurement surface, the sampling spacing of the 

mea5urement pOInts and the fjeld probe to be used. The last factor is considered in detail 

in the nex t chapter 

The cholce of the dIstance d betwecn the radiator and the measurement pl,me depends 

on the objective of the measurement. If the measurement is intended to investlgatmg the 

qualitatlvP lInmediate field behavior of the radiator wlth high resolutlon, the distance li 

should be as "mali as po<;slble, so that k Irllll' described by EquatIOn (2.11) is large enough 

ta givc 11Igh resolution to the mapped radiator currents Figure (2.4) shows that cl has to 

be in the order of 1 À, sa that the evanescent modes contributed by the l'me deta!ls of 

the current distribution can be detected. The faet that the evanescent modes are 

measured, Implies that there is strong interaction between the measurement probe and 

the reactive field of the radiator under test This makes such a measurement inadequate 

for quantitative evaluation of the radiator Immediate fIeld, especially in nal row 

bandwldth radlators such as a resonant microstrip patch, but very useful for qualitative 

purposes. It should be mentioned here that a distance too close ta the radiator in not 

nlways enough to gain a high mapping resolutlOn of the source currents, since, as will be 

seen in Chapter Tinee, the probe 15 able to measure the field componcnts up to a certain 

maximum tangenttal wave number depending on the slze of the probe, so that close 

proxllnity of the probe might not increasc the mapping resolutlOn. 

When a quantitative accuracy IS requlred for the mapped field, it is logical to increase 

the distance d, tYPlcally ta more th an a wavelength(3) to avoid mutual interaction, or 

multiple scattering, between the radlator and the field probe At such a distance, the 

evnnesccnt modes have decayed enough ta be too small ta be measured, and k Imax wHl 

equal to ko as demonstrated by Figure (2.4). This means that the larger d implies dealing 

with only the radiating (01' visible) modes, which will limit the attainable field 

resolution. 

The choice of the dimensions of the plane of measurement is such that the field 

magnitude exterior to that plane is below the sensitivity level of the measuring 

instruments. This implies that this field is considered zero in the subsequent 

measurement data processing. This will also limit the number of data points to a 

manageable amount. As the distance d is increased, the radiator will "illumina te" a larger 

area on the plane of measurement. This will necessitate a choice of larger dimensions of 
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the measurement plane, and subsequently a larger measurement facility und more dnta 

points with the benefit of less mutual interaction between the radiator and the field 

probe. 

From the above discussion, it seems that the logical way of setting the distan~e d and 

the measurement plane dimensions is to conduct several trial scans to gain some idea 

about the radiator field structure, before attempting ta perform a final mensurcment. 

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

between the measurement points. Stnrtmg from the definition of Nyquist rntc(4") as the 

minimum sampling rate at which a band hmited sIgnaI can be completely reconstru~tcd 

l'rom a sam pied one, which equals twice the maxImum frequency content of that signal. 

and using the faet that the tangential wave number is the radial spatial frcquency or the 

field (Equation (2.3», the sampling spacing can be defined as: 

1 Jt 
1.~--=-

2ftm k tm 
.... (? 1 (») 

where k,mis the maximum deleclahle mode tangent lai wave number, which is different 

from k W1U .< defined earlier and f I~' = k,m/~n . Choosing a larger snmpling space will cause 

distortion in the Fourier transformed field representation and subsequently the mapped 

current due to frequency aliasing(45). 

When a part the measurement plane is locuted in the evanescent region of the radinlor, 

there is no way to predict the maximum detectable field mode, $ince the original 

currents contributmg to the evanescent modes are unknown. The best way is probably to 

over-sample the fJeld for this case, 50 that the field wlth significant magnitude will be 

confined to a small area of the plane of measurement This will enable a choice of a 

smaller dimensio'1 plane or measurement and a manageable number of data points. On 

the other hand, when the measurement plane is totally located in the radiation region of 

the radiator d > À., the maximum detectable tangential mode is ko, and in this case, the 

sam pie spacing 1S: 

.... (?II) 

The duality between the Fourier transformation and its inverse implies that the 

Nyquist rate can he used to specify the spectral domain sampling rate, based on the 

measurement plane dimension. The sample spacing in the spectral domain (1\1; A a 11111\1. 1) 
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can be expressed in terms of Wx and Wy ' the plane of measurement dimensions, as: 

I\k. ,- ?Jl/l/. y .... (2.18) 

Exceeding this spacing will cause distortion in the mapped current due to 

under-sampling, white selecting a lower value will result in an unnecessarily large 

amount of spectral domain data. It is worth mentioning at this point thut the sampling 

rate specified ln the above equatlOn IS necessary to preserve the space domain 

informatIOn, but IS not always u<,eful for the numerical evaluation of the space domain 

data using Fourier transformation as Will be clanfled in the next section. 

Il seems that the choice of the measurement dimension<;, distance and sample spacÎng 

is a matter of experience that can be gainect by investigative experiments and by 

cOllsidering the nature of the radiator itself. For example in determining the distance d, 

a narrow- band (high Q) rad I3tor, sm:h as a resonant microstrip patch, is expected to be 

more internally IOfiuenced by the presence of the measunng probe than a wlde-band 

horn antcnnn Thl<; is attributed to the fact that a high Q of an antenna indicates that a 

large proportIOn of the field energy ln and around the antenna region is reactive (stored 

energy), which 1<; represented \TI the modal expansion by the evanescent modes. This can 

lead to the possibtlity of measuring evanescent modes in close proximity of the radiator, 

but consequently indlcating that a <;mall d means significant interaction between the 

radiator and the lT'easuring probe These judgements are applied in Chapter Four. in 

which ail the experimental work directed towards source mapping was preceded with 

preliminary field probing to gain sorne idea about the field structure. 

2.(). Experimental Evaluation of the Near-Field: 

One purpose of defining the equivalent radiating currents is ta define the field in the 

vicinity and around the radiator, i.e the externat field. A question may arise in this 

context about the necessity of dealing with the equivalent sources; since the plane wave 

spectral representation of the field is available from measurement, why not mapping the 

near-fleld region dlrectly from spectral domam data using Fourier transformation? This 

was attempted ming real measurement data, and it was found that determining the 

mapped field was unsuccessful and yielded extremely noisy results. Calculating the 

neur-field from the equivalent radiating currents, using Equation (2.1), proved successful 

as shawn in Section (4.3). Explaining this phenomena is important in exploring 

-32-



• 

.. .. 

the limitations involved in using the plane wave spectrum, particularly considering the 

fact that the spectral domain representation is adequate in calculating the immediate 

field and the far-field of the radiator under test. 

The explanation starts by expressing the space domain electric field in terms of tht' 

plane wave spectrum Ê (k". k y), transformed into the radiator surface, using Fourier 

transformation: 

.... (?.19) 

Transforming into spherical coordinate system r(r. o. cl»: 

.... (::>.::>0) 

where r"r(xsmOcoscl>+YsmOsmcl>+zcosO). and the phase term is: 

.... (??.I) 

It is evident from the above equation that the phase term variation in Equation (2.20) 

is proportional to ,. as the integration is performed over the radiation region in the 

spectral domain. For small values of r, this term is slowly varying and the integral can 

be numericaUy evaluated with a moderate spectral domain sampling rate. This is the 

reason why the Fourier transform is adequate for evaluating the equlvalent currents. As 

,. grows larger within the near-field region, but not large l'nough into the far-field, the 

phase term will change faster with respect to the spectral variables. This requires very 

small sampling intervals in the numerical integration of Equation (220), and the major 

contribution to the integral will be from the integratlOl1 of a small arca around the 

stationary phase poÎnt(46), while the contributIOn is supposed ta avelage to zero for the 

l'est of the spectrum. In the far-field, the field is evaluated directly from a single point 

in the spectral domain for each direction of propagation, slIlce the integral can be 

approximated analytically using the method of stationary phase(lO). The far-field 

evaluation, therefore, does not encounter the undersampling problem because it does not 

involve numerical integration to begin with. 
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The approach used in this work was ta use the spectral domain data ta evaluate the 

equivalent rad iating current, using the theory presented in this chapter, and from that, 

the near-field is evaluated using the space domain relations of equations (2.1) and (2.2). 

This approach has the advantage of added efficiency when dealing with small radiators 

because the equivalent currents are confined to a small region around the radiator 

physical aperture, requJrlng a small number of integration points. 

The near-field as opposcd to the immediate fiel ci • contains only radiating modes. This 

suggests that for the pU! pO'le of evaluating the near-field, only the radiation region 

needs to be considered in finding the equivalent radiating currents. This implies that the 

equality in Equation (2.17) can be used to define the space domain sampling rate of the 

equivalent currents when using ~quations (2.1) or (2.2). 

ft is possible here to define the steps for evaluating the exterior field distribution 
from planar neal'-field data. These steps are shown in the black diagram of Figure (2.6). 

2.7. On Measurement Errors Sources and Contribution: 

One of the purposes of the near-field measurement in this work is to obtain quantities 

which represent the radiation behavior of the radiator under consideration. In the 

commonly used spectral domain representation, the weight of each discrete mode is 

extracted from the near-fleld measurement data, so that it can be used to evaluate the 

fields exterior to the radiator, within the limitations discussed in the previous section. 
The equivalent currents, considered here, are an alternative space domain representation 
of the radiation behavior. 

The errors in these representations will result in reduced accuracy in evaluating the 

external fields of the radiator. In this section the sources of errors are defined, and the 

effect of these errors on each representation is estimated, particularly for non-directive 

ra, \iurors. Considerations for highly directive radiators are discussed in detail by 
Newell(47). 
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Figure (2.6): A block diagram of the suggested processing sequence of the planar 
measurement data to obtain the near-field or the far-field distribution. 
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2.7.1. Sources of Errors ln the Equivalent CurreO(s: 

The common source of errors in any measurement is the random errors encountered 

due to noise from the measuring instruments and circuits, and the quantization error 

when digitizing the measured samples. These errors can be minimized by improving the 

quality of the measuring instruments, reading multiple samples at a point and increasing 

the quantization levelc;. Random errors are uniformly distributed throughout the points 

on the plane of measurement. The inverse Fourier transformation results a1so in uniform 

distribution of these errors over the spectral domalO. When the evaneseent modes are 
considered, this type of error becomes the Iimiting factor in source mapping resolution. 

Thl.'re are other types of errors that can be assumed to behave in a similar fashion, Le. 

uniformly sprf,)ad over the spectral domain, such as random probe position error, 

amplitude and phase nonlinearity, the erreet of variation in measurement environment, 

such as tempclalure and frequency. The loglc behind thls assumption is that there is no 
reason why thcsc crrors should aeeumulate in one or a few spectral components, 

therefore, these errors can be treated as random errorq. 

The types of errors diseussed above differ from other types which tend to accumulate 

in certain spectral components or within a small region in the spectral domain, affecting 

noticeable distortion on the plane wave spectrum representation at these regions. For this 

renson, these alternative types of errors are called here spectral errors. The Ieakage from 

the cables and joints of the radiator feed circuits and guides is an example of these 

errors. Since the leakage points are relatively far from the plane of measurement, they 

produce nearly a plane wave, originating from the leakage direction, at this plane. 

Transforming the measured data mto the spectral domain will result in the accumulation 
of the leakage error on specifie and neighboring spectral components. Because of this 

en'or accumulation, it can be significant compared to the contribution of the radiator 
under test, even though it might not be noticeable in the space domam data. The sa me 

discussion applies to scattering from the sunoundings within the measurement facility. 

These eHors can be minimized by careful setup and shielding of the radiator feed, and 

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

The coupling, or cross-talk, between the reference channel and the reference channel 

of the network analyzer, Appendix (C), used in measuring the amplitude and phase of 

the measurement probe will produce a constant errar component over the plane of 

measurement. This will accumulate in the spectral damain only at the component 

(k, - k y Q 0) which corresponds to the plane wave travelling along the boresight 
direction away from the radiator. 
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Leakage and coupling errors are more significant in non-directive radiator 

measurement, because the radiated power is spread over a broad solid angle, which 

makes the local distortion of the spectral domain more observable. 

One of the error sources that is speclfic to t\le non-dirl'ctive radiator is the truncation 
of the measurement plane. This source of error was mentioned by Yaghjian(3) as a 

limiting factor in applying planai near-fleld measurement to broad-beam antennas. The 

explanation given in the same reference about the effect of truncation on an untenna 

with an end-fire radiation response, is that this response Will dccay asymplotically as 
g-/k.r Ir. where ,. is the distance between the radiator and the extremity of the 

measurement plane. The mea')ured field can decrease to a neghglbte quantity at points on 

the boundary of the plane of measurement Considering the ubove radiator respons(.~, the 

integral of the boundary mea'>Uled points around the plane of mcn<;U1emcnl has a IÏnite 

value even if the area of the measurement plane is extendcd to mtïnity. This 

phenomenon will cause an error in the (1.., ~ "y = 0) component in the spectral domain, 

that oscillates with increasing the area of the plane of measurement. 

An alternative presentation of the mechanism causing this error is presented here, 
which may facilitate better understanding. The truncation of the plane of measurement 

can be considered as equivalent to multiplying the original field T (.\. . y) over an infinitc 

plane of measurement by a window function l,! (x. y). which equals unit y within the 

actual plane of measurement and vanishes outside that plane. The measured field, 

Ë m(x. y). can be expressed as: 

Ë m(x, y) = W(x 1 y)Ë(x. y) 

The inverse Fourier transform will result in the expression of the above equation in 

the spectral domain as: 

.... (2.?~l ) 

whieh shows that the effeet of plane of measurement truncation is the distortion of the 

measured spectrum eaused by convolution with the window spectrum. A theoretical 

evaluation of the spectral domain field of a broad-beam radiator, such as an elementnry 

dipole, shows that the spectral representation is singular on the perimeter of the 

radiation circle, (k~ + k~ = k ~. k ~ = o.). The rectangular window function can be expre!.scd 

in the spectral domain as: 

.... (??'I) 
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where W x and W y are the measurement plane dimensions defined in Section (2.5). 

The window function spectrum has a main lobe centered at k x = k y = o. and side lobes 

whose amplitude decay a way as 1/ k x k Y' The use of the spectral domain sampling rate 

of Equation (2.18) will result in zero coupling between adjacent points in the kx and ky 

directions, because of the first null in the window function spectrum. The significant 

error contribution is the coupling between the singularity in the field spectl um described 

abovc, and the field spectrum within the radiation circle. This coupling seems ta add 

coherently at the kx = A y = 0 spectral component, whlch results in field spectrum 
distortion at this point. This error can be classified as spectral error as in the case of the 

leakage and coupltng errors, but it differs from the other two by the fact that it 

originates fi om the measurement configuration rather th an from apparatus imperfections. 

The spectral errors can be a limiting factor in evaluating the near or the far fields 

d irectly frorn the plane wave spectrum, because this evaluation involves the use of small 

range of propagating mode5(25) to evaluate the near-field, ur a point in the spectral 

domain to evaluate the far-field. The evaluated field will suffer an observable distortion 

if a point or region containing spectral error is used in this evaluation. 

2.7.2. Error Contrihution to the Equivalent Currellt Model: 

In this sub-section, it is shown that the use of equivalent current model of a radiator 

results in a reduction of the effects of measurement errors. The amount of this reduction 
is estimated here. As shown in Figure (2.6), the evaluation of these currents involves a 

transformation to the spectral domain, th en a transformation into spectral equivalent 

currer,ts at the radlator equivalent plane, and finally transformation back into the space 

demain. The error under consideration is, therefore, normalized at each stage to the 

power of the unperturbed contribution from the radiator under consideration. 

The measured field E nt can be decomposed into three components: 

'" .(2.25) 

where Ë is the contribution from the radiator. Ë ris the contribution of the random 

errors, and Ë B is the contribution of spectral errors defined in the previous sub-section. x 
and JI are within the truncated plane of measurement. 
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The distance between the plane of measurement and the radiator is assumed to be 
large enough so that only the propagating modes contribute la the measured field. This 

assumption is a consequence of the discussion in Section (2.5) dealing with the selection 

of that distance. The transformation into the spectral domam, therefon." will rl'strict the 

radiator contribution to within the radiation circle shown in Figure (2 7 -ri). The spectral 

error will increase, due to the mea~urement plane truncation l'II or descnbl'd earlier. by 

an amount that depends on the dimensions of the plane of measurement and the original 
field structure of the radiator, as evident from EquatIOn (2.23). The spectral domain will 

retain all the space domain information if the sampling rate of Equation (2.18) is used 

and the range of the spectral variable is within: 

-nI t:..x :s k x :s rtl t:.. x. - rtl t:.. Y :s k y :s rtl t:.. Y •... (;'>.?6) 

where t:... x and t:..y are the x and y spacing between samples. The above range of the 

spectrum is one of the properties of the discrete Fourier transform(461. 

The truncation of the spectral domain, by setting ta zero ail the modes outside the 

radiation circle, will filter out the portion of the random error component whieh is 

outside this circle. Since this error is uniformly 'Jistributed over the spectral domain, 

error power will be reduced proportionally due to this truncatlOn. The crror contribution 

will be reduced to the r[ltia of the radiation circle area to the :lIea of the domain of the 

spectral variable deseribed by Equation (2.26). ThiS ratIO from Figure (2.7-a) is 

k~Ll.,,·Lly/4Jl. This truncation neither affects the orIginal radlator field nor the spectral 

noise component because bath have their spectrum confined malllly to within the 

radiation circle. 

The transformation of the fields backward into equivalent radiating currcnts will not 

modify the nature of the errors if the current type is chosen pl operly. as l'vident fr0111 

Equation (2.5-a), in which k z is real for the propagating modes under consideration. TIll!, 

means that these modes will only encounter phase change by this tran"formation. 

The transformation of the currents into the space domain at the equivalent current 

plane will not change the relative power of the errors, and the area in the space domain 

that con tains the truncated spectral domain has the same dimension., and ùrigin as that of 

the plane of measurement. This is based on the assumption that Equation (2. J 8) is used 

in sampling the spectral domain, and on using the properties of the discrcte Fourier 

transform. It is expected that the unperturbed equivalent radiator currents will be 
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Figure (2.7-a): Spectral domain truncation. Only modes within the radi­

ation circle are considered. The measurement information are spread over 
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confined to an area A 5 on and around the physical aperture of the radiator. On the other 

hand, the contribution of the errors, random and spectral, is expected to be uniformly 
distributed over the area of the equivalent current plant' ,'l/1l with dimension II' x and IV Y' 

The truncation of the equivalent radiating current plane to inc1udc oniy t s • 

(= W'x X W'y, as shown in Figure (2.7-b)), will effect a reduction of the relative l'rror 

power by the ratio of this area to the area of the original plane of measurement, i.e. 

As/ Am. without significant cffect on the original sources. 

In summary the error power is attenuated by the ratios R rand R s for random and 

spectral error types respectively, by using the truncated equivnlent current model. These 

ratios ean be expressed as: 

.... (??7-ct) 

A. 
R. == [~xW y 

.... (??l-l» 

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

.... (2.//- c) 

Where Es and Er are the original spectral and random error power components 

respectively prior to the spectral and space domain trunentions. 

Two points have to be emphasized concerning the effect of space domain truncntion 
of the equivalent currents: 

1. The aperture area of a non-directive radiator is usually small comparcd to the area of 
the plane of measurement. This makes such a truncation effective in filtering out the 

measurement errors, in cO!l1parison ta corresponding measurements on directive antennas, 

where the area of the measurement plane is comparable to the effective aperture arca of 
the antenna(3). 

2. It was pointed out in the previous sub-section that the problem with the spectral 

errors is that they tend to accumulate on certain modes. The truncation of the equivalent 

currents plane will, in addition ta reducing the relative error power, smear the error in 

the spectral domain, whieh will further reduce its peak value in this domain. For 
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example, if a relative coupling error of Ê
D 

c is superimposed on the measured field at the 
measurement plane, its contribution in the spectral domain is simitar to the window 

function of Equation (2.24), a!'\d will be: 

l D ~ (k x • k y) = 11(' De t,...' x W ySlTlc(k x W ,J2)Slnc(k y W y/2) 

whereas the field spectrum from the equivalent currents, under the assumption that the 

equivalent current truncated plane dimensions of W ~ and tv' ~. is: 

.... (2.28) 

From the above two relations, it can be concluded that the peak error in the spectral 

domain fields is reduced by A,I Am. white the r.m.s. error for the sa me component is 
JA~/Am. as evident from Equation (2.27-b), where A.and /I rn are the truncated 

equivalent currents plane and the measurement plane areas, respectively. This further 
reduction in the peak error cornes from the broadened spectral response demonstrated by 

the above two equations. The same argument applies to the remaining spectral errors, 

such as the Icakage and truncation errors described in the previous sub-section. 

2.8. Concludlng Remarks: 

ln defining a procedure for the measurement and the subsequent data processing ta 

determine the equivalent current distribution on a radiator surface, this chapter 
introduced possible models for such equivalent radiating currents. These models are 

constrained to tangential currents on a planar radiator equivalent surface. In addition, 
eitlwl' electric 01 magnetic currents were considered. It is apparent that the problem of 

mapping the currents directly from the measured field is an iIl-posed inverse problem. It 

is possible, howevel, to use the modal expansion of the field to formulate a well-posed 

source mapping procedure This IS at the expense of Iimited mapping resolution. The 

planar measurement design is discussed in the context of defining the measurement plane 

dimensions, the distance from the radiator and the sam pIe spacing. Sorne of these factors 
are Quite indeterminate beforehand and it is concluded that several investigative 

measurements need to be conducted before undertaking a final measurement. 

Based on computer simulation, Wang(48) suggested larger sampling intervals than that 

implied by Equation (2.17) when the radiator is highly directive. The analysis of this 
chapter and the experimental results of Chapter Four contr, this suggestion. In the 
case of practical measurements, sampling intervals larger than i>./2 may incur the danger 
of aliasing, and will introduce distortion in the spectral domain when an unknown and 

-42-



--

-

u:lpredicted behavior of a radiator is encountered. This implies that Equation (2.17) 
defines the absolute maximum sampling interval for a measurement conducted in the 

radiation region of the antenna under test. 

This chapter has demonstrated and explained the difficulty of evaluating the space 
domain near-field directly from the plane wave spectrum, and an alternative appronch is 

suggested. This approach employs space domain integration of the equivnlent radiating 
currents over the radiator aperture. This technique is upplied in Chapter Four for 
evaluating the near-field quantities of antennas using plamu near-fjeld measurements. 

