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SUI'-1MARY 

Laboratory methods of measuring the radiation 

characteristics of microwave antennas were investigated at 

a wavelength of 1.25 cm. The methods consisted of rotating 

the antenna in question in a microwave bearn issuing from a 

collimating lens made from polystyrene plastic. ~Vi th 

uniform illumination of the lens, diffraction from its 

edge caused severe departure of the bearn from the plane 

wave desired for antenna measurements; inaccuracies in the 

measured antenna characteristics resulted. Techniques to 

reduce the effects of diffraction are described. In each 

case considered, the amplitude and phase variations across 

the bearn were measured. The results show that by illuminating 

a lens non uniformly in a special manner, diffraction effects 

can be reduced, and antenna patterns measured with accuracy. 

Lastly, a method of measuring radiation patterns 

by rotating the antenna and lens as a whole is described. 

This method is applicable to special antennas; it was also 

found suitable in measuring the scattering characteristics 

of certain types of bodies. 
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Chapter I. 

INTRODUCTION. 

The object of the research described in this 

thesis is twofold: first, to produce in a laboratory a 

microwave bearn departing as little as poss:i.. ble from a 

plane wave; secondly, to use this plane wave in measure­

ments of the radiation characteristics of antennas or 

scattering objects. 

The need for a plane wave field arises from the 

fact that the radiation characteristics of antennas are 

expressed in terms of their response to such a plane wave, 

as function of the antenna's orientation in the field. 

Moreover, the characteristics of scattering objects are 

studied by measuring the energy scattered in various 

directions when an object is iwaersed in a bearn of plane 

waves. 

By a plane wave field is meant one that is uniform 

in both a~p1itude and phase over the antenna or sca~terer in 

question. This requirement can be met to within a good degree 

of approximation by removing the antenna or scatterer under 

test sufficiently far from the radiating sour ce. A sketch of 

the arrangement is shown in fi gure (1.1). Noted on the figure 

are criteria derived by si1ver(l) for the separation (~) that 

is needed in order that the phase over the aperture of the 

antenna being investigated does not vary by more than about 

20 degrees, and the intensity by not more than 107'~. Although 

these criteria are chosen somewhat arbitrari1y, it is found 
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Fig. 1.1: The arrDnf~errtent for f ar field antenne mer.:sur ements , showing the 

criteria for sepera~ion (R). 

{a) ( b) 

Fig . 1.2 : Indoor methods of antenna or scatterer measur.ements based on 

geometrical opt.ics principles: (a) Collimation with a lens, 

(b) Collimation with a per a bolic reflector. 
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that when they are satisfied, the measured radiation character-

istics differ very little from the true characteristics that 

would be measured with a perfect plane wave. 

Because the distance (H) required between the source 

and the antenna under test can be come extremely large, out do or 

sites are generally essential for this method of measurement. 

Such sites must be free from intervening buildings and other 

obstacles and are often not available. Apart from these 

objections, weather conditions frequently prevent accurate 

measurements from being made. This is particularly true in 

scattering measurements, where it is found that, because of 

the way that the scatterers must be supported, even small 

wind disturbances preclude meaningful observations entirely. 

Further, with a large distar'l.ce separating the transmitter 

from the antenna or scatterer to be investigated, adjustments 

are inconvenient, and seldom is the accuracy or flexibility 

of adjustment attained that could be achieved indoors. 

Clearly then, a laboratory method of measuring 

antenna or scatterer characteristics is desirable. Sorne 

investigations have been undertaken in the past with this view 

in mind. The fundamental idea in all the 'A'Ork that has been 

done so far, concerns the use of a lens or reflector as a 

collimating deviee. The methods used, based upon geometrical 

optics principles, are depicted schematically in figure (1.2). 

Woonton,Borts, and Carruthers,( 2 ) used a rectan~ular metal 

plate lens to collimate the energy issuing from a small source, 

and investigated the radiation characteristics of electromagnetic 
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horns in the field. Crysdale's(3) work differed from the 

above only insofar that a parabaloidal reflector 11as ueed 

in place of the metal plate lens. Hogg(4) employed a 

rotationally symmetric plastic lens as a collimator anà 

studied the scattering properties of plates and wires. 