The classification of measurement errors into two types, random and spectral, 

according to the behavior of the error type in the spectral domain, facilitated the 

estimation of error power and peak reduction fol' each error type, using the equivnlent 

currents model of the radiator. The basic factors affecting the l'rror power rcduction is 
the exclusion of the noisy areas in the spectral domain and similarly in the equivnlent 

current plane. It was shown that the second factor can be effective for error reduction in 
non-directive radiators, because of their small aperture areu. 

The consideration of near-field measurement is not complete without exnmining the 

effect of the field probe on the measurements. The behavior of the probes, the 

interpretation of their electrical output and their influence on the near-field 

measurement process is the subject of the following chapter. 
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CHAPTER THREE 

MEASUREMENT PROBE CONSIDERATIONS 

This chapter deals with the problem of determining the effects of the probe on the 

measurement of the field, and the methods of accounting for these effects. The na me 

commonly given in the titerature(3,34) for such a procedure is Probe CorrectlOll, and this 

term was previously used by the author(39,40), It can be argued that the effect of the 

probe on the measurement is by no means an "error" which needs "correction", it is 

simply part of the measurement apparatus which should have a contribution to the 

measuremcnt data ft will be shawn later that the fjeld v31ues can be extracted accurately 

from the measured data, if there exists an exact model of the pf0be. The only en'ors 
involved arise from the approxImations made ln determining the probe model. The term 

used in this work, therefore, IS field ex/raC/IOI!, which can be defined as the extraction 

of field quantlties from measured probe output voltage. 

The denvatlOns and formulae introduced in this chapter aim at the determination of 

the field quantlties at the plane of measurement from the measured probe output 

voltage. The main purpose 15 then to evaluate the equivalent current sources. In addition, 

the extracted field values can be used ta calculate the far-field directly. No specific 

assumptions are made about the nature of the measured field. A vailable literature 

pubtished about prohe correc/ul/!, for example, generally presume that highly directive 

radiators are being measured, and only in the radmtion region. On the other hand, 

certain assumptions are made in this chapter about the probes themselves. These include; 

linearity, reciprocity and single frequency operation. 

3.1. Formulations for a General Probe: 

\Vhen Ihe electric or magnetic field measurement is attempted, the measured phasor 

voltage is expected to be proportional 10 a weighled average of the incident field over 

the probe surface. An assumption of a probe with finite volume, and made of materials 

that have linear electromagnetlc parameters is made here. This means that a practical 

probe cannat measure the field at a point, because it has 10 have a finile volume, so that 

il can withdl3w enough energy from the field to aClivate the measuring instruments. In 

addition, the currents induced on the probe by the incident field wilt disturb and modify 

the original incident field. Another consequence of the existence of a finite probe is that 

it can be viewed as a scatterer which in turn will modify the radiation mechanism of the 
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radiator under test. This in turn will modify the field values which existed beron~ the 

introduction of the measuring probe. The latter effect, which is caHed multiple 

scattering is a very complicated phenomenon with a secondary Î'1f:ùence on the 

measurement results for moderate separations between the probe and radiator(3). The 

approach employed is to insure that the measurements are made (sec Chapter Four) in a 

manner ta ensure that the multiple scattenng efrect is negligibly smalt instead of trying 

to account for il. When the antenna and the field probe are close enough to effcct 

noticeable multiple scatterlOg, the extracted values Illay still l'~ userul for qualitative 

evaluation but not for quantitative use. 

Considering the above discussion, neglecting the multiple scattering and taking into 

account the implications of the Iinearity of the antenna, the output voltage or li probe, 

VOl for a field, ÊI' incident on the probe, in reference to Figure (3.1) is: 

'" .(~U ) 

where pa is the effective probe area and the weighting function is Î(,") 1 which depends 

entirely on the probe geometry and materials. 

It is obvious from Equation (3.1) that extracting the incident field rrom the output 

voltage involves two steps: the determination of the weighting function over the probe 

area, and then, solving the integral equation for the incident field. 

Before going into the details, it IS appropnatl' to mention threc distinct cases of 

measurement and Identify the nature of the probe behavlOr for each case: 

The first case is when the probe dImensions are small enough in (erms of wavclcngth 

such that it is possible to assume that the incIdent fIeld is approximatcly constant over 

the probe surface. The field variable in Equation (3.1) then, can be placed outsidc the 

integral and the equation will be: 

.... (a.?) 

The integral in Equation (3.2) is entirely dependent on the probe geometry and 

orientation which is a constant vector for a fixed frequency of operation. This means 

that the probe output voltage is proportional to the incident field at the measurcment 

point. The field can be extracted, in this case, by multiplying the output voltage by a 

constant vector. 
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Figure (3.1): General probe configuration. Probe local origin is located at 
;: 1 and ;:' is the coordinate of a point at the probe surface relative to the 
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The second case is when the measurement point is far enough from the radiutor, such 

that the incident field can be approximated as plane wave originating l'rom the l'adiatol 

direction, in this case the electric field can be expressed as: 

where k is the wave number vector of the incident field with the magnitude k n ~ Ihe 

intrinsic wave number of the propagation medium), and direction of the incident plane 

wave. The output voltage from the probe will be: 

.... (:L ~) 

The value of the integral will be a vector which depends on the direction of the l'Inne 

wave in addition to the probe geometry. It can be shown, using the reciprocity thcOIcm, 

that this integral can be expressed in terms of the phasor radiation pattern of the probe 

and the direction of the incident plane wave. The form of Equation (3.4) indicates that 

the field can, again, be determined at a point from a single phasor voltage measurement. 

The thh'd case is the general case, when no assl1mptions can be imposed on the nature 

of the incident field. This is the case for a practÎLal probe used in the near or the 

immediate field measurement of the radiator. Equation (3.1) in thls case is a Fredholm 

integral equation of the first kind which is ill-posed with a non-s1l1gular weighting 

function. When the field, however, is expressed in terms of an 1I1tegral of orthogonal 

modes as described in the previous chapter and for certain c;hape<; of the surface of 

measurement, Equation (3.1) can be rewritten 111 an algebraic form ln this case the 

magnitude and phase for a certain range of modes can be cleterm1l1ed from the phasor 

output voltage. The rest of this chapter deals wlth t}:is problem. The field 

decomposition into elementary plane waves introduced in the previous chapter is utilizecl 

to permit a field extraction methodology. 

3.2. Probe Considerations in PI anar Near-Field Measurements: 

When the planar measurement configuration of Figure (3.2) is considered, and the 

probe surface is assumed to be located on the plane of measurement (z=O), 

Equation (3.1) can be rewritten for this case as: 
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Figure (3.2): Field probe in planar near-field scanning configuration. 
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This convolution integral eQuation is ill-posed as stated earlier, but when inverse Fourier 
transforming both sides in two dimensions to express the variables in the spectral domain 

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

.. .. (~3.6) 

where Ëj(kx.k y) is the inverse Fourier transform of incident field, and F(J..·,.A.y)is the 

Fourier transform of the weighting function. 

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

The procedure of planar field measurement considered here is described in 

Section (2.3). To collect enough information about the field, the output voltage in plamll' 
scanning is measured on a regular gnd over the plane of measurement S for two 

orthogonal probe orientations. This is done ta acquire information about the lwo 
perpendicular field polarizations. The t'Wo orientatIOns can be labeled as \ and 1'. 

llldicating the direction of a particular axis of the probe geometr y which lies within the 
surface S. Then, for each point of measurement on the plane S. it is possible to defjne 
the vector measured voltage by the following relationship: 

.... ( ~L 1) 

whose inverse Fourier trans~orm is: 

The above definition of the measured voltage combined with Equation (3.6) results in 

a set of two algebraic equations with three unknown field components. The third 
relation, necessary for completing the set, can be obtained using the fact that the 
measurement plane is source-free. The incident field divergence is, thercfore, zero, i.e. 

\l.Ë,(kx.ky)=O., which leads, using Equation (2.19), ta the third relation: 

This indicates that it is possible to write the three incident fjeld components in terms of 

the vector measured voltage as follows: 
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EAk".ky)-ë"{k".k,).V{k,,.k y) 

Ey{k". ky) - ëy{k". ky).V{k". ky) 

E7{k1(.k y)-ë.{k".k y).V{k".k y) 

.... {3.9) 

where C".y.~(k".ky) are the vector field extl'action coefficients that have ta be 
determined. These depend on the probe structure, the operating frequency as weil as the 

tangential wave numbers. ë"(k,,.k y) can be written as: 

.... (3.10) 

The two remaining vectors ë y(k". ky) and ë z(k". ky) can be constructed similarly. 

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

1. The ability to include the cross polarization of the probe as part of the measurement 

data. Under the assumption of a perfectly polarized probe, the coefficients ë>. and C '1 

may have only one component if the probe axis is chosen properly. 

2. The logic that led to Equation (3.9) applies to both the electric and magne tic incident 

fields. Only the values of the field extraction coefficients will be different for the same 

probe as will be shown later. 

3. ft is possible to evaIl13te the sensitivity of the calculation of each field component to 

the error in the measured vector voltage. Therefore, the range of validity of the 
measured results in CA x' k'l) can be defined after setting some acceptable error limit 

criterion. To illustrate this point, if the error in the vector voltage for a certain mode is 

expressed as ('. = :\ c x + yC y then the error E e in calculating one of the field components 

is: 

.... (3.11) 

where 0 is the angle between the field extraction and the voltage error vectors. This 

angle can be set to zero to represent the worst case. This relation is used in defining the 

range of validity of measurements for the dipole and open ended waveguide probes 
considered in a subsequent section. The abiI.ty to define the range of valid measurement 

in (J.. •• J.. y). or alternatively the maximum tangential wave Ilumber for which the mode 

can be measured reliably, implies that the field mapping resolution on the measurement 

-50-



surface can be determined employing Equation (2.12). This capability would not be 

possible if the probe measured voltages were considered for each probe orientation 

separately instead of consider:ng a single vector measured \ oltage. 

3.3. Theoretical Determination of the Vector Field Extraction Coefficients: 

For any field probe with a linear behavior, there e"i~t a set of vector ficld extraction 

coefficients. Their existence is based on the validity of Equation (3.1), for which the 

Iinearity of the probe materinl is the on1y assumption made. Further con~traints 011 the 

probe structure are necessary to facllitate analytical cxpn'ssions 1'01 these coefficients: 

first, the probe and its feed cil cuit must be reciprocal, 1 e made onl)' of matet ial with 

symmetric p~rmittivity and permeabllity tensors(49), so that the application of the 

reciprocity theorem is possible in relating the behaviOl of a transmittlng plObe to a 

leceiving one. The second constralllt IS that thc probe lecclving (or radiatlng) clements 

are either wires contained within a plane that coincides with th(' planar surface of 

measurement, or an aperture whos(' plane coincides with the SUI face of Jlll'a..,uremcnt as 

shown in figures (3.3-a) and (3.3-b) It IS worth mention1l1g that mo~t of the plobes USt'd 

in near field scanning meet these constraints A fUlther assumptlOn matit' here is that the 

electric current distribution on the wire probe or the aperture tangcntial clcctric field 

distribution on the aperture probe are known when these probes arc transmilting. Thc~c 

distributions may be determined using measurements, cxi<;ting numerical techniques 01 

by reasonable, experience proven, approximations. In the latter twa cases, ol1ly the 

receiving (or radiating) elements of the probe have to be reciprocal. 

The details of the procedure used to find expressIOns for vcctor field extraction 

coefficients in terms of their current and aperture fteld di~trtbutions are shawn in 

Appendix (A) in reference to Figure (3 3). The basis of the procedure is the application 

of a form reciprocity theorem(7). This form relates the probe output voltage to the 

incident modal field. The probe is represented in this relation by the electric current or 

the aperture electric field distribution at the rudiating elements for a unIt input voltage. 

This result in a relation between the field components and the output voltage of the 

probe, in which the vector field extraction coefficients can be easily recognizcd. 

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

-~ 1 • 
C =-(xF -'iF) x A x J y .. . (3.1?-1I) 

.... (3.1? - /) 

.... (3.I?-r) 
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Figure (3.3): Field probe and probe feed line cross-section configuration. 
a- Wire probe. 
b- Aperture probe. 
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and correspondingly for an aperture probe, the eleetric field extraction coefficients are: 

. ... (~L\ :1 - CI ) 

.... ( ~1.I :J - il ) 

where Ci = F xF~ + F yF~. F x(k x • ky) and F ~(k>. ky) are the \' and y components, 

respectively, of F(k x • ky), which is the Fourier transform of the wire electric current 

distribution or the aperture eleetrÏc field distribution, and ,:' (J. \ . A y) = (A \ . - A y), 

It is evident from Eqllation (3.12) that the output voltage is completely couplcd 10 the 

electric field tangential ta the plane of measurement in a wire probe, cxcept for the 

averaging effeet introduced by the IÏnite size of the probe. The coupling for the 

component normal to the plane of measurement ~, is dependcnt on the incÎdl'nt mode, 111 

addition ta the averagmg effect, and will approach zelo for J... = o. which is the border 

of th,:: radiation region in UA' J... y), because of the s ingular value of r at these poinls. 

The opposite holds for an aperture probe as concluded from Equation (3.13), which 

indicates that the two probes complement each othel, thus provlding a wider range of 

validity of measurement of the three field components. 

The aperture probe is characterized by the tangential electric field di~tribution on the 

aperture. The equivalence principle(7) can be used to replace the aperture field 

distributi1n by an equivalent magnetic current, TI = IÎ x 1 for a planar aperture, wherc ri 

is a unit vector normal ta the aperture plane (= - :) This will aff('cl slight modification 

on Equation (3.13) b y replacing /. , by -1 y and 1 y by /. , 50 that T wJlI stand for an 

equivalent magnetic current distribution on the probe aperture ln thl~ ca~e, the wirc and 

aperture are exactly dual, which implies, from the symmetry 111 Maxwell equations, that 

the expressions of the vector magnetic field extractIOn coefficlCnts are simply 

Equation (3.12) for an aperture probe, and the modlflc1 Equation (3 13) for the wire 

probe. In this manner, the field extraction coeffiCient!> of Equation (3 12) which yicld 

the electric field components for a wlre probe, will also yleld the magnetic field 

components when applied to an aperture probe, and the opposite hold for the modified 

Equation (3.13). This is shawn graphically in Figure (3.4). 
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Figure (3.4): Illustration of the consequences of the symmetry of Maxwell equations. 

Either electric or magnetic field data can be extracted from the probe measured voltage, 
but with varying resolution for the three components. 

• Equation (3.13) is modified by replacing F x by - F y and F'I by F Je , so that these 

quantities represent the spectral do main equivalent magnetic current at the probe 
aperture instead of the aperture electric field distribution. 
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As iIIustrative examples of the application of the vector field extraction cOl'flïcients, 

two common types of probes are considered; a half wave length dipole as a wire probe. 

and an open ended dielectric loaded rectangular Wu\ egUlde as an aperture probe. These 

probes are shown in Figure (3 5). When the probes are transmltlmg. cnsin\.' ~urrcnt 

distribution is assumed nlong the À.l?dipole. ~nd the TE lO mode IS a~sumcd at the 
waveguide opening with dimensIOns U,/~}. À. /?). This assumes a dtelectnc constant of 

approximately 2.2 50 that the two probes are operattng at the samt' frequency. Thesc 

distributions are, of course, first order approXImatIOns More rcalistic dl~trib\.ltions could 

be used, but would unnecessarily complicate the followmg expressions. TheIl' is no loss 

of generality if the propagatIon constant J... 015 set to unIt y, which corresponds to a 

wavelength of 2n. Cons ide ring the above, the currcnt and aperture distribution fUl\ctions 

can be written in the space and spectral domains as: 

1 
IXrl('\."Y)=21i(y)cos(\.'). fYrl(x,y)=O. 

FXrl(kx,ky)=*[SlnC(~(l-kx))"'SInC(~(I ... kx))1 

Ixa(x,y)= 4~JU(X"'§)-U(X-§)}OS(Y), fyn(\."Y)=O' 

F xa(k x' ky) = *SlnC(§k x )[ SInC( ~(l - k y))'" SInC(~( 1 + k y ))] 

where the subscripts (d) and (a) indicate the dipole and aperture probes, respectively. 

The field extraction coefficients are evaluated from the above spectral domain 

distributions using equations (3.12) and (3.13). 

To evaluate the range of validity of the measured field components, a measured field 

component for a mode (1.. x' ky) is considered acceptable if the error power multiplication, 

calculated using Equation (3.11), for this mode does not exceed twice Ihe crror 

multiplication for the mode (0,0). This criterion takes into account the fact that the 

radiation pattern peak IS in the boresight direction for both probes. Glher criteria can be 

applied depending on the nature of the probe, the quality of measurtng Instrumente; and 

the accuracy requirements. The value of the field extractIOn vector~ Icngths for the two 

probes and for the three field components are evaluated. Equation (3.11) is then applied 

ta determine the error in the extracted field relative ta the measured voltage error. The 

range of validity of the three electric field components for the two probes are shawn in 

figures (3.6-a) and (3.6-b) for the cases of the dipole and aperture probe, respectively. 
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Figure (3.5): Probes used as examples of wire and aperture probes 
respectively. 

a- Dipole probe, L - >"/2. 

b- Open ended dielectric loaded waveguide. Aperture dimensions: 
a - '1\./2 and b - '1\./5. ('1\. -t'ree space wavelength) 

The dielectric loading the waveguide is assumed to have 
a dielectric constant, Er =2.2. 
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Figure (3.6): Measurement validity limits in the spectral domain for the 

three components of the electric field. 
a- half wavelength dipole of Figure (3.5-a). 
b- Open ended dielectric loaded waveguide of Figure (3.S-b). 

The dashed circle in both above figures is the radiation circ1e, within 
which: k~ + k~ ~ k~ 
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By inspecting Figure (3.6), it is concluded that the dipole probe can measure the 

tangential field components (x.y) for wide range in the spectral domain which covers 

smoothly the whole radiatIOn reglOn in (kx. ky) and extends to the evanescent region. 

This is not the case for the normal (=) component, because of the singularity in the 

expression for ë for k = (). the boundary of the radiation region. The opposite holds for 

the results of the open ended waveguide as evident from the same figure. 

3.4. Experimental Determination of the Vector Field Extraction Coefficients: 

The logicat approach in trying to measure the characteristics of a probe is, simply, to 

mcasure the output of the probe in a known field. This is usually not possible, because 

of the difficuIty in establishing a l'c!ercncc field distribution. On the other hand, by 

inspecting equatlOns (3.12) and (3.13), and referring to the derivation of these equations, 

it i5 evident that there are no apprm:.lmations involved in relatmg the currents (electric 

or magnetic) on the probe surface to the fJeld extractIOn coefficients. The only 

approximation is in evaluating the current distributions on the probe. The relation 

bctwccn the phasor rad iation pattern of an antenna and the Fourier transform of the 

current distributIOn is weil established (10,41), One can, therefore, evatuate the current 

distribution in the spectral domain using a measured phasor radiation pattern and by 

substituting these values either in Equation (3.12) or (3.13) to evaluate either set of the 

fjeld extraction coefficients. 

The complex radiation pattern of the probe is conventionally used as the probe model 

to recover the radiation pattern of the antenna under test from the near field 

measurements(3,30,50) The only objection that can be raised is over the inability to 

mensure the pha~e in the probe far-field accurately. The far-field measurement by 

definition involves large separation between the probe under test and the far-field 

probe, white the phase error is proportional to the error in the distance between the 

probe under test and the far-field probe, in wavelengths The difficu\ty is in allowing a 

large separation between the two probes to conform with the far-field assumption while 

keeping the phase accuracy within certain limite; for that large separation. 

ln this work an alternative approach is suggested, us mg two identical probes. First, 

the current distribution on the first probe is considered as the unknown. The field 

generated by this distribution in the spectral domain can be evaluated using 
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equations (2.5) or (2.6). If planar scanning is performed using the second probe, for Ihe 

field generated from the first probe, the output voltage can be predicted usins 

equations (3.12). (3.13), (A-6) or (A-8). These relations are again related to Ihe cumut 

distribution. A set of relations for each mode can be constructed such that: 

Vo"C,!:", k)= cD(?Ck". ky). d).lI, 

voy(k". ky)" cD( F' (k". Ky). cil.v, 

.... (~L 1 1- Il) 

.... (~U 1- 1> ) 

where D(F(k". ky). d) is a function of the spectral current distribution on the probe 

surface and the normal distance between the transmitting probe and the plane of 
measurement, c is a constant, and po (1..,. k y) = 1': (k \ • - A y). The mensuremenl of field 

extraction parameters is conducted, in this case, in an environment similnr 10 that or Ihe 

actual measurements. 

The above procedure was applied in measuring the spectral domain elcctric currenl 

distribution of a dipole probe(401. To simplify the measurement and the numerical 

proces5ing, the dipole 15 assumed to radiate cylindrical waves and con~equenlly, the 

receiving pattern is symmetrical around the dipole axis ThIS comes l'rom Ihe 

approximation that the dipole arms are thin enough that the ele~tric current is f10wing 

only along the dipole axis. Considering Figure (3.7-a) for the dipolc configuration, the 

current distribution along the dipole is {(x) with Fourier transform /. (1.. ,) for unit input 

voltage. 

The x component of the radiated electric field at a distance d can be exprcssed as an 

integral of cylindrical modes over 1.." (7): 

where kr ... ~k~-k~and A(k,,)is the mode amplitude. The modal field can be expresscd 

in terms of the spectral domain current distribution as: 

V; 2 
F Ck • d) =< x--F(k )//( l(k d)e 
"" JWEo" 0 r r 
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Figure (3.7-a): Dipole under test configuration. The dipole is describcd in 
Appendix (B) as probe #1. 

Recelvlng dlpole 
, (X~·) 

.---_-_-> -_.--->----\.--1:: l ~ __ 
Nelwork -
Ana Iyzer f--

1 
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____ ......... _______ > X 

Radlallng dlpole 
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R F 
Source 

--> 
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d 

! 

Figure (3.7-b): Configuration of measurement of field extraction coeffi­
cients of a di pole probe. The two dipoles are identical, and the receiving 
probe is scanned along the x'-axis. 
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By substituting the above relation into Equation (3.12-a) with the special case that the 
output voltage vector has a single component, and including ail the constants in ont? 

constant, C : 

The above relation is similar to Equation (3.14) from which the spectral domain 
current distribution can be evaluated uc;ing the inverse Fourier transform of tht? 

measured output voltage. 

Measurements are necessary only along a line pamllel to the two probes axes as shown 
in Figure (3.7-b), where the receiving probe is moved along the x' axis and the 

transmitting dipole is fixed at x=O. The separation distance bctween the two axes is d. 

and the output from the receiving probe is measurcd 10 amplitude and phase, relativc to 

the ~nput voltage at a regular sarnpling rate along the x' axis within a range which 

in~'ludes significant interaction between the two probes. The measurement was repcall'd 

for several values of d for companson. 

The output voltage, as a function of x' is Fourier transformed to get voU,. Il) , which 

is shown in Figure (3 8). The measurement was performed at a frequency of Il.65 Gllz. 

e}.. '" 2.S7Scm.). and two distances d of .5 and 2. cm., '" .?and .8>-" rcspectivcly. The 

interaction due ta evanescent modes (kx>ko) is evident in the first case, white it is 
negligible in the second case. The current distribution function J. (f,: x) can be evaluated 

using Equation (3.15). The distance d was increased in steps of '" .2>-" until the 

distribution was nearly independent of the variation of d. This represents negligible 

multiple scattering betwE',en the probes. A distance of 2.cm wa~ found ta be enough for 
this purpose. 

The current distribution function is normalized to uuity at kx=O., so that the constant 

c in Equation (3.15) C3n be evaluated. The current distribution function appears squarcd 

in Equation (3.15), which results in two values of that function. Therefore, analytical 

continuity was considered to choose one of them. The resulting distribution function is 

plotted in Figure (3.9) versus kx using the d=2.cm. data. Even though there was no 

assumption of real-valued current distribution, the results have negligible imaginary 

parts. On the same graph, a numerically determined current distribution is shown. This 

distribution was calculated for the di pole probe under consideration using the method of 
moments( 41). 
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Figure (3.8): Inverse Fourier transform of the output volt.lge, for the 
moving dipole probe, versus the normalized tangential wave number 

k x lA- 0 

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

Dashed curve: distance d= 0.5 cm. ('" .2À). 
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Figure (3.9): Axial :electric current distribution on the dipole in the spec­
tral domain (versus k x / k 0 ). 

Solid curve: Experimental results using distance d= 2 cm. data. 
Dashed curve: Calculated using the method of moments. 
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In the above special case, sorne assumptions were used ta facilitate the measurenwnt 

procedure and subsequent processing. These included neglecting the cross-polarized 

currents and the effeet of the feed and support structure. In gent>rat, it is necessary to 

perform cr two dimensional planar scan, in the t\\'o orthogonal probe 01 ientntions, to hl' 

able to apply Equation (3 14). In this case, Il IS possIble to fll1d the two components of 

the equivalent current distributIOn EquatIOns {3 12) or (3.13) can t'len be used to 

evaluate the vector field extractIOn coefficIents Separate measun'ment~ and calculations 

would be necessary for eaeh frequeney of operatIOn 

The choice of the type of current distributIOn model to repre'il'nt the probe appl'ars 

initially, from the above procedure, to be mdependent of the phy"ÎCal 'itruetme of thl' 

probe. The values of the fIeld extractlon coeffICIents, however, have ln bl' lhl' sallll', 

independently of that selection ThIS leads to the conduslOn that 1\) çhoosing, fl)1 

example, electnc current to represent an aperture probe, [Quat Ion (3 12) WOU Id be u'\l'd 

to calculate the field extractIOn coeffIcient'. However, the spe.:t1al domall1 CUIIl'nt 

distribution has to be singular at" = 0 . so that the rc<;ulting .\ and " field extraction 

coefficients will 31so be singular, as the y are suppo"ed tn be (",!loosing magnetic CUIICIl\'\ 

on the other hand, will result lU non-singular spectral domain current dIstribution, and 

the singularity in the field extraction coefficients will emerge becau<,e of the singulal ity 

in equations (3.13-a) and (3.13-b). ThIS leads to the conclUSIOn that the ch~l\ce or the 

type of current to represent the probe is an essential factor ln obtainlOg a wcll-behaved 

spectral domain current distributIOn . 

3.5. Comparative Discusc;ion of the Vector Field Extraction Cocfficicntc; Appro8ch: 

The method developed here, of extracting field information l'rom the measUI ement 

probe output voltage, does not differ in princlple from that developed carbeT undcr the 

name of plObe COli cctlOll. It was stated in sub-sectlOn (I.I 3), that ail the field extractIOn 

teChniques characterize the probe by Its behavlOr as a radJator, and u'>e the flelth(51l} or 

circuif(30) forms of the reciproclty theorem in relatlllg that behavlOr to the probe 

performance in the planar meaSUlcment envlronment The convcntl{mal purpo!'c of the 

planar near-field measurement IS to evaluate the far-fIeld of I1lghly dnectlve antcnnas, 

while the general objective of the planar measuremcnt here, 1" ta map the equivalcnt 

currents at the aperture of the non-dircctlvc radmtor under con:,ideration, 3<, indicated in 

Chapter Two. The method proposed here can 31so bc used to evaluate lhe far-field 

radiation pattern from the extracted spectral domam electflc, or magnelic t'lelds(41), while 

keeping in mind that the extracted fIelds, here, are the inver~e Fourier tran'5form of lhe 

space domain fields. It is necessary at this point to enumerate the featurcs of the 

approach proposed here in comparison with the existmg practice: 
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1. The measured probe voltage is described as a space vector (Equation (3.7». This is 

Iinked to each field component at the plane of measurement by a proportionality 

constant, which is the field extraction vector for a certain mode. This will un if y the two 

components of the mea<;ured voltage as one quantlty, whlch enables defining the 

contribution of measurement errors on each field component by EquatIOn (3.11). The 

definition 1<; valid over the spectral domain, IOcluding the evanescent regtOn. 

Accordll1gly, the probe performance can be determined, even for evanescent incident 

modes, once the field extraction coeffiCients are evaluated. 

2. The probe 15 characterized here by the aperture electric or magnetic current 

distribution when radiatlOg This permlts the deflllltion of the field extraction 

parameters over a wide range 10 the spectral domalO, starting from analytically or 

numerically evaluated current distributions. This IS an alternative to defining the probe 

by its pha<;or radiation pattern, whlch would enable extracting the field values only to 

within a limlted area of the radiation circle The other advantage of this 

characterization, i<; that a hnk can be established between the radiation mechanism of the 

probe and its performance in the planar measuremt'nt environment. This link gives better 

insight into the field extraction process. 

3. A unliïed approach is employed here for the e;xtraction of the electric and magne tic 

fields. A unifled approach is employed, also, in dealing with wire or aperture probes 

under the constraints specified in Section (3.3). This feature is necessary jn field 

extraction since it was shown in Section (2.4) that it may be necessary to extract the 

magnetic field l'rom the measurf'd probe voltage if the radiator under test can be 

modeled by an equlvalent electnc current distribution. 

4. The main advantage of f0rmuiatlOr.s using S-paramaters is to account for multiple 

reflections between the radiator urder test and the measurement probe. This advantage is 

not used in practice because of the complexity of the coupling between radiator and the 

moving probe(3). The reverse scattering coefficients, consequently, are set to zero. Here, 

the assumptlOn of nerlectmg the multiple reflection ;s posed as basic assumption, thus 

resulting ir. a simpllfled formulatIOn. 

5. The n:-TM decomposltion(1) of the measured field is also a circuit concept. The 

chal'acteristic impedance for l'ach mode will differ for its TE and TM components. This 

concclJt IS also not used here, because the modal characteristic impedance is not used to 

link the electrtc and magnetic fields. Maxwell equations are used for this purpose. 
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3.6. Concluding Remarks: 

This chapter dealt with the problem of the extraction of field quantities l'rom the 

measured field probe voltages. The problem was presented analytically first, to 

investigate the probe response for the three distinct cases: 

i. A smaIl probe. 

ii. Plane wave incident field. 

iii. The general case of unspecifled probe and incident field. 

The derivations are performed, in keeping with the previous chapter, for the pl:lIlnr 

measurement configuration, usmg the plane wave spectrum representation of the 

electromagnetic fields. The \'('cl'" fldd c.\.lIaclloll coeffIC/l'II/\ are introduced to model 

the probe for a smglp frequency of operation Their use in finding tht' range of 
measulement validlty in the spectral domain is demonstrated. The method of 

theoretically estimating the field extraction coefficients is detailed fOt fait ly genet al \Via' 
and aperture probe configurations, and examples of ml'3'iUrement valrdlty for two 

specific probes are demonstrated It was concluded l'rom thesc exampks that a complete 

description of the electromagnetic fteld IS not pO'islble usmg a "mgle probe type for the 

entire radiation zone of the plane wave spectrurn However, guidelines were established 

for probe selection for partlcular measurement ta'iks. 

Realizing that a theoretical modelaI' a probe might not be nccurate cnough to use as a 

basis of the field extractIOn procedure. a general mcthod IS suggesled for nlt'asuring the 

field extraction p:uameters by scannll1g two idcntlcal probes. The cxperimental rcsults 

are shawn for the special case of a half wave-Iength dipole This rnclhod can be 

extended to find an unknown probe l'rom a known one. In this case, the unknown probe 

is a radiator under test for wlllch the aperture current distr bution is unknown, which i') 

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

known probe. 

The features of the field extraction procedure employed here, are Iisted in 

comparison with existing probe correctIOn procedures, which are llsed mainly la deal 

with highly directive antennas. ft is concluded that, while ail the proc('durec; use the 

same principles, the procedure employed here is more powerful in prcdicting the probc 

performance in pl anar measurement by U'ling tts dctalled electromagnetlc behavior. ln 

addition, it has been shawn (sec Figure (3.4» that by uSlng any probe, cither thc e!ectrir.: 

or the magnetic field can be determined using the appropriate <jet of field extraction 

coefficien ts . 
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It was shown in Section (2.4), that when a radiator is modeled by an equivalent electric 

current, it is necessary to measure the magnetic field components tangential ta the plane 

of measurement, or the three electric field components, to be able ta map the equivalent 

radiating sources. Similarly, il IS necessary ta measure the electric field components 

tangential ta the plane of measurement, or the three magnetic fIeld components, to be 

able to map the equlvalent radiattng magnetic currents It was also shown in 

Section (2.1), that the choice of the type of currents to represent the radiation is 

dependent on the nature of the antenna, or radiator, under test. 8y conc;ulting the results 

of Section (3.3), Il ~eems that a fundamental selection criterion can be employed for the 

type of probes to be used 10 the measurement· A WII e prohe 1.\ a mOI e appropriate cllOice 

for mea\l'r/llg field, lOalalCa hl' apcllwc laata/on. wlllic ail apertwc probe IS more 

approprtale for mea\UllIlg the radla/um ff(ml Wlre taaw/on 

The above criterion seems ta be ln confllct with the general practice of using aperture 

probes for near-field 5canning of directive aperture antennas. By consulting Figure (3.6), 

il is apparent that bath types of probes are adequate when only a finite range around the 

centre of the radIation clrcle in the (Jo. " A y) plane is considered, which is enough when a 

highly directIve antenna 15 under test With a broad-bcam radiator however, it is 

necessary ta measure a broad range of spectral fIeld components withm the radiation 

circ\e, or even some part of the evanescent spectrum If the plane of measurement is 

close to the radiatar ln this case, the chOlce of the type of measunng probe is critical, 

and the above criterlan shoule! be employed towardc; that purpose. 

The ideas developcd JI1 lhls and the previous chapters are used in the following 

chapter for designing measurements and the subsequent data processing to study 

particular antenna forms Th!" !"xtPrnal fields of three different types of radiators are 

investigated to apply and demonstrate the utility of the results, and because of the 

general interest in the three cases chosen. 
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CHAPTER FOUR 

APPLICATIONS 

In this chapter, the experimental work based on the theory introdllced in tht' plcviollS 

two chapters is reported. Three cases are considered as representati\'t' e\:lmpll'S of 

non-directive radiators. These cases are of general interest, and thcir study IS also or 
practical utility. A separate section is devoted to each case. It was ~h()wn in Chaptl'I 1'\\'0 

that the measurement configuration is highly dependent on the partlclIlar radialor 

configuration. 1 he declslon~ and choices taken \0 thls chapter for each <;pecll'ic case nt e 

discussed from that perspective. The chapter alm<; at eSlabh<;hJl)g l'xpertl'ncl' JI) 

conducting the measurements and 10 processing the rt~~ults, with the objective of 

investigating possible effIcient models to represent the rathators under te~t. It will he 

demonstrated that sorne conclUSiOns ean al<;o be made about the nalure of the radiation 

l'rom the radiator under test Such conclUSIOns might not haH' \wen po<;siblc wilhout 

applying the theoretlcal and the expenmental techniques II1troduced in this work. "1 hcsc 

conclusions are drawn taking under consideratIOn also the available literature und currcnl 

information dealmg with stlch radiators 

The work pre~ented here l'ails into the major category of field measurements on 11 

plane in the vicinlty of the radlator. The field values are then extracted l'rom the 

measurec' voltage using the principles discussed in Chapter Three, and fmally, thc 

extracted field value,> are processed to fmd the Immediate field dl,>trlbutlon, or the 

equivalent currents, on the radlator plane Other lI~eful charactcrI,>tic'i, ~uçh a~ the 

radiation pattern and the plane wave spectrum, are evaluated, whenever these 

characteristlcs ('an be used to gain more understandlng of the behavlOr of thc raùlalor. 

Such measurements assume that the behavior of the rneasurJng probe~ b adequalely 

understood, and Can be modeled mathematically, 50 that the extractIOn of the field 

quantities from the measured voltage 15 possible ln the,;e measurements, dlpole probes 

are employed and thelf descriptIOn IS detatled tn appendlx (B) 

In addition to the above descnbcd mm" Il/L'am line of measurements, several 

measurements were conducted to confirm certam a,>sumptlOns, to gain an initial idea 

about the field structure, or to compare field calculatlOns with measurcments. 

The experimental facllity used, which tOclude'i a preCI510n tf1-axial scanner for 

volumetrie near-field measurements IS descflbed 10 Appendix (C). In order to meet the 

requirements of these measurements, considerable modifications were made to the system 

to improve stability, accuracy and dynamic range. 

-67-



1 

c 

• 

The computer programs used in processing the measurement data to produce the results 

shown in this chapter, as weil as the other programs used throughout this thesis are 

described in appendix (0). 

ln the following sectIOns, three types of radiators are dealt with. The first one is an 

approximation of an infinite open ended microstrip edge, which is a sub-wavelength 

radiator with two dlmenslOnal field structure. The second is a rectangular microstrip 

patch operating around resonance frequency, which is still small in size, but has a three 

dimensional field structure. The third radiator is a horn cluster of a type used as a feed 

for a satellite reflector antenna, with multiple wavelength aperture dimensions. The first 

two cases reprcscnt attempts to gain more understanding of the field structure around 

these radiators. In the thlrd cac;e, however, an effort is made to obtain practical, 

applicatIOn orientcd radiator model through the planar near-field scanning and the 

utilization of the equivalent current mode!. 

The fields and currents that thls thesls deats with are single frequency time harmonie, 

for whlch the field and current distributIOns are defmed by a phasor space variable. In 

the experimental r~sults presented here, the amplitude and phase of the measured and 

calculated fields and currents are available, but in most of the cases, only amplitude data 

are presented The phase information, however, is essential in the definition of the field 

structure, but it has the predictable nature of regressive phase proportional to the 

distance from the radiator. This behavlOr can be observed in the phase maps that are 

presented in thls chapter. Most of the conclusions drawn from the experimental work 

are, therefore, based on the amplitude field and current distributions behavior. 

4.1. Mlcrostrip Edge Field Probing: 

The infinite microstrip edge configuration, Figure (4.1-a), has been considered 

analytically in the past(51). The major interest in the literature, however, has been in an 

accurate internaI model for the edge. By internaI is meant the edge behavior as seen 

from the feed point of vie ..... rather than the field in the space outside and arounc' :he 

edge. The reason for treating the problem this way is that most of the research efforts 

are dlrected towards obtaming a model for the edge equivalent lumped parameters, i.e. 

the input impedance of the edge looking from the feed point. In addition, the external 

field behavior is an open boundary problem, for which an accurate analytical solution 
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Figure (4.1): Experimental approximation of an infinlte microstrip edge. 

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

b) Top view of the experimental apprOXim:ltlOn The cxterior field is 
expected to resemble that of an mfmlte edge at pomts close to the ori~in 
(x=y=z=O.). The locatIOn of the feed at the centre of the clrcle sector IS 
expected to achieve a uniform field structure alon~ the clrcular edge. The 
dashed line indicates the area covered wlth absorbmg material 

The dimensions are not shown to seale. The eireular seetor pateh has 
14.0 cm. radius and the sector angle is 70° The diclcctnc substrate has x 
and y dimensions of 257x204 mm. respectively. The distance between the 
feed point and the substrate edge is 3 cm. 

The !ine measurements are carried out aiong Imes parallei to the x-axis 
and with z distance of d. 
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does not exist currently, and the numerical methods dealing with such a problem are not 

yet weil developed. The existing :tnalytical approximation, internally, is the substitution 

for the edge by a shunt reactance to account for the fringing field at the edge, and a 

resistance to account for the radiation and the launched surface wave(52). This model, 

however. is goot! (' nough to produce a fairly acceptable approximation of the edge when 

used in the context of modeling the mlcrostrip antenna internal behavior. The edge is 

modeled externally by replacing it by an equivalent magnetic current line plaeed along 

the edge(53.5.1) It 15 attempted to devise sorne experiments to gain more understanding of 

the field behavior outside the edge, and to examine the limitation of these experiments. 

The techniques, presented here, can be used to study other radiators or scatterers. with 

two dimensional fIeld structure, such as shts, strips or long wires. 

4.1.1. Experimental Implementation of the Microstrip Edge: 

Figure (4.I-b) shows an experimental realization of an approximate infinite microstrip 

edge. The structure, whlch is a eircular sector patch is printed on an RT /Duroid 5880 
dieleetl ie (! ,) = ?? thleknes~ 0.7 mm., with conduetive baeking. The patch is fed 

through the back at the cacle center in expectation that placing the feed at this point 

will result in the propagation of circular wave-fronts under the patch, whkh would 

illuminate the circular edge of the patch uniformly. ThiS assumptlOn has to be verified 

experimentally a<; will be shown later. To avoid radiation from the feed point and the 

straight edges, microwave absorbmg matenal was placed over these edges. This material 

was grooved along these edges to avoid direct contact of the absorber with the edge. 

This is intended to reduce loading the straight edges excessively, thus enhancing the 

circular nature of the aforementioned wave-fronts. The location of the absorbing 

matet ial IS indlcated by the dasheti line in Figure (4.I-b). The only edge exposed ta the 

air is the circular one, which is expected, at close distances, to resemble the behavior of 

an infinite straight edge The range of distances from the edge for which this 

expectation is valid has also to be determined experimentally. 

The advantage of <;uch a configuration is that it is of a reasonable size, and that only 

a single fl'ed point is needed The obvious limitation is lhat the field has to be probed 

only close ta the edge to resemble infinite edge behavior, and therefore, no direct 

measurement of the far-field ean be carried out. 
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4.1.2. Madel Confirmation and the Experimental Procedure: 

It was first necessary to confirm that the field is uniforrn along the microstrip t'dge, 

both in amplitude and phase. Once this IS established, It can then be assumed that thNe 

is uniform illuminatIOn of the edge indicating that the field inside the patch has circular 

wave-fronts originating from the fl'ed, as was expected Thl' test 1<; accomphshed hy 

scanning a probe in a plane paralle[ to the patch surface. \\ lth the probe very dO::'l' to 

that surface (1 mm from probe centre to the patch surface), and leadmg the probe 

output amplitude and phase at each palOt The probe used was the [ongltudmal shol t 

monopole probe #3 descnbed in Appendlx (B), with the recelvtng element aligned along 

the =-axis. The advantage of using this probe IS its small SIl.e. w[uch allows detai[ed 

field mapping and IIttle InteractIOn between the probe and the cdge '1 hl' fuel, indicatcd 

in Appendix (8), that the reading of such a probe i" unrchable for evalllallOg the aelual 

field Quantities. does not contradlct Its use tn this case. slOce Ihe obJl'CIIVl' hl'Il' IS 10 

check the uniformity of the field a[ong the edge ralher than l'valuatlllg It 1 he planar 

scan was performed for different freqllencles withill the X-band (8-12 GH/) fhe 

results of one of these scans are shown III figures (-12 -a) and (4 2-b) ~h()wlng the 

amplitude and phase respectlvel)' at 10.2 GHz The re~ult" for other rrl'quenell'~ are 

simiIar, except for a change in the Signai lt'vel and pha~e, pO~~lbly due 10 th(' varying 

mismatch between the patch and the feed [lOe The und'ormlty of the field amplatudl' 

and phase, for fixed dIstances from the edge line, IS eVldent l'rom the above figures. Il 

will be noted that the actual scans arc along straight IlI1e~ paral[e[ to the l'tige tangent at 

y=O. This is an approximation to the curved edge for "mali range" of l' 

After gaining sorne confIdence that the edge is umformly IIlumlOated, it b po<;sib[c to 

perform sorne measurernents to revenl some of the Infinite edge characteri~tic~ using the 

above described sector patch. One of the obJectlvl's IS tn determtne the map of the field 

surrounding the edge and of the far field. ThIS cannot be perfornwd by dIrect 

measurement, because the infinite edge behavlOr is restrtctcd to the proxlIlllty of the 

edge (at small ::; values in Figure (4.1)) as sta!ed earlier It 1<; po~slble, howcvcr, to 

measure the fie Ir. close to the edge uSlllg a probe wllh a weil tlefllled mode!, and to 

transform the field values towards or away from the edge and to the far-field u~ing the 

techniques described in chapters T\\-o and Threc ln addition, on[y line mcasurcments are 

necessary along Itnes parallel to the x-axIs of ~ Igure (4.1). tn'Head of planar 

measurements, because of the assumed field uniformlty nlong the l'-axis. The concern in 

thi!:; case, is that for srnall distances between the patch surface and the line of 
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Figure (4.2): Experimental validation of the infinite edge approximation. 
Longitudinal monopole (probe #3, Appendix (B», is scanned over a 

plane parallel to the patch plane at a distance of 1 mm. from the patch 
surface. The probe output voltage is shown here, which is approximately 
proportional to the z component of the electric field distribution. 

a) RelatIve amplitude distribution in dB. 
b) Constant phase contours, with 45° contour interval. 

The results indicate uniform amplitude and phase excitation of the 
edge (x=O) within -1.0 <y< 1.0. 
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measurement, the interaction between the probe and the patch may disQualify the rl'sults 

for subsequent calculations. If the distance, on the other hand, is tao great, the infinite 

edge assumption will eventually l'ail The approach usect is to perform meaSlIrements at 

varying distances from the patch surface, and e,amming the cak:lliated far-field l'rom 

each measurement. The far-field should be Independent of tl\l' tine of measurement 

dist:lnce when the infmite edge approximatIon holds. 

The probe used in the measurement \Vas the short dlpole probe #'2 dt'saibcd in 

uppendix (D), onented along the \-directlOn (1101.' of measurement) ThiS has bren ChOSl'll 

because of the small size, so thnt there is mmUllum InteractIOn bl'twl'l'n the probe and 

the edge, and also, because the field \alue~ e"lractcd l' 10 III the measurcd voilages are 

insensitive to the approximations tn the probe model The probt' was scanned at 1'=0, 

x=( -4.,4.) cm., in 1 mm. steps, wlth different .::-axis distance,> ( =d) ranging l'rom 

0.2 cm. to 1.5 cm. between the llI1e of measurement and the patch surface. This was 

performed at an operating frequency of 11.6 GHz. (>- '" ;'>.~)9(,1Il.). The rcsults or somc of 

these measurements are shown in Figure (4.3). The edge coordinate in this and the 

following figures is x===O. 

4.1.3. Processing and Presentation of the Measurement Results: 

The mapping of the immediate field, or the equivalent currents, over the patch is 

performed using the methodology established in Chapter Two The inverse Fourier 

transform of the measured field IS evaluated, and then, Figure (2 4) I~ uscd to sel Ihe 

range of tangential wave number U \) in the spectral domain that cao be uscd low;Jnb 

calClllating the equîvalent current5 using EquatIOn (2 5-a) The ~pectral variable (" ,) Î" 

set ta zero in thls equatlOn as a con~equence of the two cllmen,>ional nature of the 

configuratIOn. The magnitude of the plane wavc spectrum of the mea,>ured field, 

extracted From the mea~ured probe voltage, 15 shown tO rlgure (4.4) for dlfferent 

distances of the ItOe of measurement Jl1dlcated The decay of the evanc.,ccnt m()de~ 

clkx/J..ol?: 1) can be observed 10 thîs figure 3'> the dl5tancc 1<, made larger '1 he re~lIlt,> 

for the Immediate x-component of the electnc field, winch 1" proportlonal 10 the 

y-component of the equlvalent magnetlc current, versu'i \-coordtnate, are shown in 

Figure (4.5), for two distance,> (d) of the hne of mca<,urement<, Secondary lobe" are 

observed in the immediate field results, whlch can be attributed tCl the truncation or the 

plane wave spectrum. The larger immedlate field amplttude re~ulttng l'rom the d=O 2C01. 

data is affected by the inclusion of the contributIOn from the cvanesccnt modes, and 

because of the smoothing of the other figure ao; a consequence of <;peclrum truncalion, 

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

edge. 
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The evaluation of the far-field in this case was performed using the far-field 

approximation(4l), from the equivalent tine magnetic sources aligned along the y-axis. 

Because of the two dimensional structure of the radiator, the spatial Green's function for 

the source is a Hankel function of the second kind, 1/~2)(kolr-r'l). In the far-field, the 
Hankel function can be approximated to be proportional to (! - Ikol, -r I/..r;:=-; . The 

far-field approximation considers only the phase variation of Green's function, 

therefore, the far-field can be expressed as follows: 

.... (4.1) 

where ois the angle between r and the z-axis, E 0(0) is the far field electric field, A is 

constant that includeo; the radial field dependence, and M y( x') is the equivalent magne tic 

current source at ==0., which is proportional to the x-directed immediate field at the 

patch surface. 

By inspecting the above equation, it is obvious that the far-field can be calculated for 

this configuration directly from the plane wave spectrum of the measured electric field 

as follows: 

.... ( 4.2) 

Figure (4.6) shows the normalized radiation pattern calculated using the d=O.5 cm. 

measurement data. 

To have an idea about the field behavior in the area surrounding the microstrip edge, 

the discussion in Section (2.6) is recalled, in which an explanation was given for the 

drawbacks of using the plane wave spectrum for near-near field transformation. 

Figure (4.7) shows the .\ component of the electric field calculated using aperture 

integration, or in other words, integrating the infinite tine magnetic current along the 

x-axis. Equation (~.I) was used in evaluating the exterior electric field, with J s = 0, and 

the dyadlc Green's function was derived considering the fact that the field due to the 

infinite line current has a Hankel function of the second kind (I1~7)(koT )) radial 

dependence. This field distribution was calculated using the data for d=O.5 cm. C'"' .2>'). 
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Figure (4.3): Measured probe 

output voltage versus x probe 
position, for the distances 

d=.2,.5 and 1. cm. indicated 
("" 0.08. 0.2 and 0.4~). 

Dipole probe #2 described 

in Appendix (B) is used in 

these measurements aligned 
along the x-axis to couple 

with the x-component of the 
electric field. 

Phase information is also 
available from these measure­
ments. 
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diate electric field (z=O) in the space domain. These results \Vere calcu­
lated from the measurements with distances d indicated. Phase 
information is also available from these calculations. This distllbut\oll \<, 

propartional ta the y-directed line equivalent magnetic currcnL 
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Figure (4.6): Far-field radiation pattern of the microstrip edge calculatcd 
from the phasor equivalent magnetic current distribution of figure (4.5). 
The d=O.5crn. measurement data is used in these calculations. Zero degrec 
in this pattern corresponds to the positive z-axic; and 90 degrees corre­
sponds to the positive x-axis. 
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calculated at each point by integrating the contribution of the equivalent 
magnetic current lmes. The d=O 5 cm. set of measurement data is used to 
obtain these currents. 

a) Linear relative amplitude contour map. with contour interval of of 
unit y and maximum contour of 10. 

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

The advantage of probing the field in the vicinity of the approximate microstl ip edgt.'. 

and the subsequent use of the techniques of chapters two '1 three. is strengthened by 

the fact that there IS no way of directly measuring the near or far-field for sneh a 

radiator. AIthough the problem of charactel illng the e'.tern.il fIeld for an infinite l'lige 

has no important applIcation, it has a significant advantage for studying olhl'r 

configurations where a microstrip edge IS the source of radIatIOn, such as the miclostrip 

patch antenr:3S and micrO\\uvl' pnnted circuIts. rhls section has established a 

methodology of dealmg with the rneasurement of the external field of a microstl ip ('dg\.' 

and characterizlng the fIeld uround It 

The major conclusIOn drawn using the results of these experiments is that 

approximating the mierostrip edge as a tine magnetic current located along the Cdgl> IS a 

fairly good one \\hen only a single edge exists. This is evident by inspecting the 

immediate field of FIgure (4.5), which proves that the source of radiation is centl~ll'li at 

the edge, and the far-field radiation pattern of Figure (4.6), which shows that the 

tadiation pattern versus ois nearly uniform, indieating thut there is only one lim' SOUI~l' 

of radiation, otherwise, there would be maxima and minima due to the intcnll.:lion 

between the sources. The other observation from the experimental results, is that the 

effect of surface waves could not be measured in the region externat to the dielectric 

using the available hardware and probes. This does not mean that the surface wave has 

absolutely no efrect on the microstrip edge field, since it propagates within the dicleetl it.: 
and it will cause secondary radiation when it encounters an obstacle within, or the cdge 

of the dielectric substrate. This latter phenomena has been detectcd experimentally, and 

will be shown in the next section. 
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4.2. Mlcro4itrip Patch Antenna Field Probing: 

Microstrip, or printed patch antennas have gained widespread use as radiating 

elements for array antenna~ Theu principle of operation seems straightfarward, but the 

accurate analy<;i~ and predlctlOll of their performance is a dlfficult task that occupies a 

significant amount of the Clirrent IItcrature on antennas(55,56). While thelr internaI 

behavior can be approxlmated <1<., a envlty wlth lossy walls, wlth the loss in the walls 

contributed by tilt' radiatIOn and the ~urfac(' wave Iallnchmg(54), the e"(ternal behavior is 

rather compllcatcd and parti y de~cflbed ln the IIterature The lea~on IS the unavailability 

of effective analytlcal tool, for dealmg wlth the open boulldary around the patch edges. 

Thcse edges comlq of the tran<"ltlon l'rom the patch and the conductive backmg 

enclosing the ~uh~tratc, ta an open boundary replacing the patch, and the further 

complexlty of the external interaction het.veen the edges ThiS h3s led ta the 

development or numcflcal techniques of c1ealing with the microstrip radiator, using, in 

principle, the ml'thod of nlO/l1l'nt<,(57). 

Experimental confIrIl1atlOn of t;,c numerical resuIte; IS based mamly on the agreement 

bctween thc numcncally prcclIctcd rcsonant frequency and input impedance with 

measurcd valuc~ l'he fact that thJ~ kInG of a radiator is of narrow bandwidth, or 

rcsonant, implte~ that the mput Impedance is mfIuenced mainly by the fields imide the 

patch whlch acC,lunb primaI Il)' for the stof(~d energy The reglOn exterior to the patch, 

which thc immedlate, neur and far flclds of the patch are p~ll'ts of, IS only loosely 

coupled ta the InternaI field under the patch surface The monel confirmation, therefore. 

using only the input Impl'thnce measuremcnts, may be unrelIable when the external 

behaviur of the patch J~ of major Intere~t, especlaIJy when considering that the 

characterilation of the external behavlor is of prIn.ary importance III defining the 

coupling between the patch and the surroundmg elements and the radiation pattern of an 

alfay. 

The external behavior of a patch model can be confirmed using the radiation pattern 

mcasurement, but sinee the microstrip patch is a weak radiator with an inherently large 

supporting structure, dIrect me?surement of the f"r-field would be corrupted by the 

scattering from the surrounding objects and the secondary radiathn from the substrate 

edges. This Iattet statement is demonstrated by Figure (4.8) whlch shows significant 

radiation from the sllbstrate edge whlch would certainly contribute to a measured 

far-field radiation pattern. The patch and the substrate IS the same one used in the later 

experiments in this section Williams clal.(5R) have considered this effect and managed to 

measllre the far-field of a mierostnp patch "ith considerable accuracy using information 

gained l'rom the measurements oi the radiation pattern in the back of the conducting 
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Figure (4.8): Demonstration of the secondary radiation from the substrate 
edge of a microstrip antenna. The antenna used in Ihls experiment is that 
of Figure (4.10) operated at 11.65 GHz. Dipole probe #1 in Appendix (13) 
is utilized and oriented to couple mainly with the l'-componcnt of the 
electric field. with the distance d=1 cm. betwecn the antenna and scan­
ning planes. 
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Figure (4.9): The plane of measurement and its dimensions are chosen 
such that the measured iields will be mainly contributions of the micro­
strip patch. This will weaken the effeet of seeondary and stray radiation 
from the dielectric substrate edges and from the supporting structure, on 
the final measurement results. 
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ground plane backing the substrate. This technique imposes restrictions on the supporting 

structure and considers only one secondary radiation phenomenon. In addition, only the 

radiation pattern can be recovered for thls case [n this section, the external behavior of 

a micro~trip patch i~ examtned by probing the field in the victnity of the patch, where 

the field I!> dommuted by the contribution of the patch Ibelf, ta obtaln an equlvalent 

current model that represent~ the extcrnal field of the patch. The planar measurement 

offer<; in thi,> ca~e a unique advantage of the abiltty ta measure c1o~e ta the patch, while 

avolding the contributIOn 1'1001 the ~econdary radiatIOn sources, as demonstlatcd by 

hgure (49) ln the alternative cylindncal or spheflcal measurement~, the patch and the 

supportlng structure hac, to be enclo~ed hy the surface of measureml'nt, Whl~h makes the 

contribution of the thec,e <;ources una"oldable. Further reductlon of the effect of the 

secondary radlabon IS affected by the truncation of the l'quI valent radiating sources 

plane as d I<;cu,><;ed 10 Sect Ion (2 7) 

The planar probing of the rleld close ta the mlcrostrip radiatar has the additional 

advantage of the po~slbtlity of transforming the fil'Id back towards the patch surface, 

giving a Quantitative Idert about the Immediate field around the radiating patch, within 

the limitatIOn,> dlscm~cd in chapters Iwo and three. ThiS will factlltate the use of the 

tcchnique~, de~,cribed here, for locrtting and measurement of field,> !'urrounding other 

"'inds of mlcro~lrtp !.tructures, such as discontinuities and Junctions, which glves an idea 

about the, u'5ually undcsired. radiatIOn from them In the followlOg sub-sections, the 

c,<perimental procedure is described wlth a presentation of the experimental results. 

4.2.1. Description of the l\Iicrostrip Radiator and Preliminary Im'e'itigation'i: 

The rectangular patch used in the experiment IS shown III Figure (4.10). The patch is 

printed on RT IDurold 5880 mlcrowave dlelectnc substrate, ( r = ? ? ± .O?. and thickness 

0.7 mm., with conductivc bac"'lIlg, or ground plane. The patch was designed to resonate 

at 11.6 GHz. usmg thl' formulation glVen by !\1umon(52}, which is tlsed also in locating 

the fced pomt 10 glvt? proper matching with the ~)O() feed line The patch is designed ta 

ladiatt' a mam, r-pol.\lIsat IOn and a cross, \ -polanzatlOn 10 the horesight direction. In 

the followlIlg expertmcnts, thl' frequency of operation 1$ chosen such that maximum 

radiatcd power in the bOleslght <:) directIOn for the mam polaflzed component of the 

radiated field rcsults. USlng the monopole probe #3 of appendl\' (8), the Immediate field 

component normal ta the; surface of the patch IS scanned ta obtam a contour plot of that 

component as shown in f7igule (4 1)) ThiS figure shows asymmetry of the modes excited 

inside the patch, This can be attributed to the relative thickness of the patch 
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Figure (4.10): Rectangular patch microstrip antenna used in the cxpcri­
ments. The patch designed dimensions are 13.4x8.9 mm. in the x and y 
respectively to resonate at Il.65 GHz. The substrate x and y dimensions 
are 25.7 cm. and 20.4 cm. respectively. The substrnte dielectnc is 
RT/Duroid 5880 (dielectric constant of 2.2) wlth 0.7 mm. thickness. The 
patch is probe fed through the substrate copper backing at the pomt x=O. 
and y=2.5 mm. This is supposed to match the feed probe 10 the 50n feed 
line at 11.6 GHz. 

The origin of the coordinate system (x=y=z=O) is located at the centre 
of the patch surface which coincides with the cen tre of the rectangular 
substrate. This figure is not drawn to scale. 
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Figure (4.11): Contour plot of the relative amplitude of the z component 
of the electric field measured in dB in the proximity of the patch surface 
at Il.65 GHz. Contour level interval is 2 dB and the maximum contour 
level is 22 dB. Phase information is also available from the measurement. 
Monopole probe #3, Appendix (B) IS used in the measurements, with the 
monopole element aligned along the z-axIs. The output voltage of the 
probe is approximated as proportlOnal to the clectnc field component 
normal to the microstnp patch plane, wlthm the limitations discussed in 
Appendix (B). 

The distance between the patch and scannmg probe centre is 1.5 mm. 
The patch is located wlthin an area descnbed as: -6.7 mm.< x < 6.7 mm. 
and -4.5 mm.< .v < 4.5 mm., as indicated. 
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(.03}"') which is three times thicker than the maximum thickness for which a patch 

internat field can be approximated by that of a two dimensional cavity. This \Vas not of 

major concern in this work, since the interest is in measuring the patch exterior field as 

it actually exists. 

Sorne planar measurements were conducted during early stages of this wor" cloSt' III 

the patch, within one wavelength, uSlIlg mea<;ured probe data of Section (J 4) for fil'ld 

extraction from probe #1 output \'oltagr The measured field data was Iransfornll'd JIlIO 

the spectral domatn, and the far-fIeld laciIatlOn pattern \\3<; calculatl'll l'rom the <;Pl'clral 

domain representation(41) The founer tran<;foI01<; (lI' the main and I.:ro% pol:\1 i/ed 

measurements are sho\\'n III fIgure (·l 1~) \ er'>u'> the 110rmallll'd tangl'l1tial waw 

numbers, and the consequent radiatIon patterns are ~hown ln ligure (-lI)) ") hl' plohlem 

of calculating the radiatIon pattern dIH'ctly from the spectral rl'pre\entatlOn of the l'il'Id, 

is demonstrated in these figures by notlcing the Irregular behavlOr of the spectral 

representation al J.., ~ J.. 1 ~ 0 . and the radIatIon pattern at the boresight direction. ThiS IS 

due to the non-directive nature of this radiator, whlch Icalis to the slgnificnnce of 

coupling and truncation errors described in Section (2.7). This necessitates the 

employment of the equlvalent currents approach towards defining the field cxterior 10 

the patch. The consequent work based on the evaluation of the equivnlcnt CUI rents 

representation is shawn in the next sub-section. 

4.2.2. Determination of Equivalent Currents and External field<;: 

The measurements of the co-polar, (l'), and the cross-polar, (x), components of the 

field at close proximity to the surface of the patch (? 111111 '" .08}...), are shawn in 

Figure (4.14). These pictures give a qualitatIve idea about the immediate field stru~ture 

of the patch. Further elaboratlOIl U'ilIlg thls data IS unreliable due to the proximity of the 

probe to the patch. l he probe used in these and the following experiments is the 0.9 cm, 

balanced dipole probe #2 of Appendl;>" (B) These figures can be comparcd ta those 

obtained be Levine( 15 l, ta\..l11g attentIOn that they are presented here in dB 'icale. 

Planar scans on planes parallel to the patch surface were conducted, with progrcs!>ivl'Iy 

larger distances of 0 5, 1 and 2 cm., ('" 0 ?, O. landO.8X) for the operating f"requcncy of 

11.68 GHz. The electnc fIeld values were extracted from the probe #2 output, using the 

probe model of Appendix (B) and the theory presented in Chapter Thrcc, ufter inverse 

Fourier transforming the measured voltage. The equivalent magnetic current model is 

chosen to represent the patch for two reasons; First, the patch can bc physically 

described as an aperture radiator that can be replaced by equivalent magnetic currents. 

The use of electrÎc current sources will cause the dispersion of the equivalent currents 

over larger area as stated earlier. This necessitates the measurement of the tangcntial 
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electric field to the plane of measurement to gain a weil conditioned evaluation of the 

sources over a wider range of modes as demonstrated by Section (2.4). The second 

reason is the faet that the dipole, I.e Wlfe, probe is used in the measurement for its 

practical advantage The electric fIC Id components tangentlul to the plane of 

mea~uremcnt arc tramparent through the measured voltage for the entlre radiation circle 

and extend to the eVan,~.,cen t region ao; demonstrated in SeCllon (3 3) 

The maXllllum LlOgentlal wave numbel'i employed 10 the inversion are estimated using 
Figure (2.4) ('onslderlng the flrst set of measurements at a distance of /À. shown in 

figures (4.15-a) and (4 15-b>. the maximum rellably measured tangential wave number 

J... '''"1\ Î!> approxlmutely 1 H". whlch Implles the po<;slblÎlty of u,>ing SOI'1C vanescent 
modc~ toward~ the evaluutlon of the equlvalent sources. The result') of the calculation of 

cquivalent magnetlc currentc., are <;hown III rlgure (4 16) uSlllg this ma\.imum wave 

numbcr fïgurc (4 17) ~hows the equlvalent magnetlc current, USlOg a larger "tmu, of ?ko. 

which cxcceds that deterlnined by the crlterion used for rellable measurement in 
Section (24), but ~how) that the cmployment of a larger range of evanescent modes can 

reveal further detall" of the Immediate field structure, but with larget quantitative 
unccrtainty 

The evanescent modes cannot be employed reliably in the other two measurements 
(surface of mea~urcment dIstances of 004 and 0.8 À , respectively), as evident from 

Figure (:! 4). The two rneasurements, however, gave slmilar equivalent magnetic current 

distributioO'\ al the pa!l:h surface. This IOdlcates that the multiple refleetions between the 
patch and the measurlOg probe are negllglble. Figure (4 18) shows the equivalent 

magnetic current" ll"lng the 1 À distance of the plane of measurement. This magnetic 

current data can be used to calculatt' the near and far-fields radiated l'rom the patch. 
The reactJve fll'Id~ ~urrollnd1l1g the patch cannot be calculated from these currents 
becausc of the exc!u<;lOn of the evanescent modes when calculating them. 

The electrtc field wa~ calculatcd from the magnetic current dIstnbution of 

Figulc (4 18), at a plane 10 cm away from the patch plane for both polarizations. The 
magnl'tlc current is integrated over a truncated aperture of 8 cm.X 6 cm. on the patch 

plane, using Equation (2 1). The resuitlOg fields are shown 10 Figure (4.19), compared 
with the clcctnc field measured at the ~aI1le plane uSlOg the short dipole probe #2 raw 

measuremcnt data. which are assumed, for the distance Involved, to be approximately 
proportional to the inCident electric fIeld. The dlst<lnce of 10 cm. (", 4.À.) falls into the 
far-field region of the radiator nccording to Section (1.4). 

The near-fil'Id of the patch is evaluated 111 a simIlar fashion from the equivalent 

magnetic cunent distributIOn. Figure (4.20) shows the main polarized field cakulated on 

a plant' (l'-=) perpendicular to the patch plane, compared to measured values on the 

same plane. This plane passes through the near and far-field regions of the patch. 
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Figure (4.12): Planar measurements were carried out at 11.65 GHz., with a 
distance d= 1.0 cm. between the patch and measurement planes, and 
JO.x 1 O. cm. dimensions of the plane of measurement. Dipole probe # 1 I~ 
used in these experiments. The surface plots shows the relative lineal 
amplitude in the normalized spectral domain of: 
a- Main pOlarjzed (y) component of the electric field distribution. 
b- Cross polarjzed (x) component of the electric field distributIOn. 

o o 

90 -90 90 
E-Plane H-Pl&ne 

-90 

Figure (4.13): Sections of the far-field radiation pattern evaluated from 
the spectral do main field distributions of Figure (4.12). 

EPy= Main polarization component in the E-plane (y-z). 
EPx= Cross polarization component in the E-plane. 
HPy= Main po\arization component in the H-plane (x-z). 
HPx= Cross polarization component in the E-plane. 

(HPx is shown here multiplied by 10) 
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(a) 

Figure (4.14): Measurement at a plane close to the microstrip patch plane: 

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

b) The same dipole oriented aiong the x axis to couple with the cross 
polarized electric f!Cld component. 

Only amplitude data (in dB scale) is shown here, but the phase data is 
available from the same measurement. The distance d between the micro­
strip patch and measurement planes is 0.2 cm. ( ... 0.08>-') at 11.68 GHz. 

The irregular behavior of part (a) of this figure between y=-0.7 cm. 
and -1.3 cm. is due to equipment failure during scanning, which is toler­
ated here because no further calculations were made using this data. 
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AAS11 

"'!. 

4t • .. 
..-

........ -1 .. . -~ . .... 
" ~ -'. -"". ," .. '. .. ~.~ 

Figure (4.15): Planar measurement at a z distance between the microstrip 
pateh and measurement planes (=d) indieated. The output amplitude is 
shawn here in dB seate, and the dipole probe #2 is llsed in this and ail 
the remaining measurements, and the frequency of operation is 
11.68 GHz. 

a) d=O.5 cm. ("" O.2À) main polarization. 
b) d=O.5 cm. cross polarization. 

(continued "exl page) 
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Figure (4.15): 

c) d=l.O cm. (os O.4À.) main polarization. 
d) d= 1.0 cm. cross polarization. 
e) d=2.0 cm. Co. O.8À.) main polarization. 
f) d=2.0 cm. ~ross polarization. 

The main and cross pOlarization indic~tes the orientation of the dipole 
probe element atong the y and x axis respectively. 
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Figure (4.16): Equivalent radiating magnetic currents at the microstrip 
patch plane. Amplitude distrihution is shown here in linear scale. The 
spectral domain was truncated to include only modes with 
k,.~k~+k~~ 1.3ko (i.e. k,mo,,= 1.3ko ). 
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a) Main polarization ( x component of the current distribution). 
b) Cross polarization ( y component of the current distribution). 

12t.e, 

Figure (4.17): Same as figure (4.16), but with k'molC - 2.0k •. 

a) Main polarization. 
b) Cross polarization. 

The result in the above figure should be compared to the immediate 
field measurement of figures (4.14-a) and (4.14-b). 
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(a) 

Figure (4.18): Amplitude distribution of the equlvalent magnetic currcnts 
at the microstrip patch plane. These currents are calculatcd from the mea­
sured amplitude data of figures (4.15-c) and (4.IS-d) and the correspond­
ing measured phase data, The spectrum is truncated ln the calculation 
such that k,max" k 0 • 

a) Main polarization 
b) Cross polarization. 

These currents are utilized ln calculating the exterior electric field of 
the micros trip patch in the next two figures. 
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(a) Calculated x cm 
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(b) Measured 

Figure (4.19). Surface and contour plot of the normahzed electric field 
distribution at a plane 10 cm aW.lV and parallel 10 the m ICI ostrip patch 
plane. 

a) Main polarized (y) componCll1 calculated fi om the equivalent mag­
netic current distribution of Figule (4.18), Wllh the curreI1t distribution 
truncated to withm -4 cm <x<..j cm. and -3 cm <y< 3 cm 
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LOO 

<.CO 

.... 

-l .... 

.... .00 

... .00 

....00 

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

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

(cont/llued lIexl page) 
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(c) Calculated 

(d) Measured 

Figure (4.19): 

c) Cross polarized (x) component calculated from the equivalent mag­
netic current distribution of Figure (4.18). with the curren t d I~tri"" 1 tion 
truncated to within -4 cm. <x< 4 cm. and -3 cm <v< 3 cm. 

d) Cross poiarizecl component measured directly wilh dlpole probe #2, 
Appendix (B), oriented along the x-axis. 

Contour maps have maximum contour level of 0 dO and 2 dO contour 
interval. 
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(b) Measured 

Figure (4 20): Main polarized electric field distribution at the y-z plane 
(x=O). The microstrip patch centre is x=y=z=O as shown in Figure (4.10). 

a) Calculated from the equivalent magnetic current of Figure (4.18) 
truncated to within -4 cm. <x< 4 cm. and -3 cm <)'< 3 cm. Maximum 
amplitude contour i,> 17 dB and the contour interval is 2.5 dB. Phase con­
tour interval is U1QO 

b) Measured directly with the dipole probe #2, Appendix (B) oriented 
along the y-axis. Maximum amplitude contour is -5 dB and the contour 
Interval is 2.5 dB Phase contour interval is 180 0 
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4.2.3. Comments: 

Comparison between figures (4.14) and (4.17) shows that the utlli/atlOn of thl' 

evanescent modes ha~ revealed qualltatively çorreçt II1formatlon about thl' 1 III Illl'd 1.1 Il' 

field stl ucture of the patch The ('xiqençe of e\ anescent modes ln thl' 1lll':I"lIlL'd flt'Id\ 

has been usually attnbuted ta the multiple: scattt'flng bl't\\el'n tht' plPbt' ,wd tilt' 1~ldl.lt(ll. 

which will cause the distortion of the me3suremenl, :Inti Lon~l'qul'111Iy, L'OUpllllg I1l'l\\t'l'l1 

the evanescent and the radiation reglOn of Ihr pbn\' \\an' \[1l'L't! 11111 [Ill' ,Ibl/H' t IglilL'\ 

prove that, for the case under consldrratlon. the efft'd or Ihl~ 111"((11 (IOIl 1" !t'"o, 

signiflc:Jnt than the a.:tual evane~cent mode~ contrrbullon of Ihl' ,adl,llol l'\t(,IIl~11 fll'lth 

Figure (4.19) shows the resl'mblan..:e between the f:lr-f\('ld cak'ulatl'd l'rom tlll' 

equlvalent cuncnt model of the radiator, and that nwa~lIred dlll'ctl)'. In and arount! tlll' 

rcgion of peak field values The equivalent current model I~ ('\ Ilkntly \UI1t'1 lOI in 

deflOing the electric field at reglOlls where It ha~ a 100\{'r [{'\t'I, f()r \Vhlch the Ilwa<"lIll'd 

field is hlghly corrupted by noise. ThiS can be attllbuted to the error flltet Ing gatlll'd hv 

spectral and space domain truncat10ns de~crtb('d in SectIOn (2 7). 

The sam€' above argument apphes to the re~lIlts ~hown 1!1 ( Igure (-1 :!O). In thi" ca"l', 

the directly measured field is unrellable at the t\"O C'Xtr(,I1le~ of the )'-;: plane of 

measurement. ln the lower region, whlch IS clo,>e to thf patch, the probe aVl'luglng 

effect might distort the space descnptlOn of the field (th ml ca"e ln Section Cl 1 )), willk 

this effect is not as signlficant in the upper region, far from the radlator (~t'colld ca"e 111 

Section (3.1)) However, the measurement 111 thl'> reglon j,> con upted by nOI<,c bccau"l' of 

the low field level tn that legion Thl~ Icaves the middle regHJn of the plane tlc\alhl'd 

above for qualitative compaflson of the rl'sult,> sh()wn If' FtgUIl' (420) 

ln comparison Ivlth the ~ingle edge rt"iuits of Section (4 1), It can be ob,>efVl'd l'rom 

the results of Figure (420), that the radlated fleld~ l'rom thls patch are not dl! l'l'Tl'nt 111 

nature from these originating from a small aperture, and the edge radiatIOn I~ not 

detectable. This may be attributed to the small dimensions (in wavelength<,) of the patch 
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4.3. Horn Clu .. ter Field Probing: 

rhe thlrd radiator con<;ldered 1<; a horn cluster of a type used as a feed for satellite 

rcflector antenna It conSI'its of eleven mdlvidual horns wlth co-planar apertures, as 

~h()wn in ligure (421) l'he h()rn clu:<.ter 15 an J1lumJl1ating feed for a reflectar antenna 

on board a communlcatwn satellite de"Jgned to have a certaIn footpnnt, or illumJl1ation 

pattern, on the e~" th ~urface The footprint 15 determll1ed by the combinat IOn of field 

,>tructufe of the fl'ed and the ~hape of the reflector surface The mea~urement of the 

extenor field quantltle,> of thl'> fCl'd ,>tructure can he useful În Iwo aspects JI1 check1l1g 

the clu\ll'r Iwrform:lI1Le ln h.eeplng wlth the dec.,ign, and in coIlectlng II1formation that 

will facilltale Ihe :<.ubscqucnt (le<;lgn of the renector s\:rface shape uSlI1g measurl'ml'nt 

ba<;ed data 

ln thl<; '>l'ctlOn, an objectIve 1'> 'let to model the feed, 50 that the field on an arbitrary 

reflecling 'iurface can be calculatcd efflciently. The fIeld IS measured ln a plane close to 

the fecd, where the tangential ell'ctric field distributIOn IS locallzed enough, 50 that 

reasonable plane dimenSions can be chosen. l he techniques of chapters Two and Three 

arc then u<;C'd ta extrdct the electrÎc f!Cld qllantltl~s, ta transform th('n into an equlvalent 

magnetlc (urrenl dl<;tnbutlO" on the aperture plane and ta look. Intv ways of modelIng 

the l'l'cd from tilis InfOrma~lOn FJeld measurernents at dIstances c1o~e to the patent lai 

locatIOn of a reflect!ng surface are then pel formed for companson wlth the field 

calculated u:<.ing the l'ceci model, and thus ta evaluate It') accurac)' 

It can be argued that It mlght be sufflClent ta u')e the radlat(()n pattern, measurea' 

USIng a conventlOnal fal-fleld range, to represent the fl'ed 111 the context of its 

interactIon ""'Ith the leflectmg <;urface The sensittvity of the measured far-field phase to 

the meae;urement errors because of the large dIstances mvolved was indlcated 111 ChaDter 

Threc. Tht' pha<,e of fIeld components on a rl'flector surface 1S the pnnclple factor in 

determllllng the far-field of the antenna systems(59) In addItion, the fIeld 111 the 

far-field regl()n Îs dOOlmated by a sll1g1e pomt (k , ' "y) 111 the plane wave 5pectrum of 

the r!ldlated fleld(lO), whlle thls le; not necese;arily truc for tYPlcal distances between a 

t'ccd and a rcflectar surf ace Thus, the objectIve is to flOd a feed model from the 

mea~llrements thal can predict the fIeld in the near-field region of the fced, where the 

reflector IS located, rather than the far-field. 
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Figure (4.21): 
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___ > Z 

plane of 

mensuremcnl 

a) SchematIc diagram of the feed horn cluster The cluster COnSI.,l of 
eleven horns with co-planar aperture. The aperture plane (.:=0) IS clrawn 
to scale and the origin (x=y=z=O) IS chosen arbilrurily at a pomt on the 
aperture plane indlcated. 

The aperture electflc field has x and .v mam and cross polanzatlon 
components respectively 

b) Planar measurement configuration: The location of the plane of 
measurement (z=d) relative ta the horn c1uster. 

-98-



1 
4.3. J. Dc~cription of the E .... perimental Procedure: 

Inilmlly, a fc ..... c,<pluratory mca<;uremcnt<; wcrc ta~en wlth a law spatial sampling rate, 

ln order 10 gam 'iorne InformatIOn about the field 'itructure alound the horn cluster, and 

ta dcflllt' the dllnen<;lOns and dl'itance of the plane (lI' measurernent cl from the harn's 

aperture" 1 hl' measurements wcre condueted at an operatmg frequeney ùf Il 6 GHz, 

(" -~) ',H (III) The cflte'r1on u<;ed to choost' the ')17e' of the piane of me3surement \\as 

tn lOci' ail the area for whleh the magnitude of the m~asur<"d field I~ hfghel th:1I1 

-30 dB rt'fercnccd ln the p<"ak Nalurally, the larger the distance d. then. the multiple 

,>cattel lOg between tlie harn chl\ll'r and the prohe will be ll) ..... er. hut laI gcr dlll1enslons of 

plane of mea<;urernent are rcqulrcd The'ic dimenSIOn" cho'ien arc also Intlucnced by the 

'>Ile of the ~canne'r avadahle l he rt'SIJltlOg chOiec flurn Ihese J1re"mrnar~, nlt'a~urell1ent 

wa<; a dl\tanct' li=5 cm ("'-.' À). and plane of mea<,urement wlth 60 cm '1.60 cm 

dlmen'ilon'i 1 he field 'iample <;pacmg was 06 cm (~ :->:n) It IS cVldent, flom the 

definltlon of the NyqUist rate ln SectIOn (25). and the faet that the evan('~cent fIeld 

mode'. have decayerl sufflciently at a two wavelengths distance from the radJatod3 ), that 

a 1 29 cm fic Id sarnpllng rate 1<; enough ta colleet complete mformatlOn about the 

mca<;ured flcld The o\'er-samplmg IS cho<;en to produce Sl1100th mcasured fIeld structure 

mar'> at lhe plane nf mea'.urement 

The field wa'> mea~,ured U'img the short dlpole probe #2. descnbed and modeled 10 

I\ppendix (H) rtlt' S~HlH' probe 1<; u<;ed ta measure the tït?ld at a distance J of 80 cm 

l'rom the hOI n clu<;ter aperture, on a plane of dnuenslOns 80 cm x80 em at 1 em fIeld 

sampi mg mtt'rvals (J::::60 cm for the cros~-po)arized mea<;urements). The latter set of 

measuren1l'nts was Intended for companson wlth the e)l'ctnc field calculated l'rom the 

equlvalent magnetlc CUI rent<; at the horn eluster aperture (and IS gencrally in the region 

whl'rl' a rl'f!ectar would be placed) Ali these mca5urements were repeated for two probe 

OflentatlOm. co-polar (l') and cross-polal L\), as dll'tated by Section (24) as necessary 

for Ihe l'valuatlOn of 'he l'qulvalent magnetlc cUlrent di'itnbutlOll. 

rlp;UIt' (4 22) ~h(lwS the amplltudt' of the measurernents al .1=5 cm, l'Of bath probe 

OrientatIOns JO dB scale The phase was al<;o measured at the same pOInts These data are 

used as the startmg pOInt in the evaluatlOn of a model for the horn cluster. 

"'.3.2. I\1ca'iurement Data Proce~sing and Presentation of Re .. ult~: 

Four possible modelmg procedures of the horn clu'iter were exammed here: 

The u~e of contrIbutIOn,> from each hom indivldually to cakulate the external field by 

simple superposition This rl'presentation proved unsuccessful, but I~ briefly docurnented 

herf.' as a u~('ful el{perrence. 
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~. The utilization of the spectral domam rrpn''ientatlon t''\lra~tt'd frnm tlH' nll'a~Ull'ml'nh 

to calculate the s~ace domam e'\tl'flOI fIeld of Ihe lalhalor Il \\as sIH)\\ n 111 Sl'CIIl)\l (2 6) 

why such an approach Il\ay !O\ol\{' c;ampltng \1lOhle111<, \\ IWl1 allt'mpltng ln ~'alculall' Ihl' 

field dlr(~ctly from the plane \\:'I\e "pl'ctrum 

3. The olrl'ct IntegratHln of the "pact' domam nH':tc,t1Il'd data al the plane l)f 

meac;urement '111(' Itmitatlo\ls encountClt'd \\llh Ihl" appro:\ch \\111 be <;rWClfll'd hl'Il' 

4. The use the h0111 çlu<;tn apel turc field dl<'\f1hu\lOn, ('\ alualt'd thrnugh nll'a"'Ufenh' Il 1<; , 

10 descnbe the C\tu lui field fl1I'; approach ha'i <'hOWI1 gond rl''iult-. and il., dt'talled ln 

th 15 section 

It \\as thought, 111 the carly stage,> of dcallllg \\!th Ihl'" hOln clmler, Ihat l'ach 

mdivldual horn mlght be con<,ldercd ae; an lsolatl'd horn \. ith a fundaml'Iltal CO ... 1 Ill' 

aperture dlstnbutlOn(41) 1t wa') a5~un1('d accllrdmgly, tht' hOln dU<;lt'l apt'Itllll' flt'It! 

could br replaccd by the contTlbuttOn of cach II1dl\ IdUell horn dl'Iwntltng on Ih hlcatl\lll, 

dimenSIOns and C\CltatlOn Ic\ el 111(' ,hapc of that contributIOn \\ \luIt! 1)(' dl'Il'I tlltlll'd 

t'rom the hom's dlll1enSlOn~ and <;tructure, but the rl'latl\t' l'\Cltat\()O Il'vl'l 1\ thl' 

unknown quantlty 1 h(' lI1ùlvlclual l'\Cltatlon 1C'\t'1 !JI' l':lch horn J)1l1q hc dt'tl'rlllined tn 

obtain the model for the clm\(~l 1 he 1'0\1('\\ ,ng proct'dull' wa\ fl)I\\l\\'l'd f()l that PUIPO\t' 

The field quantltlc<; for each horn wen' d(,~crJhed tn the \pt'l'tral dotlla1l1 h\ IIlVl'l\t' 

Founer transformlllg a normalJn'd ~pac(' dom:lIn fll'Id (lI' the a"'~lIml'tI apt'Iturt' 

dIstribution The horn clu ... ter spectr:ll domatn field 1\ thC' ... UIll of tlll' lontllhutlOn\ tWill 

each wdlvldual horn l'hl' I11ca-;ured field 1 ... already a\allahk 111 the \pectlal dOtllal1l 

Ideall~, under thl' ab(H e <;tatC'd assumptlOl1. the \pl'ctral dom;\l11 field cakul,lll'd flOIll thl' 

contflbutlon of separate hOlns, gnen the proper e\Cltatlon level, mu ... t l'quai tht' 

measurd spectr3l domall1 fIeld The followJI1g over-detcrmlned e;y<,tem or Ilnt'ar 

l'quutions was accordlngly con'itructed 

,1 (! = fil 

where: A is an over-deterrnined matnx wlth each l'lernent (f '1 bl'lIlg the contribution of 

the horn 1 with unit eXCitatIOn to thl' spectral domalll fIeld component l, (' 1'> thl' 

unknown array of each individual hOl n eXCitation, and ni 1<; an array cuntallling the 

spectral domain fJeld componen!,> Thl~ <;ystem has no ("(aet "nlutlon wht'n 11/ 1'> 

substituted for by the measured spectral domall1 field m I\n apprO"(Jmate value of (' can 

be round by mlOlmiz1l1g the nOI m of a resldual array l, deftned a." 

1 = /1 Cl -111 

where: (> is the approximation of e. 
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r hl' QR deCOmpOc,ltion(fifl) WG<; u<;ed to solve for (> in the above equation by 

ffilnllnillng the L2 norm of 1 r hl' value" of the ,l',>ultmg horn excitatIOns \Vere inspected 

together \Nlth tlH' \aluc,> of thr rl'wlual array clement 1 The f:-lIlure of the a~sumptlon of 

treatmg the horn -:lu'U."r as 1I1dlvldual hllrns wa, tndlcated by tht' fact that the values of 

a ~ignlfl('ant number of the rC'>Idual arrav element,> were <;maller, but of the same arder 

of magnItude n,> th\.' me:\'oured 1 \l'Id <;pectral componel1\) fhls conclu'>lon wIll be asserted 

latn when the horn c1u'>ll'f apenure field dl,tflhutlom ealculatecl l'rom the measured 

field are In~pect\.'d fhe abO\e eflOlt o c\'l'n though It dld not ylcld a practlcal re<;tllt of 

provlcllng a '.ImpIe model of the -::Iu<;tel W Ith a o;mall number of parameters, II1dlcates the 

"lgnIf Icant erf(~ct of mutual II1teraetlOn betwcen the adpeent horn,> , and the need of 

furthpr qudy nf the 1I1teral'tion mechanl<;fl1 to Impro'v 'he de<;lgn pel l'al .1)anCe 

prediction 

1 he :,pectlal domarn field data [~ llsed III c\3lu3tlllg the spacc clnmalll Immediate 

ell'l'trlc fl\~'ld, or tht' equlv11ent magnetlc currents, at the horn cluster aperture This IS 

done lf1 a way \Irllliar tu Section (4 ::'1. IIV tral1)l'orllllng the planc wa\C spectruIl1 back to 

tlll' apeltule plane, and roufler tramformlOg, to obtam the <,pacc domam cqulva!t:>nt 

Cllllcnh hgllre (4 :1) <;ho\'.<; the re<;ultmg ell'ctnc field at the aperture plane for bath 

polariLatwn<; fhe 101:atlon of thL' rn~lIn polal17ed elect!lc field pcaks and tlll' geometrical 

centre of eaeh I!1dl\ Idual hOI n :Jre md!cated on th:, figure. v" hlch shO\\~ dear Iy that 

tlwy do not cO!nclde nll~ wou Id not be the C35C If an Indl\. Idual hOI n ar)('rturc fIeld 

structure were not changed duc to thl:' Interactio.l of the adjacent borns 1111<; explall1s 

the l'allure of ll)odl'lll1g tllf' horn cimIer as Indl\'ldual co-planar horns 

2 The appl Ica t 1011 of o;pectl a 1 domall1 rt'presenta t IOn of t he l'Il' Id has prùved useful in 

l'Vallutll1g tilt' fIeld al the ra(l!:ltor aperture. or alternatl\cly. thc equnalent radlating 

lllaglL'tlc cUllent<, l'or th", ca,e l he t'valuation or the near-fleld dllCCl!I' frol11 the 

\Iwctl al t!01113111 rl'pfl',>cntatlOll, h()\\l'''el o proved uno;ucce~~ful The spectral domain 

111l';J\llletl ell'ctlll..' 1 wld 1<, tl:lWoj ormed fon\ard (0 80 cm , from the harn clu<;ll'r aperture 

pla Ill' , and the "pace dnmatn flcld 1') c\alu:1lcd by FOUlICI transrormll1g the~e spectral 

COl1lpOllent 1 he re,ullll1g l'will rnap l'i ~ho\\ n l!1 hgure (·124), whlch ~hows that the 

l'valuated field 1<" l''\trrrnely nOI"y l ~m I~, attnbuted to the oo;cdlutOI y nature of the 

roufll'r tramfOlI11 f...ert1e!. whlch lead'i to the under-o;urnplmg plOolern descflIJed in 

SectlOll (2.6) 1 hl'i problem dit! nO! anse when c3lculatll1g thl aperture fIelds of 

l'lgUll' (of 23) l'vldently, f(\r the n'a<'O!h descflbed 1I1 the sarne section 

J The field l'-....tt'fJ(W to the plane of measurel11ent, away from the raclIator, could be 

l'\aluated mrng Iluygens-Fresnei princlple TllIS l'an be nnplemented by replacing the 

space domaln me,l~ur('d electflc fJeld tangenttal ta the plane of measurement by 

equivall'nt magnetlc current dl<;tflbutlon(7), and evaluating the contributIon of this 

distributIOn at any pomt usmg Equation (2.1) or (2.2) The problem ,"Ith this lpproach IS 
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that when the field value at a point is calculated an integratIOn of the whok' plane nt' 
measurement is required, e.g arGund 10,000 Ç'OlHts for the !l1(':!<;urenwnt of 

Figure (422), whlch 11'(lkes thls approach Inefflclt'nt The otht'I ploblelll, '\<; lllt'Iltiol\ed 

ln sub-sectlOn (1 1.1), Î" that the ttl-'Id t'xt/actlOn flmn the nea<;lIIl'llwPt p\(\l'e data IS 

possible in the sDectral domatn only. unlt's<; cert:\1l\ assumptlOI1\ are madt' about the 

measured fIeld and tllE' probe, as detadl'd ln Sectl(';l (J 1) '1 hl<; tnean\ that th': e\.tla..:tt'd 

field is alreacly avatlable ln the )pectral domatn l'he dtrel't Integratltln of the nli~:mlled 

fIeld will also c\clucie' th,~ ('flor reciul:lOn advnntage of the 'lpedral and ~paCl' dom:\11I 

truncations of the t'qulvalent radlattng currents, as can bl' con..:luded l'rom 

sub-section (2 7 2) 

4 Finally, from the abovc dlscu~slOn, Il I~ concluded that IntegratlOll OH'I the "pace 

domain mlght he performeci hetter al the rachator apertull' pbne lI<;lng l'qul\all'nt 

currents whlCh are ca\culated l'rom the meas\\red fIeld ln Ihl" C~)~l', the field dl<,tflblliion 

is local 1 ::.ed on and around the apertm l', and a fewer n um he r 01 pO III h lll'l'lI 10 hl' 

integrated For the ca"e under con<'lderatlon, only .165 II1tegr,\tlfll1 pomh \Vere l1eeded \1) 

evaluate the field at any pomt e'{terlor 11.1 the aperture plane 1111'-; melhnd \1,1" ploved \Il 

be effective, and provlcled l'Xl'ellent re~e\1\blance 10 t!w nteasurcd Ilcld v:llllC'-. III the 

near-field reglOn This IS demonstlated b~ figure (42)). whl're the eleetlle 1'1('\(\ 

calculated at 80 cm. away l'rom the hom cltlst('r aperture plane l, compared to the 

measured one The electnc field III thlS figure was normalt7ed tll lero dB at pOll1t x=-y=O 

In adclttion to the cross-~ectl()fial plot" al a dr<;tancc J l'rom the radlator, Il 1) pO<,<,lbk 

tu compute the fIeld al any ~pecrfll'd geol1lelt) u"tng the l'qulvalenl CUI rl'Ilt model, !>lll:h 

as at a plane contail1l11g the boresight aXI<; of the r:l'llatol l hu.." ln 1 IgUH' (426) :lIe 

shown the main polafizatlOn (\ -component, amplttude and phase contour.,) or the l'!L'cllre 

field over a )'-::. plane calculated l'rom thl' truncnt{'(\ equrvalent radlatlllg lIlagnetlc 

currents, and compared wlth dlrectly mea~ured data fhe electrlc or magnetlc rle!cI~ can 

be simllarly evaluated at any pOlllt Iti the space :::>0 The only exceptIOn I~ the reactrVl' 

reglOn of the exterior fIeld (fractIOna! wavelength valul'~ of ':), where the contrtbulH)n 

of the evanescent field is slgnlfîcant and observable, becuuse of the exclu'>lOn of the 

evanescent modes in the eQuivalent current~ c;alculatlOns 
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Figure (4.22): Planar near-field measurement data at a distance between 
horn c1uster aperture and measurement planes of d=5.0 cm ... 2À at 
Il.6 GHz. Dimensions of the plane of measurement are 60 cm.x 60 cm., 
and the sam pIe spacing is 0.6 cm. Dipole probe #2, Apppndix (B), is used 
in these measurement and the output voltage amplitude of the probe is 
sho'vn here in dB seale. Phase data is also avatlable from these measure­
ments. 

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

b) Dipole probe oriented along the y-axis (cross polarization 
measurement). 
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Figure (4.23-a): Relative linear amplitude of the main DOlarized aperture 
electric field distribution (x-component), or the equivalent radiating 
rnagnetic current distribution (y-component) at tlle aperture plane. These 
currents were calculated from the amplitude data of Figure (4.22) and the 
corresponding phase data. The contour map has maximum contour level 
of 0.8 and contour interval of 0.1. In the same map, the locations of the 
amplitude peaks are indicated by darkened circles (e), and the 
geometrical centre of each individual horn is indicated by a crOss (X). 

(continued next page) 
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Figure (4.23-b): Similar to Figure (4.23-a), but for the cross polarized 
aperture field or equivaient magne tic current distribution. The spectral 
domain was truncated in calculating both parts of this figure to inc1ude 
cnly the radiating modes (k'mux - k 0)' The surface plots demonstrate 
clearly the localized nature of the fields 3round the physical aperture. 
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Figure (4.24): DemonstratIOn of the under-sampling problem encountered 
when calculating the exterior field duectly from the spectral dOUh'..1Il 

a) Main polarized electnc field distribution calcuJat1ill by transformmg 
the spectral domain components into a plane z=80 cm and then, Founer 
transforming into the space domain. The spectral domam under-sampllOg 
is affecting an extremely noisy field dlstnbutlOn (smoothmg of the con­
tour map was necessary in this case) 

b) The same field distribution measurcd at the same plane uSlI)g dlpole 
probe #2, Appendix (B) oriented aiong the x -axIs Thl!) distance 
(d ... 31 ~), and the smaU size of the probe, Jusllfled assummg that the 
probe output voltage is proportional to the main polanzed electrlc fIeld 
compone nt. 

Maximum contour is 0 dB and the contour Înterval is 4 dB in both 
maps. 
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Figure (4.25): Comparisun between the exterior electric field distribution 
calcuJated from the aperture eguivalent radiating magnetic current and 
the directly measured one: 

a) Main polarized normalized electric field at a plane z=80 cm., ~ 
lat.e.d. from the eQulvalent currents of Figure (4.23-a) and the correspond­
ing phase data. The eQuivalent current plane was truncated to within 
-7 cm. <X< 7 cm. and -15 cm <y< 15 cm. 

b) The normaltzed clectric field dIstribution measured at the same 
plane using dlpole probe #2, Appendix (B) oriented along the x-axis. 

Both maps have maximum contour levels of G dB and contour interval 
of 2 dB. The peaks in th~ two maps are co-located within 1 cm2 and the 
amplitude differences between the calculated and measured values are 
0.19 dB and 0.3& dB for the upper and lower peaks respectively. 

(continued next page) 
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Figure (4.25): 

SNM22 \ Cd) Measured 
(with smoolhln)~) 

c) Cross polarized normalized electnc field at a plane z=60 cm 1 c.aku.::. 
la.te.à from the equivalent currents of Figure (4.23-b) and the correspond­
ing phase data The equivalent current plane was truncated to withm 
-7 cm. <x< 7 cm. and -15 cm. <y< 15 cm 

d) The normahzed electric field distribution lllilliS.ur..e.li at the ~ame 
plane using dipole probe #2, Appendix (B) oncnted along the y-axIs. This 
map had to be smoothed because of the nOlsy nature of the original one 

Both maps have maximum contour levels of 0 dB and contour interval 
of 2 dB. A quantitative comparison was mconceivable because of the 
noisy nature of the directly rneasured cross polanzed electric field 
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Figure (4.26): Companson between the calculated and measured main 
polarized electric field distribution on y-z plane (x=O). 

a) NormalIzed electric field amplItude calculate.d from the equivalent 
currents of FIgure (4 23-a) and the corresponding phase data. The equiva­
lent current plane was truncated to wIthin -7 cm <x< 7 cm. and 
-15 cm. <y< 15 cm. 

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

Both maps have maximum contour levels of 0 dB and contour interval 
of 2 dB. 

(contmued next page) 
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c) Cak.u1ate.d electrJc field phase map assoclated with the amplitude 
map of part a of this fIgure. 

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

Both maps have 180 0 contour interval. 
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4.3.3. Comment'i: 

The caleulated results tn Figures (4.25) and (4.26) have shown good agreement in 

loeating and evaluattng the peaks of the electnc field, between the directly measured 

electric field, and that calculated from the measurement based equlvalent magnetic 

current,> "f he latter approach, however, shows superior performance in defining the field 

values in reglOn,> of low fJeld level and close to the nulls Two rea~ons can be given ta 

cxplatn thl'> <;upenonty 

1 Thl' equlvalcnt currents are calcl';ated from measurements on a plane close 10 the 

radlator (d"- /") rhls Imphes lltlt the field strength i<; highcr at tl1lS plane, compared to 

that 0f the 80 cm ('" :31}.) plane, where the dIrect measurements are pcrformed. ~he 

mea,>urcment l'rrors, dlscu,>sed in Section (2 7) are not, ln general, depcf'dent on the 

locatIOn of the plane of measurement, whlch results in operating the m;)asuring 

instruments at higher <lIgnal-to-nolse ratio at the (2~)plane This i,> demonstrated by 

IOspceting the relatIve values of the measured probe voltages. The relative peak 

measured voltage is 14.89 dB at the (? À) plane, whlle It IS 1 07 dB at the (~n ~) plane 

for the mall1 polanzatlOl1 measurements of Figures (4.22-a) and (425 -b) respectively. 

2. The more important reason i<; the error fIltering resulting from the spectral and space 

domain truncations associated with the utiltzation of the equivalent currents mode!. The 

equlvalent currents shown in Figure (4.23) are calculated from measurement on a plane 

of 60 cmx60 cm. dlmen<;lOns, and the sample spacing of 0 6 cm .. at an operating 

frequency of 116 GHz, which conesponds to IIltrinslC wave number, "-o' of 

2.43 rad/cm The spectral domain i<.: truncated to include only the propagating modes, 

(1.. ~ + k ~ :S k;'). and the eqUivalent currents on the horn cluster aperture were truncated ta 

within a rectangular plane of 14 cm.x30 cm x and J' dimensions, respectively. These 

value,> subsl!tuted Il1tO Equation (2.27) give an estimated 17 dB random error reduction, 

and 9.33 dB <;pectral error reductlOn. As detailed in sub-section (2 7.2), the error power 

reduction IS the latto of errûr power normaltzcd to the origmal radiator power in the 

equivalcnt radiator model, to the error power in the measured plane wave spectrum 

normalized to the orIginal spectral domain field of the radiator. The peak error reducticn 

in the spectral domalll component "-, . k y ~ 0 , is estimated from the discussIOn assùciated 

wlth Equation (2.28) al) 933 dB 

The capabiltty of having a reliable horo cluster model, using the equivalent aperture 

magnetic current distribution, enables the t'valuation of the exterior electric or magne tic 

fields using rquations (2.1) or (2.2) respectively This capability enables calculating the 

field incident on any 3ssumed reflector surface to evaluate the combined antenna system 

performance, using a measurement based feed model. 
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4.4. Concluding Remarks: 

The determinatlOt\ and use of the equivalent currents as a model of nOI\ ,dlle~ti\l~ 

radiators was dernonstrated in this chapter. The approach emploYNI 10 deallng \ .. Ith the 

three cases discussed is quite simtlar, and can be summarlll'd as extractlOg tl1<.' fll'Id 

values in the spectral dama in from the measurement probl' output \'oltagl', mapPII)g tlll' 

('urrent distributIon at the radiator plane, and fmally e\ aluattng the field ("tl'llOf to tha! 

radiator uSlOg tl1e mapped currents (amplltude and phase) a~ the radlatll1g ~()lIIel'" 1 :leh 

case, however, had dlfferent ObJcctIVt"';, and the resulrs and coocll1~lOns dl,\"'o aIl' 

particular ta each. 

In dealing wlth the mlcrosh Ip edge, the objective was to study thl' Imnled late fll'Id 

structure around the edge and the far-field behavlOr Lxamlnlng the I('SUIt" leall<; 10 tlll' 

conclusion that for the purpose of the external field e'valuatlOn, the edge model a'. a Ilne 

of magnetic current along the edge IS a good approximation of a <;lI1gle l'tige 

The second case, dealing with microstnp patch radiator, has !ead to two eonclusJOn~' 

First, that the use of the evanescent mode" can be useful ln mappll1g the CUI rcnt 

distribution. These modes are usually accounted for in the Irterature, but thl' 

measurement of their physical existence and their use have not been repnrtl'd PI('vlOuc;ly. 

The second conclusion is that it was posslble to model thi" rneilator through the 

measurement of the local field around the patch, whlle mlOlmizlOg contnbutiom flOlIl 

scattering and secondary radialion from the supporting structure of suen a radiator. 

which is usually large relative to the radiator size 

The third case, which studied the horn cluster, has demonstrated two I<;<;ue<; fir!>t, 1'> 

that the effect of mutual interactIon between the II1dlvidual horo<;, whlch tills radlator 1\ 

made up of, significantly changes the radiatIOn behavior of each horn '1111', wat; ev((!t'Ilt 

from the fact that the mapped eqUlvalent current distribution peaks at the apl'rturl' plant' 

did not coincide with the geometncal centres of these horns. llm IS a ca,l' wlllch 

demonstrates the need ta carry out exploratory measurement ta achlCve underc.,tan<llng of 

the behavior of a complete radiator, on which a theoretlcal model can then he based 

The second issue is the abIiity ta model thls radiator, uSlng the equivalent rr!lllatlOg 

magnetic currents at the aperture. This provldes reasonable quantitative accuracy and the 

advantage of filtering out a significant amount of mca<;uremcot error<; 

The mechunical structure of these radiators shows that the planar nl':1r-fwld c,cannlng 

is, mechanically, the most convenIent compared ta cyllndrical and sphencal ~c:tnlllng 

schemes. Literature published sa fad 3) indicates that the planar neur-fleld mea,>uremcnt 

is restricted to dealing with directive antennas ThIS conclusion was ba<;cd on the u,>c of 

the spectral domain representation of the radiated field The previous two chapter!> of 
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thl'> thesis, however, have shown how ta evaluate and use the equivalent currents model 

of a general radiator, from planar near-fleld measurements This chapter has shown that 

thls model has succe'isfully facilitated the use of planar near-field scanning in dealing 

wlth non-directive radlators 
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1 CHAPTER FIVE 

CONet.LISIONS 

This chapter forms a reVle\V of the the~ls, followed b) a disCllS~I(ln of thl' thrl'l' main 

issues dealt \Vith in this \Vork, namely the ImmedIate fIeld or 1'1/1I11'll/1'1Il l'will/lm ('1/1 /('/11 

mappl/lg, ,aJw/()1 mode/mg and the problem of field ,',\tlllClIOI/ l'rom the nll'a~LJrt'n1l'nt 

probe, 

The result5 of thl~ research are e\'alllated herr, and the c\alJll~ of c()ntrJbllll()n~ of Ihi~ 

thesis, which arc IJsted in Section (1 5), ait' re-Iterated At the end, propO\al~ arl' made 

for new areas of lJl\estigation ansing frJffi these contnbutioJl5 

5.1. Rc\'iew: 

The reVle\\- of the state of the art, in Chaptcr One. demonstrate~ that mllch of Ihe 

work in neur-field measurements prevlOusly dealt wlth large, hlghly directlVl' al1ll'nn,I', 

It was also statcd that small electromagnetlc radlator,> mually have relatl\'l'Iy large 

supporting structUles. This indlcated the geornetrtcal ad"~lOtage<; of the planar lIear-fleld 

seunning seheme ln dealtng wlth sueh racllators The nccl''>'>lty for del:llll'd 11l1del<,\andlllg 

of the measuremcnt probe bchavlor \\-as aho emphasll.l'd It wa,> Ihen .,howl1 Ihal tlll' 

theorctical work In this the<;is denls with an opl'Iator l'quatlon of thl' rOTIn 1 \ - Il, whlch 

ean Cllhcl descnbe a fOr\vald (JI an 1I1\'erqe prohlem r hl~ thcorl'tlcal approaclt W:l<; lI\l'd 

eomplementrng the 1I1tcrpretJtion of the raw measurcd data for characterlllng the 

radIatIOn behaVlOr of the radiator 

In Chapter Two, the theoretlcal pnnclplcc;, lIpon whlch the chal:tctl'rt/atlOll alld 

modeling of the radiator are based. are dlscll<;sed A conclu"ion I~ rl'ached, whlch 1'> tl) 

represent the radiaror cilhel by eleetne 01 magnetic equlValcnt Current<, dl,>trtbut\(jl1, wlth 

the cholee dependIllg on the nature of the radlator undl'r conqJ(ieratlon 1 hl' relatlon,>hlp 

between the equivalent currents and the fIeld quantltle,> III the plane of OlCa~llrel1lcnt 1\ 

establi~hed in the spectral domain, This IS followecl bv an c',llmallon of the valldlty 

range, in the spectral domain, of these relatIOns The~e range" were e<,tlmatcd ln 

eonsid2rattOn of the sensltivity ta measurF>mcnt error~ Il wa\ found that the rc<,olutlo/1 

depends on the type of the measured fjeld and the type of the current, reprc<,enllng tlll' 

radiator. 
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The clcslg'1 of the planar measurements is al~o discussed. It is concluded that the choice 

of mca~uremcnt parameter) mu,>t be based on the experience gained flOm preliminary 

exploratory prol)lng of the flcl<1 around the radiator, and on the obJective" of the 

1lH.'a,>urenH'nt It 1'> ,>hown that ri dIrect evaluatlOll of the ncar-fleld quantltlcs from the 

pla ne wave "pect ru !TI Icad\ to campu tat IOnal cllfflcu 1t 1(''> It 1'> sugge<;ted, the refore, that 

the near-l'lcld \hould he calculated l'rom the II1tegratlOn of the contnbutlÜn of the 

equ Ivalent currenh at the radlatol aperture II1stcad Thl') IS followed by dlscussmg the 

,>ource', of error<, 10 the planar mea~urement of non-dllectlvc radlJtors It IS found that 

the utlll/atlOn of the equl\alent current<; model of the racllatol \vill signllicantiv reduce 

the effect 01 the mea'>lircmcnt errM" The amount of thl<; reduction ln peak and Lm s 

l'I [n[,>, 1\ e\llmatee! 

Chaptel llHel' dcal,> wlth the influence of the mea<;urÎng probe on the measUlement, 

and lIevelop,> thc formulation for the extractIOn of the field values from the measured 

probe output voltagt> ln addlllOn 10 the general case, lt 1<; possible to distingulsh two 

~peclal ca,>e<; for \vhlch Ihl~ ('xtractlon can be simplifled The general case, under planar 

near-flcld meaWlel1ll'ot envlronment, 1" the pnncipai subJcct of the chapter. The probes 

are das~1f Icd II1tO Iwo t ypc~ wire and aperture RelatlOnshlps between their output and 

the mea~ured ell'ctnc and magnetlc field are established These relatIOns are based on 

proportlOnallty ...:omtant~ developecl here, naml'ly the r 'cetOl F lcld EXlJ aclioll 

CocffICU'Il/\ 11lt' theoretlcal evaluatlOn of the~e coeffiCient':., for hath types of probes, is 

claboratcd 011, wlth speCIfie e\(ample~ An outhne for an e'.perlmental procedure for 

dctt.'1 Illllling tllest:' coeffiCients 15 alqo proposed, and ha') been applied e,<peomentally ta 

the I..aqe of a À I~) dlpole fhe chapter tncludes also a campaI ison between the described 

1 icld c'.tractlOn procedure und the commonly called PIO"e COIICCl/OIl t·, hniques 

de').:r I!wt! 111 e'.l~tlllg llterawrl' 

Chapter ['our lieul') wlth experimental work based on the theory presented in the 

previous chapter<; It contalO<, thrce sections, each dealmg wlth a speclflc type of 

tadlator, namcly. an aPPlo'.imatton of an Inlllllte n11C/O\/Il{J ('dge, a mrCIO\/I/{J 

I('C!lJl/gu!(// pa/ch and a !J()J1I dUI/t'1 11'//1r co-planai 0pCllw('\ In each case, preliminary 

me3SUlements afi.' de<;cflbed to test certain assumptlons and/or to gam an initial idea 

about tht' radlatol field structure Ther,e were followed by planar measurements, from 

wlllch the equl\'alent radlatll1g sources were mapJlcu. These mapped sources ~lIe used to 

dla\\' cUnCIU!iIOI1<; <,peclflc to each radIator, whlch are useful for characterJZtI1g its 

radiatIOn behavtür ln additIOn, their use as a model for external field ca\culutions IS 

dl'lllonstrated. In ('')~ence, Chapter Four shows that the theoretlcal work, that the 

prevlOUS chapter') hac! deult \\ Ith, can be apphed to the ,hree ca!)es considered. In ail 

case!. the objectl\es were ta c!zmoctcl/:;e and mode! the radtators under test. 

-115-



f 
5.2. Emluation of the Results and Conclusions: 

In what follows, an l'valuation of the contllbution of thls in\'cstigation is ~alllcd \\11\ 

and conclusIOns are drawn accordlOgly. These arc c1assltïed according to l'itht'I nI' the 

two major objectives of thl5 thesls, whlch are the C/rm(lc(CI/::lIl1(/II and the ,\{oddllrg of 

non -d irectlve rad tators The pro~lem of FIl'ld EXlIllCl/O/I frol1l the plObe nH'aSlII cd 

voltage, (\Iso dealt with at kngth in thi., th<.'5IS, lS also dlscussl'd hl'((~ 

5.2.1. Radiator Characterization: 

The chmaclell::allOll of a radiator, here. is the qualttative defll11tlOn of tht' radiation 

mechanism of the rurilator Tilis concept crystall17ed ln thls the';\') Înto Ihe idea of high 

resolution space domain mapping of the ImmedIate fIeld, or of the l'qulv'llent Cllrtl'l1ls. 

Some conclusions abc'Jt the radmtlOn mechamsm can be drawn l'rom tlH' Ic"uIting l11ap~. 

and can be useflll for diagnostic and theoretlcal pur poses The followl11g condll~lol1, can 

be identified' 

1. The major part of Chapter Two dealt with the Issue of radîator charactcl i.1atloll, 

where the choice of the proper field componcnts to measure for hlgh re~olutlOn 

eqUlvalent current mapping is establtshed After <;electing the field to be nH'<I,>urcd. It 

was concluded, through taking the effect of nOI<;c into consideratIOn, tliat tlH' attalnahll' 

resolutlOn depeods on the distance betwecn the plane of mC'aslIfement and the radtator 

aperture plane, as shown In FlgUie (2 5) It can be concludt'd l'rom ob~l'Iving tlm glapit 

that the evanescent modes. which add the higll rl'solutlon dctatls to the equlvalcllt 

current map. can only be used If the dIstance between the measuremcnt and ra<!lator 

aperture planes is of the order of () 1 À or Jess 

2. The close aperture ta meaSllrement plane distance may impair the accuracy of the 

mapping, because of the possibJllty of strong mutual interactIOn bctwcen the llIe:l\urlllg 

probe and mtcroal fjeld of the radiator The field maps, nevf'fthelc,>,>, can be lI~dlcatlve 

of the radiation m<.'chanism of the rachator. Refernng ta Figure (45), the cxpl'rllnl'l1tal 

results show that the peak of the mapped current cOtncldl's \VIth the location or the 

microstrip edge More important demonstlations are the once; <;hown ln Figure" (4 16) and 

(4.17), which demonstrate that the employment of the evanc<,cent mode', reveal<. further 

details of the Immediate field structure of tbe mlcr05tnp patch undcl COl1',Ic!eratlOll. "he 

mapping of the horn clu,ter aperture electr:c fiell~ shown 111 r Igurc (4 23-a) wa,> e~\enttal 

in conc'udir.g that the :-nutual interaction betwee'l the horn,> ha~ changccl the aperture 

field structure of the inc!îvidual haros. This is obvious from notlng that the field pcab 
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do not coincidc with the geometrical centres of the horn's apertures. These applications 

of thc phwar nCrlr-flcld measurements were useful for charaelel i=lflg the radiatic ' 

mechani<;m of non-directive radiators. 

1. Thl' IJmlted rc<;olution of the methods proposed in Chapter Two can be increased by 

employing a,>sumptlOns about the radmting sources as was mentioned in Section (2.2). 

rhc,>c may be u"icd to formulate a well-posed relation between the measured field (lnd a 

hlgh rcsolution cqulvalent current Coften called RegularizatlOn of the problem). For 

examplc, 1 he clcctnc flcld over and tangentiai to the patch can be set to zero, and this 

informat~on can produce higher resolution of the mapped currents. The dlfference 

bctwccn such an approach and that employed by thlS work, is that the mapped 

equivalent currcnts, ,>ueh as those shown in FIgures (4.5), (4.17) and (4.25), are modified 

only by smoothmg. The results from such regularized formulatIOn may glve higher 

Icsolution of the currents, but can de part qualitatively from the reality. lt is suggested 

here tltat a smoothed equivalent currents map can be produced, using thl" techniques 

dcscribcd, and can be used to judge the validity of higher resolution maps In addition, 

the same smoothed map can be used to judge the validity of field measurements in close 

proximity of the probe to the radiator, such as the one shown in Figure (4.14). 

5.2.2. Radiator Modeling: 

Radiator Mode/mg, as one of the objectives of this work, involves quantitative 

definition of parameters from 'Vhich the external field values cau be calculated. The 

following conclUSIOns are indicated about the approach employed by this thesis: 

1. The model chosen as a source of the external field is the equivalent current 

distribution at the radiator aperture. The experiment design and the calculation of the 

equivalent currents is simllui to that used in equivalent current mapping. The only 

difference is that thl" evanescent modes are not utilized in these calculations, for twc 

reasom. flrst, the plane of measurement should not be located close to the radiator, for 

which the measurement of the evanescent modes is unreliable as can be observed by the 

gl aphs in Figure (2.4) The second reason IS that the evanescent modes are necessary 

only for the mapping of the immediate field, and they are /IlvIHb/e in the "near-field" or 

the far-field regions defmcd 10 Section (I.4). Their calculation is, therefore, unnecessary 

whell the two latter regions are of mterest. 

~. It was concluded in Section (2.6) that the direct evaluation of the "near-field" from 

the measurement resuIts, in the spectral domain, is numerically impractical because of 

the oscillatory nature of the integrand involved. This fact was demonstrated by 

Figure (4.24) for a practical case. The direct integration of space domain measured data 

to evaluate the "near-field" is, also not feasible. As was explained in sub-section (4.3.2), 
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this approach does not permit the deconvolution of the probe respclIse. which IS 

performed in th~ spectral domain, and will involve integration of 3n l',ee<:'sl\'ely lal~l' 

number of dat& point" ta evaluate a single near-field point, as W3S demon<;tl3ted in the 

same sub-section. This suggests the equlvalent radiatmg currents to 11l' llw pl net kal 

model from which the "ne:u-field" cao be calculated for the radiatOl5. con,idL'H'd \1\ t!lis 

work. 

3. It hus been suggested(13,14) that un equivalent current model ~an be emplowd a~ 

foHows: The field can be measured at a set of exterIor pomts uSlng a probe wlth a 

known model, and the equivalent cunents can bl' presullwd ln \w located on and t1lound 

the physical aperture of the radiator. Consequent'" a SL't of lillent lL'latl(ln<; bet"'l'l'Il tht' 

output voltages of the prohe and the equlvalent cUrients expflmkd into suh-domnin basis 

functions, can be established From these relatIons the equlvalent cun L'nt" can hl' 

evaluated using the measured probe voltages The difference between t hat approadl and 

the one adopted by this thesis, is that the use of planar measurement will gU:lIantee 
gathering the full information about the radiatmg field of the radiator, with a ~pèdfkd 

sampling rate as detailed in Section (2.5), w Ilch is not the ca<;(' for the olher apP1oal:h 

for an unspecified pattern of measurement ~')\Ots. The other (and more ')Ignlflcant) 

difference is that the method proposed here includes the mapping of the fll'Id at the 

radiator plane without a pre-assumption about the field structure. and th~'ll'afler, the 

current is truncated for improved error reduction and numencal efflclency, ln the othl'r 

approach, the measurement errors and the origmal field will contnbme to the evall13ted 

equivalent currents on an equal basis, This might abolish the error reductlOn feature of 

the equivalent current model rn additIOn, there is no guarantee (hat tl1P flL'lcI will be 
localized around the aperture Aperture f!Cld maps hke the ones of Flgure<; (4 18) and 

(4.23) can indicate ta what extent the equivalent current planc can be truncated. 

4. The application of planar nc:!r field measurement was ltmlted to highly directive 

antennas in the past(3). The significancc of the truncatlOn error and the dl<;tortlon of the 

measurement spectral domam da~~ has made the calculatlOn of the extcrnal flcld of 

non-directive antennas impractical if they were carr cd out using ~lIch data, n~ was 

shown in sub-section (2.7.1), On the other hand, planar ncar fteld scanrllng provf->d 

geometricalI)' mechanically convenient for measuring small radlator'l (lI~ually 

non-directive) with large 5upporting structure and aVOIdlOg secondary radiatIOn l'rom 

other sources. This faet is demon~trated by FIgure (49) and by obscrvmg thc 

geometrical shapes of the radiators con5idered m thls the~l~ The calculation of th" 

external fields using the truncated equivalent current model has reLluced the efl'cct of 

this error on such a calculation. The total error power and the peak error magnitude arc 

reduced by tbis truncation as was established in sub-section (2./ .2), The calculation,>, for 
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which the results are outlined in sub-section (4.3.3) for the horn c1uster radiator, had 

estimated that bath spectral peak error and the spectral error power were reduced by 

about 9 dB, and the random error power was reduced by 17 dB. 

The mcchanlsm of error reduction by truncating the aperture equivalent current is 

simJlar to the Time Gating error reduction technlque(61) used in antenna measurements. 

ln thi" techl1!que, the output voltage of a probe is measured at certain point for a certain 

opcrating frequency range, and this is transformed into the time domain in which the 

signal originatlOg flom the antenna or scatterer under test is localized within a finite 

time window, whercas the contribution to the probe output from other SOUlces is 

distributed ail over the lime domain. The crror reduction is achieved, in this case, by 

truncating the time domam to within a window where the contribution from the 

radiation source under test is dominant. The same logic is used here, except that the 

truncntion is in the spnce domain, and frequency scanning is replnct'd by space scanning. 

ln the author's opinIOn, this feature of the equlvalent current model of the radiator is 

the most useful one, because it combtnes the practicality and the geometl icul 

convenience of the planar near-field scanning with the ability to deal with non-directive 

radiators. The experimental rewlts shown in Figures (4 19), (4.20), (4.25) and (426) 

demonstratc the success of the equivalent current model of the radiator (derived from 

planar measurements) for calculating the field quantities at non-assymptotic distances. 

5. There might be reasons to suggest that, although the equivalent current model has 

given accurate exterior field calculations for wide angular range off boresight, the model 

might not be reliable 10 producing the accu rate field quantities for extreme off boresight 

angles (close to 90") A simple explanation is that the pl anar scanning, as dictated by its 

geometry, does not collect information about the radiator field for these angles. A more 

ng.:- ')us explnnation, as was stated in sub-section (2.7.1) in the discussion associated with 

Equation (2.23), is that the spectral do main electric field might be singular for le z = 0, if 

the actual radiating source on the aperture plane has electric cunent components. The 

tl uncation of the equivalent currents plane, in essence, resulted in reduced coupling 

bctween thls smgularity and the rest of the spectral domain components of the field. The 

singularity, however, cannot be deaIt with numerically, and the field calculations for the 

region where the contribution of this singularity is domtnant might not be accurate. In 

the far-field, the angles close to 90° off boresight correspond to "-7 = 0 , where the 

singularity in the actuJI field might exise This limitation was not noticable in the cases 

studied here, when comparing the field ca1culated from the equivalent current model and 

that measured directly as shown in figures (4.20) and (4.26), but might be significant for 
other radiators. 
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5.2.3. Field Extraction: 

The extraction of field quantities from the output voltage of the scanning prohl' is one 

of the key issues of this work. Furthermore, the measurement of non-directive radÎ:\tors 

requires the knowledge of the "lcannmg probe bchavior over a \VIde lange III the spatial 

spectral domain It is important to estabhsh probe selectIOn and design cnlell:l, and tl) 

model the probe properly to examIne the e'(tent to which the field i"fOl matÎon is 

transparent through the probe output 

The methodology of field extraction userl in thls the·lIS uses the ~amL' pnnclples a~ 

most of the commonly known p/Ohc cOrlec//(m procedures. smce it c\tlacts thL' field 

from the spectral domain measured voltage. However, III thl' formulation 11l'rl' the J ('C{(II 

Field Exl1 acllOl! Cocfflc/Clll'l are introduced. The main feature of thl'~l' i<; that they 

allow a link between the probe performance under planar measmemcnl'i and Its 

electromagnctic behavior. Other aspects are detalled in the following' 

1. The rneasured voltage data is considered as a vector, whlch allows examining the 

probe performance with taking the measurements of the two polarl7ations into account. 

This facilitates defining measurcment validity limits, using Equation (1.1 1 ), a~ ~hown in 

Figure (3.6) for the cases of a half wdvelength dipole and an open ended dlelectric 

loaded waveguide. 

2. The Veclor Field Extractloll CoefflClcnt\ exist for the three field componenh as 

implied by Equation (3.9), and the coefficients for each compon~nt arc ~huwn rn 

equations (3.12) and (3.13) for a wire and an aperture probe, respectively. 1t wa~ ~talt'd 

in th~ discussion following thesc equations that by using the duullty of Maxwell'<; 

equations, the sa me expressions for the coefficients, interchangcd betwecn the \vire and 

aperture probes, can be used for extraction of the magnetic fJeld componcnts a~ 

demonstrated by Figure (3.4). ThIS unified approach of deallr.g wlth both typt'~ of fIeld .. 

is a very important result of this work, since it cnables the selection of thc proper type 

of probe for high resolution measurement of the field components The l'orm and 

existence of singular behavior 10 the expre%ions of the Vector Field ExtractIOn 

coefficients of equations (3.12) and (3.13), Implies that the u<;e of wirc and aperture 

probes will result in high resolution measurement of the component~ tangential ta the 

plane of measurement of the electric and magnetic fields respcctlvcly Thi~ result Ice! 10 

a selection criteriùn fOI the probe type for hlgh resolution lI11mccliatc field or cqulval<.'nt 

current mapping as stated in Section (3 6). 

3. The probe model used În this thesis assumes that the electric currcnt or thc aperture 

electric field distriLutions are known at the probe plane. This thesl~, howcvcr, does not 

enter into the problematics of the theoreticaI determmation of thesc distn butions. In 

Section (3.4), however, an experimental procedure was outlmed and applied to the 
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• modcling of a ::Iipole probe. The methods used in the equi"alent current mapping as 
described ln Chapter Two and applied in Chapter Four can also be used fol' the 

experimental determination of the elcctric current or the aperture electric field 
distribution of a probe with an unknown model (radiator under test) using a probe with 

a known mode!. 

5.3. Future VVork: 

This research has produced results which, in addition to their own usefulness, can also 
serve as basis for new investigatIOns. The following enumerates sorne potentially 

promising directions which might be pursued. 

1. Study of mcasuremenLs.inrnlaliQn. A quantitative idea about the absolute values of 

the measurement errors are difficult to obtain from the experimental work, because of 

the difficulty In measuring the input errors to the measured data. This suggests the 

employment of simulated radiators and. consequently, simulated measured data, with 

controllable input errors. The simulation would be more accurate when considering the 

expcrience gUIDed by the experimental work of this thesis, where sorne of the 

phenomena ohserved can be included and considered lU the simulation. The results of 

such simulation arc useful for exploring different kinds of radiator and supporting 

structure schemes, and \\1 ill enable the generalization of the conclusions of this work. 

2. Study of n umer.lCul decouyolution of truncatlOn error: It was demonstrated by 

Equation (2.23) that the truncation of the plane of measurement is in effect a 

convolution of the spectral domain field, with a spectral domain window. The same 

equation indicates that by a convenient deconvolution process, the spectral domain field 

information can po!>sibly be extracted from the measurement. ThIs sugge~ts that a planar 

measurcment, over a smaller region than suggested hy Section (2.5) can be used to 

evaluate the spectral domain field if a well-posed deconvolution process can be 
implemented. In addition, it was shown that the truncation error is caused by the 

coupling to the singularity of the original spe~tral domain field at k;- = o. This coupling 

can be rcduced by II uncatmg the measured fIeld using low side-lobes window functions, 

such as a two dlmensional Haoning window. The use of such a window function \\IiIl 
reduce coupling to the field singularity, but uofortunately, will locally smooth the 

spectral domoin fIeld because of the wide main··lobe in the spectral damain response of 
such window function. 
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3. Determination of a model with minimal amount of measured paramelcrs The 

truneated equivalent current distribution at the radiator plane \Vas sugge"led hell' as a 

model from which, the exterior fields can be calculated. This m()d~l, III splte of ils 

accuracy, ma:,' not be the one that minimize5 the information lequired 10 replest.'nl the 

exterior field. An added efficicncy of storage and calculatlOm can be l'ffected if a mOlkl 

can be suggested \Vith a smaller number of parameters. One can not be spe~lflc al thl" 

stage, but it seems that a lm" bet\Veen the measurement based model propo"ed here and 

a geometncal optlCS model of a radiator, if cstabhshed, n1lg11t be u"l'ful for thal plii pmt'. 

This would combine the accuracy of the equivalent curreot model and the ""11piIClty of 

the calculatio:1 of the exterior field usmg a geornelilcal optlCS mode! 

4. In depth study of the theoretical curren.L.d.tS.t.ri.b..utlons QI' Dlobcs. 1 n the con Il'X t of the 

field extraction from the measured voltage, it was stated that the plobe was modelrd by 

the current distribut:on on the probe aperture when radlating The evaluatlon of tllls 

distribution theoretically or numencally needs to be examlOed more thoroughly 1'01 that 

purpose. Other ideas proposed using the results of Chapter Three necd ta be examined, 

such as the use of two kinds of probes for a high resolution measUl ement of electrIc and 

magnetlc fields (Section (3.3» 

5. Application of the deyeloDed m.e.as.urement techniQues; Although, the main inten'st of 

this thesis was in establishing a measurement methodology, the expenmcntal work on 

specifie radiators in Chapter Four may have faeilJtated further study of thc<;r radwtors, 

such as; 

a. The .echnique of approximating an IIlfinlte edge u<;cd in Section (4 1) C:ln bl' applil'd 

other kinds of radiators or scatterers with a two dloH'nsional ~tructUl e, ~uch a ... "ftt<." 

edges or long wires Similarly, the techniques of SectIOn (4 2) can he applJ(.'d to <;tudy the 

radiation from other pl anar structures such as prlOted boards and llllCro5trlp linc 

discontinuities and junctions. 

b... A field map similar to that shown III Figure (4.11) can be used to calculate the 

electric current distribution over the patch. This requires an accurate and high resvl\!tion 

measurement of the eJectrk field normal to the patch (El/, in Figure (4.11» which is the 

only component over the patch conducting surface. This reqUlrc~ the uttlllatlOll of a 

smaller probe than the one used in obtalOing the le<;ults shown in tl1at fIgure. Thi", 

however. would be more practical if a larger m ierostnp patch (1 e. lowcr 1 e<;onancc 

frequency) is considered 

~ An aperture field map similar to that shown in Figure (4.23) can be u<'cd 10 ~tudy the 

interra-:tion mechanism between adjacent or close horns (or any ather radiatmg 

elements). Sush a study would complement pr~vious research(62,63) that used volume 

field distribution measurements for that purpose. 
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ct.. Finally, as was stated at the end of sub-section (4.4.3), the measurement based model 

of the refelector antenna feed tested in Section (4.3) could be used to predict the 

performance of the whole antenna system. The validity of such a conclusion should be 

tested by comparing a predlcted performance usmg the presented feed mode) combined 

with the reflector surface, and actual mea5urement on a complete antenna system. Sllch 

an effort would run parallei to work already proposed that uses direct measurement of 

the fields of the feed Incident on a notional reflector surface(64). 

-123-



.-
.... 

APPENDIX (A) 

EVALUATION OF THE 

VECTOR FIELD EXTRACTION COEFFICIENTS 

The evaluation of the vector field extraction coefficients IS detailed hel e. Thl'se 

coefficients are defined by equatlOns (3.9) and (3 10), and the derivations hl'! l' :lrL' 

conducted with reference to Figure (3.3) and the assumptions poscd III Sl'l:tmn (1 )) 

The probe orientation is defined here as the directIOn of an arbltl:lIY a\IS of the 

probe that lies within the plane of measurement. The quantities below arc dl'scnbl'd 111 

the spectral domain unle..,s otherwise stated. The probes are considered here as ladiating 

and receiving for which the superscripts a and b respectively are used to indicate the 

corresponding fields and currents. 

A.l. Wire Probe: 

Referring to Figure (3.3-a), with the probe inittally oriented along thc .\ direction, tlll' 

wire probe is Iinked to the measuring instruments through a coaxial line with 1011er 

radius a and outer radius b. A uniform radial electric current sheet to be assumed 

injected into the transmission line such that: 

-0 l 
J (r)=f--

r Z,2nr 
.( :1 - 1 ) 

This current is the circuit equivalent of applying a unit mput voltagc. /, is the probe 

input impedance at this location of the current sheet, and,. is the radial dIstance t'rom 

the line center. The resulting current distribution on the radiating elements of the plObc 

can be expressed as: 

which is assumed to be known from the electromagnetic analysis of the probe or by 

sorne reasonable approximation. Fourier transforming the above relation: 
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The tangential modal magnetic field can then be defined for :<0 using the boundary 
condltion(7) .J., ~ -?;. x Il as: 

.... ( /1 - 2) 

Considering a single mode (k x' k' y) incident electric field on a receiving probe, the 

incident field can be replaced by an equivalent magnetic current for =>0(7): 

.... (/1-3) 

The open circuit output voltage for this mode at the same point on the transmission line 

is V 0 r , = li x (Z , + 7.,) / 7." which defines the radial electric field in the transmission line 
as: 

'/0 .V x (X,+7,)/Z, 
/. (,) = - r -- ---- --------- --
, JII(~)r 

.... (A-4) 

where 7. 1 is the load (rneasuring in~trument) impedance at this point of the transmission 
line. Using the reciprocity theorem(7) to link the interchanged sources and fields: 

.... (A - 5) 

Substituting for fields and currents: 

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

.... (A-6-a) 
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To evaluate the probe output voltage when oriented nlong the y-axis, axis 

transformation is utilized ta obtain: 

V=-7(-F'E+F'E)ô(k k) y y x X y 'f' Y .. (.I-ll-/J) 

where Z"'ZtZ/(Zt+Z,) is set ta 1 for normalization since it is independent of the modl' 

variables, F:(kx.ky)=F,(k,.-ky)and ":U',.ky)=Fy(Ay.-À,).The Dirac delta flln~tillll 

is a consequence of integration and will be neglected, because it has no effect 011 the 

final results. 

Since \]. Ë '" 0 around the probe (which is a source free region), then for an incident 

mode (k". ky): 

from which E. can be evaluated. Inverting the above relations, the vector field 

extraction coefficients for a wire probe, will be: 

ë "'~('-'F'-y·F) 
X/},'1C y 

., . ( .. \ - 1 .. (1 ) 

., (.\ - 1 - /) ) 

. (.,\ .. 1 .. f ) 

A.2. Aperture probe: 

ln determining the vector field extraction coefficients for the aperture probe shown ln 

Figure (3.3-b), the current density is injected as in Equation (A-I) 10 corrc,>pond to 

excitation by a unit input voltage. The resulting aperture field can be dClermined u!>lng 

numerical methods or approximatio'1s. By Fourier transformation the aperture field 1'01 

the mode (k,. k y) : 
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To satisfy the radiation condition, the modal radiated electric field is described for 

=<'f) as: 

from wh ich the modal tangen tial magnetic field can be deterrnined using the source free 

Maxwell equations Il. -r = 0 to find the third component of the aperture field, and 

1 x T - - J(A)1l Ti ta find the magnetic f!Cld. When the probe is receiving, similar treatment 

for the incident electric field and transmission line radial electric field is affected as in 

the case of the wlre probe. After sub~tituting the fields and currents into 

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

orientations respectively, are: 

.... (Jl-8-Cl) 

.... (/I-8-b) 

Adopting the same treatment that led to Equation (A-7), the vector field extraction 

coefficients for an aperture probe are: 

.... (A-9-Cl) 

(

" A < • y \ Y x • x ~ x 'Y y • 1 ( (k 2 +e)F'-k li f' (k 2 +k 2 )F +k k F) 
- y"" -7- X --------- + y 

ko/'). k. k z 
.... (A-9-b) 

.... (A-9-c) 
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APPENDIX (8) 

DESCRIPTION OF THE l\1EASl1REMENT PROBES 

While many types of probes were experimented \VIth throughout this \\'or". lmly thll'l' 

types were used in the measurements. These probes are de<;cribl'Ci ln this :Ippendix. \\'Ilh 

the specifie considerations taken in dealing wlth them Inolcated. 

8-1. Probe #1: 

This probe is a dipole with an unbalanced coaxIal fced shown 10 Figure (B-I) JIll' 

balanced feeding of the two arms of the dipole IS achleved through the 1I~l' of a hall/II 

structure. This structure is 100piemented by fabricatmg two longltudin~1 ~I(lh of 

approximately quarter wavelength at the end of the s('llll-rtgid cO~"lal fl'L'dlllle "hl'II 

Both dipole arms are connected to thl' shell on the OppOSIIl' <;Idl'~ of Ilw ~I()t. one ;\1 m 

being connected to the central conductor of thl' co~n.ial IIne 1 hl' malchll1g IIll'chanl\11l of 

this structure is detailed el~cwhere(41) This plObe was fabllcatl'l 1'01 Pll'VI()l1~ \\'01" in 

near-field measurements. and was utilized at the earl) '>lage of the \VOl k dl'\Clllwd in 

this thesis 

ThIS plObe was used ln the expellmental \Vor" de<;cflbed ln SectIOn (J ... l), and lb 

spectral domain electric current distributIOn is shown ln hgure (39), for Il 65 Gill 

operating frequency. The unsymmetry 10 the probe CUI rent dlstrrbution is ObVlOllS l'rom 

that figure. The expenmentally evaluated current dlstrrbutlOn is uscd 111 cvaluatlng tilt' 

far-field radmtion patterns of Figure (4 12) 

This probe is convenient for neur-fleld measurement, cspecially if the m('a~ured 

current dIstribution of the probe is weil establlshed Reducing the Icngth of tlll' (i1poll' 

arms to reveai more detailed fIeld structure, however, may not be practlcal, bccall\c the 

open and relatively large matching structure may rl'sult in unpredictablc model of the 

dipole in near-field mea<;urement environment. 

B-2. Probe #2: 

The balanced dipole of Figure (B-2) is introduced as a short dipole, with simple l'cccl. 
Each arm of the dipole is connected to a separate semi-rigid coaxial cable wlth a flxed 

electrical length. The signal from each dipole arm is combmed U'iing a 0 - 1 BO° 

microwave power splitter jcombiner (AlJaren model (30058», operattng III the 80 to 

12.4 GHz bandwidth. The sum port of this combiner IS terminated with a matched load. 
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The simpllcity of the feed structure facilitates the assumption of a simple model of the 

probe, and the utillzatlOn of a broad-band power combining devlce enables the use of 

thls probe over a broad frequency range 

'1 he current dl')tnbutlOn on the radlating dipole arms IS approximated to be triangular 

for operatlng frequcnclcs at which the total dipole length is equal or less than a quarter 

wavelcngth Whcn the dipole aligned on the x-axis, with a length L, the electric current 

dl<,trlbution I!> 

The Fourier transform of this distribution is: 

which can be used to extract the field quantities from the dipole output voltage as 

demonstrated in Section (33). 

ln this work, this probe was used in most of the measurements from which the 

equivalent cun cnt model was evaluated. Because of the small size of the probe, it was 

possible ta use It ln fJeld mapping within a moderate distance of the radia tors. The field 

structure at such a distance IS assumed to be smooth enough that the averaging effect of 

the probe is too smalt to change the mapped field structure. 

8-3: Probe #3: 

The third probe used is a short longitudinal monopole of Figure (B-3). This probe was 

used to map the field normal to the plane of measurement. The sma!l size of the probe 

hae; two Implications The first implicatIOn is that the field can he assumed to he 

measured at a pOIOt. The resulting field map, therefore, can qualitatively resemble the 

field structure fhe second imrlicatlOn ie; that the output power of the probe is low 

relative to that of the other two probes This probe is used, therefore, in measurement in 

the proxlOlJty of he rad iators, where the field strength is high. 

The model of this probe is not as simple as Ite; structure. The coaxial feed, the 

ell.tenor shell in particular, 15 part of the receiving surface of the dipole, which 

complicate the model of the probe. Field measurements using this probe are used rnainly 

to gain sorne inea about the immediate field structure, or to prove the uniformity of the 

field amplitude and phase as in Figure (4.2). 
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Figure (B-l). Probe # 1; balun matched 

"-/2 dipole. The dipole element length, L, 

is 1.38cm., and the radius is l.mm The 

slot length, SI. is l.em., and the cadius of 
the coaxial feed is .6mm. 

Figure (B-2): Probe #2; Balanced fed 
short dipole. The di pole element length, 

L, is .9cm., and the radius is .15mm. The 
radius of eaeh coaxial feeds is .6mm, 

Figure (B-3): Probe #3; Longitudinal 

short monopole. The monopole element 

length is l.mm., and radius ,15mm. The 
feed radius is .6mm. 

The above three figures are not drawn 
ta seale. 

B-3 

~__ _ ___ _ L ______ ~ 

[ 

L-__________________ -

.------------------ - -

~_L >1 

.:t 
L 
T 



( 

APPENDIX (C) 

DESCRIPTION OF THE EXPERIMENTAL FACILITY 

The experimental work, described in chapters Three and Four, was conducted using 

the near- fjeld scanning faclllty ln the Antennas and Microwaves Laboratory, Department 

of Electrical Engineering, McGill University. This facility is, in principle, a tri-axial 

probe positioning system contained within a microwave anechoic chamber. The probe 

output and a reference signal From the input of the radiator under test are chunneled to 

a microwave vector networ k analner for phasor field measurements. This facility is 

baserl on an existing sy~tem(65.66.67). However, considerable modifications were made ta 

the system to implOve stability, accuracy and dynamlc range, and will be mentioned 

hcre. 

C.l. Probe PO<iitiollillg System: 

A schematic outline of the probe positioning part of the measurement system is shown 

in Figure (C-I), ~md the following description is referenced to this figure. 

The probe movement is effected using a Modulynx motion control system. This system 

consist of three stepping motors, driver circuits and mlcroprocessor control circuits. Each 

motor moves the probe along a rectangular coordinate axis, x, y or z. The translation of 

the motors angular rotation into linear movement along each axis is accomplished using 

preCISIOn lead screws. The probe can be located anywhere within a 1m3 cubic volume 

allowing three dimensional field scannlOg. A pedestal is used to hold the antenna or the 

radiator unjer test in a fixed, but adjustable. position relative to the scannable volume. 

ln thls work, the probe posItion coordinates are specified relative to a point of origin 

that 15 located on the radiator under test. The origin point is indicated on the figures 

descl ibing each specifie radiator that this thesis dealt with, specifically in figures (3.6), 

(41), (4.10) and (4.21) 

The control over the probe movement, or in other words, cver the stepping motors 

anguhll positIOn, speed or acceleration is carried out using computer eontrolled stepping 

motar IOterface ca rd (lOD005A). The system is interfaced to the controlling computer 

(Hc\v'ett Packard Vectra PC compatible) through a General Purpose Interface Bus 

(GPIE) board. The probe movement commands originate from the computer as the first 

step in mcasuring the probe output at a specified location. 
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Stepping motors can only move on fixed angular increments The design of the 

rotational to linear movement ratio allows a minimum increl1lent of plOlw position of 

.02 mm. along each axis. For an operating freQuency of 11.6 GHz, thls ln~ll'ml'nt 

corresponds to 1.75 x 10- 1 À-. 

The signal From the probe is linked 10 the nNwork analyzcl through RG51,'U X-band 

rectangular waveguide. The connectlOn belween the movlIlg prol)e and tilt' Ilet\\ 01 h 

analyzer input rort IS effected usmg a movable linkage utll1zing StX waVL'guldl' ilHat y 

joints. This allows the freedom of probe in three dlmensl\H1ul movement wlthin the 

scanning volume. 

C.2. The Measuring Instruments: 

A black diagram of the mcasuring instruments is shown in Figure (C.2), and the 

following description is referenced to this figure. 

The microwave Signal is generated by a Marconi instruments Type 6058/\ nlH:rowaVl' 

signal source, amplifled to approximately 5 watts using a Val IUn VTX '2679 m 
Travelling Wave Tube (TWT) amplifIer ThIS output power i" nece""ary to pIOduce a 

measurable field intensity around the raoÎators under test. Thc phÎlo~ophy of thi~ sy~1l'11l 

is to use a relatively high operating power as a trade off agatn"t the high co~t and 

possible non-hnearity of high sensltÎvÎty receivers, as wcll as to operait' over a wlde 

dynamic range above the amblent nOIse level. 

The TWT amplifIer output is dehveled to the radiator uswg a combl\1allon of 

waveguides and flexible coaxial cables depending on the measurement confIguratIOn Pal t 

of the radiator input signal is gUIded to the network analyzer as a ret'l'rence signal 

through a 20 dB directional coupler. The measurrng probe output is Itnked to the signal 

input of network analyzcr through the waveguides and the rotary joints It was vcnflcd 

by the author that a signiflcant immunlty of phase measurement to frequency Illstability 

is achieved when the directional coupler that samples the radiator mput is locatcd c1o~e 

to the radiator. This will give nearly equal electrical length to the SIgnaI path and the 

reference path, and the change in that length eontributed by the operatlng frcqul'ncy 

and temperature fluctuation wiIl tend to cancel at the network analyler Input "he 

operating frequency is monitored by a Hewlett-Paekard 5350/\ Mlcrowave 1 fl'queflcy 

counter, from whlch, the output frequency is reported to the computer through the 

GPIB-bus. 

The vector network analyzer 10 the faeility is a Hewlett-Packard model 8410A with a 

841 lA harmonie converter. The 8-12.4 GHz. frequency range ~ettjng IS uttli1ed in the 

experiments throughout this work. The network analyzer mclude~ a plug-in module thal 

displays the amplitude and phase of the signal channel relative to the reference channel. 
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The problem with uSlng this module in an automated measurement is that the phase 

rcading is unstable or even useless when the relative signal amplttude is low, and for 

phase value,> close to ± 180 degrees. In addition, the range of phase measurement of the 

network ana\yzer becomes reduced as the signal amplitude get lower. This problem was 

qolved by reading the amplitude and phase of an auxlliary T F outputs from the network 

ana\yzer (frequency= 278kHz) using a Hewlett-Packard 3575A Gain-Phase mcter. This 

meter has D.C. outPlltS proportiona\ to the relative amplitude and phase of the I.F. 

~ignal, with a stable pha<;c mcasurements over the entire amplitude range. 

The ampl itude and phase mformation are transferred to the computer from the 

Gain-Phase meter D.C output using two Keithley 195A digital multimeters which are 

interfaced to the computer through the GPIB bus The measured amplitude IS read in dB 

scale. 

ln summary, during the sequence of measuring the probe output at a point, first the 

computer gives a command to position the probe at a certain point, then, the amplitude 

and phase are accessed by the computer when the probe is stationar". 

C.3. The Control and Data Acquisition Software: 

The software for pOSition control and data acquisition was specially written by 

P. Markland for the instrument confIguration described earlier. The program accepts 

commands to set \ine or plane measurements, or measurements on trajectories, surfaces 

of arbltrary shapes or throughout a volume m keeping with a data set prescribed ~II an 

external file. The output ftle con tains mformation about the measurement configuratIOn, 

frequency and the measured amplitude and phase at each point of measurement In the 

case of planar mcasuremenl, and after each scanned line, the probe was commanded to 

return to a specifie referenee point and register the amplitude and phase at that point. 

This was useful in checking the stability of the measurements throughout the 

experiment. 

CA. Performance Verification: 

One of the possible sources of error is the phase variation with the rotation of the 

waveguide rotary joints lJ1entioned earlier. A check was conducted by replacing the 

probe with a short-circUIt, feeding the probe waveguide with an input signal, and 

monitoring the reflected signal through a directional coupler. If the rotary joints rotation 

were modifying the probe output amplitude or phase, this would have been detected by 

a change in the reflected signal amplitude or phase as the probe is moved from one 
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extreme ta another. There was no change on the reflected signal under thesf.' conditions, 

which indicated that the probe signal path had maintained a constant electrical length as 

the probe was moving. 

The probe position was checked against the position command from the computt.'r 

using high precision optical techniques(68). It was found that a maximum dt.'vlation of 

0.77 mm. ( 0 03À. at 11.6 GHz.) was present. ThIs maximum deviation \Vas located at onl' 

extreme of the scanning volume, where the refer'~nce position \Vas set at the centre of 

this volume. This error hmlt IS not serious for the purpose of this \Vor\.... 

The probe output waveguide is connected 10 the sIgnaI IIlput of the nelworf.- analyzt.'r 

through a calibrated variable attenuator. In each experÎment, the attf.'nuation 1'> varied 

with the probe fixed at a location \Vith maximum expected output voltage, and the 

subsequent reduction in the reading of the netwOl k analyzer IS compared to the added 

attenuation. This was necessary to insure that the signal input of the netwOl f.- analyzer 

operated within the linear region (unsaturated). An adjustmcnt of the gain sctting of the 

network analyzer was often necessary for thlS purpose. 

The stabiIity of the frequency and electrical length of the wavegllldes wa,> improved 

by maintaining the whole measurement at a moderately stabilized room IClllperatUlf.'. The 

stability of the measurements over the entlre duration of the mea<;urcment, was 

monitored by reading the amplitude and phase at the fixed reference pOlllt mentioned 

earlier after each scanned line The variation of the measured amplitude and phu'Ic at the 

reference point durmg the measurement of Figure (4.22-a) IS shown in FIgure (C 3), 

Stable readings of the probe output voltage at the reference point and a field plot wlth 

no evidence of irregular behavior, unlike the one shown in FIgure (4.14-a), were the 

major factors in considering a measurement results as acceptable. 
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Figure (C.l). Schematic outline of the probe positioning system. The system is built 

inside a microwave anechoic chamber. The microwave absorbers are dark shaded, and 
the waveguides are distinguished with dot pattern. Xm, Ym and Zm indicate the loca­
tions of x. y and z motors respectively. The figure is not drawn to scale. 
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Figure (C.2): The measuring instruments: A block diagram. 
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Figure (C.3): The amplitude and phase fluctuation at a fixed point versus time: 
3- Amplitude (dB) 

b- Phase (degrees). 

This data was callected at a reference point x=y=O and z=5 cm., during the measure­
ment of data shawn in Figure (4.22-a). 
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APPENDIX (D) 

SOFTWARE DESCRIPTION 

Sorne of the computer programmes developed for this work are described helt' Most 

of them are presented by the arder of their use. The investigative nature of tht' WOI h 

necessitate producing modular software with intermediate data files that can be inSpl'~Il'd 

instead of large specialized programs. This approach resulted in programml'S that aIl' il',,, 

user friendly, but easy to modify according to the conclusions dmwn from the 

intermediate results. 

Most of the software is written 10 FORTRAN, compiled using the Lahry F77L 

compiler with the SSP-PC external function library, and run on PC-compatible 

machines. The plots shawn in this thesis were produced using Graphel, Surf and Topo 

packages for x-)' plots, surface plots and contour maps respectively. The names given to 

the programmes in the following description do not follow any specifIe system 

D.l. Format Conversion: 

These are programmes that are used to convert the measurement files ioto format 

suitable for input to the data processing software. For example, sorne programme~ 

produce separate amplitude and phase data files from the raw measurement data output 

of the control software described in the previous appendix. Additlonal progr:Hns art' 

designed to prepare the data in a form suitable for plotting, such as the polar plots of 

figures (4.6) and (4.13). 

D.2. Probe Modeling: 

These are programmes that are used in processing the resuIts of the expcrimcntal work 

of Section (3.4), and in the theoretical modeling of probe # 1 described in appendix (Il). 

1. DLPRC4.FOR: A program ta read the amplitude and phase resulting I"rom the 

dipole probe measurements described in Section (34), produce the complex measured 

voltage, and Fourier transform this data. The outputs are two files, one of the complcx 

spectral domain measured voltage, and the other of the magnitude of the 5pectral domain 

voltage for platting, as shawn in Figure (3.8). 
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2. DL5PRC.FOR: is an implement2tion of Equation (3.15) to find the spectral domain 

electric current distribution of the dipole probe under test from th0 complex measured 

spectral voltage. The algorithm employed by this program is detailed in Section (3.4). 

This program has produced the experimentally evaluated electric current distribution of 

Figure (3.9). 

3. POLY.FOR: A program to calculate the coefficients of a forth order polynomial 

that analytically represents the spectral domain electric current distribution of the dipole 

te,>ted in Section (34) f\Om ti1e output of DL5PRC.FOR. The QR decomposition(60) is 

uscd for solving the over-determined system assocIated with such calculations. The 

resulting polynomial for the dipole tcsted in that section at 11.65 GHz. is: 

J·U.)- 1 +O.127k,,-1 163k~+O.974k;-O.296k; 

This polynomial was used to model the dipole probe in the field extraction for 

evaluating the plane wave spectrum in Figure (4.12) and the consequent calculation of 

the radiation patterns shown in Figure (4.13). 

4. MOMNG4.FOR: A program to calculate the theoretical space domain electric 

current distribution on a dipole. The dipole specifications are entered from an external 

file. This program is based on the algorithm described by Stutzman and Thiele(41), 

Appendix (G). The spectral domain current distribution is calculated by DLPRC4.FOR 

to produce the theoretical probe data shown in Figure (3.9). 

D.3. Microstrip Edge Experiments Data Processing: 

These programmes are used in processing the resulting data of the experimcnts 

described in Section (4.1). Four modules are used for this purpose: 

1. MCREG1.FOR: This program reads the measured voltage data along a !ine and the 

measurement parameters, as dcscribed in sub-section (4.1.2), performs the inverse 

Fourier transformation and extracts the complex electric field using the dipole probe #2 
model given in Appendix (D). In addition to the intermediate flle produced, which 

contains the complex spectral domain electric field, a file containing the magnitude of 

this quantity is produced for plottmg. The 1 esulting plotted data is shown in 

Figure (4 4). 

2. I\1CREG2.FOR: Using the above-mentioned intermediate results, this program 

calculates the magnitude and phase of the eQuivalent magnetic current at the edge plane 

usrng Equation (2.5-a). The output magnitude curves corresponding to two experiments 

are shown in Figure (4.5). 
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3. MCREG3.FOR: This program calculates the electric field amplitude und phase O\'l'I 

an x-z plane using EquatIOn (2.1) as described in sub-section (4 1 3). The rt'sulting data 

from such calculations is shawn in Figure (47). 

4. PTRNEG.FOR: This program IS used to calculate the far-field radiat ion pattel n of 

the microstrip edge from the measured spectral domain eh'ctric fll.'ld resulting l'rom the 

intermediate data of MCREGI FOR The calculation IS based on equations (4.1) and 

(4.2), and the re'5ults from such a calculntion are plotted in Figure (4.6) 

D.4. Equivalent Currents and Near- Field Calculation~: 

EVANIK.FOR: This is a program ta calculate the equivalent magnetic current at the 

radiator aperture, from the planar measurement data and paramcters. The complcx 

measured voltage is inverse Fourier transformed, and the electric field distrrbution in the 

spectral domain is extracted from the transformed data using the model of dipole 

probe #2, Append:;,. (B). The spectral domain currents at the radiator apcrtlllc arc 

evaluated using Equation (2.5-a). The contour and surface plOb of flgules (4 16), (4.17), 

(4.18) and (4.23) are calculated using this program. Each polarizatlon of the firlds and 

currents is dealt with separately because of the assumption of linearly polarrzed respOll'ie 

of probe #2. 

The program has the following features: 

1. The program can deal with values of maximum tangential wave number, A 'fi"" in 

Section (2.4), larger than ko . This implies that the evanescent modes can be employed in 

the equivalent currents calculations. These modes were employed in produclng 

figures (4.16) and (4.17). 

2. The field extraction procedure can be skipped, corresponding to an ideal 

measurement probe. Alternatively, The field values can be modlfied to simulate the 

response of diffcltmt kinds of probes without applying the fjeld extraction procedure. 

This was includcd ta study the effect of the probe size on the evaluated aperture fielcl~ 

or currents. 

3. The discrete Fourier transform (DFT) is used in thls and the ather programmes for 

transformation instead of the fast Fourier transform Although that resultcd rn )Iower 

software, it offered a controllable spatial and spectral domain sampling rate Thl~ 

advantage is exercised, fOI example in Figure (4.23), where the <;ame rnformatlOn is 

shown for two different sampling rates and window size~. 

4. The option of multiplying the raw measurement data by a Hannrng window 

function. This is used in investigating the effect of this window on the evaluatcd 

aperture currents. 
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FORTE. FOR: This is a program used ta calculate the electric near-field on a plan" 

parallel to the aperture plane, with specified dimensions and distance from the radiator. 

The program u5es the aperture magnetic currents amplitude and phase data evaluated by 

EV ANIK .FOR for that purpose. The algorithm is based on Equation (2.1) with J 5 set to 

zerO. This program i" used ta produce the field surface and contour maps shawn in 

figures (4 19-a), (4.19-c), (4.25-a) and (4.25-c). 

FORTEl.FOR: SlInilar ta FORTE FOR, except that the field is evaluated over a plane 
normal to the aperture plane. This program is used to produce the contour maps shown 

in figures (4.20-a), (4.26-a) and (4.26-c). 

n.5. Miscellaneou .. : 

Other programmes were written, that do not fall within the above categories. Two 

programmes are used in the attempt ta model the horn cluster as a contribution of 
individual horns, described in sub-section (4.3.2). The first, MESPC2.FOR, produces a 

preset number of spectral domain electric field data points within a pre-specified 

fraction of the radiation ch'cle, from the planar measurement results. This data is used 

by HOM002.FOR to evaluate the excitation of each individual horn as described in the 
same sub-section. 

The theoretical results shown in figures (2.4), (2.5) and (3.6) are calculated by 

programmes that are based on a one dimensional equation root finding algorithm for the 

first two figures and a two dimensional one for the latter figure. 

The E-plane and H-plane far-field radiation patterns in Figure (4.13) are calculated 

from the plane wave spectrum data of Figure (4.12) using EXY.FOR which evaluated 

these patterns from the data shown in Figure (4.11) and the corresponding phase data. 
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