The investigationssummarized above were on the whole 

fairly successful. It was realized by the workers mentioned 

that the major limitation in accuracy was imposed by 

diffraction effects arising from the finite size of the 

collimat ing devi ces, vrhich in general do not me a sure more than 

one hundred wavelengths. With this realization, Woonton, 

Carruthers, l:üliot and 1(igby, ( 5) and McCormick, ( 6 ) made 

careful theoretical and experimental investigations of these 

diffraction effects and the errors which they cause in 

antenna measurements. 

The work described in this thesis deals with methods 

leading to a better approximation of a plane wave field than 

that obtained using the simple optical analogies depicted in 

figure {1.2). The basic idea rests upon the effective 

reduction of diffraction from the rim of the collimating 

system, by decreasing the energy of the incident field towards 

the edge of the collirnator in question. This was found to 

provide great improvement in the amplitude distribution of 

the emerging wave, but led to sorne deterioration in the 

phase distribution. The latter defect was overcome by a 

simultaneous adjustment of not only the amplitude, but also 

the phase of the wave incident upon the collimator. 
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To give a realistic evaluation of the usefulness 

of the various beams produced, the radiation patterns of several 

electromagnetic horns were measured in these beams. Considerable 

improvement over the earlier attempts was found. 
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Chapter 2. 

STüDY OF MICROWAVE COLLD1ATING SYSrfill-18 AND LABOHATORY 

INVESTIGATIONS OF TH~ RADIATION PATTERNS OF M!CnOvlAVE HO!tNS 

In view of the fact that electromagnetic horns 

will be used as the test antennas in evaluating the quality 

of various collimating systems, these horns together with 

their radiation characteristics will be described first, 

before proceedin~ with a discussion of the collimating 

deviees themselves. 

The antennas that were used for this purpose were 

three electromagnetic horns of squ~re aperture 10, 15 and 26 

wavelengths to the side. (All experimental work was done at 

a wavelength of 1.235 cm.) These horns are described in 

Table I. Their radiation patterns were measured using the 

standard far field method as outlined in the introduction 

and in figure 1.1. A detailed description of the experimental 

arrangement will be found in Chapter 4. 

The far field patterns of the three horns are shcwn 

in figure 2.1. The measurements were made in two planes of 

polarization known as the E and H-planes. The former refers 

to a rotation of the horn in the plane of the electric field, 

the latter, in the plane of the magnetic field. In these 

graphs, the ordinate re presents the intensity on a decibel 

scale and the abscissa the angle of rotation of the horn 

relative to the direction of propagation of the plane wave. 

In order to demon strate the effect on the radiation 
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patterns when the criterion (R~ 2D2) for the distance (R) 
T 

separating the transmitter from the receiver is not met, 

patterns for several horns were measured at various distances 

from a radiating point source (figure 2.2). The major error 

in the patterns results from the variation of phase over the 

mouth of the horns,while the amplitude distribution remains 

sensibly uniform. The phase error is due to the sphericity 

of the wave over the horn under test, and it can be easily 

demonstrated that this error is of magnitude: 

Â-. ~ kD 2 radians. 1 8R 
where D is the linear size of the horn aperture, k is the 

wave number ( 2 7f /wavelength) and H is the separation between 

the horn and source. 

It can be seen from figure 2.3 that reducing the 

distance U (and hence increasing the phase error~) raises the 

level of the side lobes relative to the rœin lobe in the 

E-plane patterns and causes a broadening of the patterns 

themselves. Patterns measured in the H-plane showed mainly 

a broadening. The increase in side lobe level for the ~-plane 

patterns of two horns (10 À and 15 À in size) is plotted in 

figure 2.4, as a function of the calculated phase error 

existin g over the ho rn aperture. It is se en tha t the effects 

of phase variation over the antenna are striking; the results 

demonstrate the necessity of interposing a collimating 

system between the source and the antenna unuer test when 

laboratory measurements are contemplated. 
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TABLE I. 
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_,1 / 
1 

~--+-_:;/ ___ R 

Fig. 2.2: The measurement of horn patterns usin~ the spherical wave 

froL an effective point. source. 
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îhe simplest type of collimating system has 

been described already in the introductory chapter. This 

system consists of a small source illuminating a lens or a 

paraboloidal reflector with a spherical v1ave of l'learly 

constant amplitude. Before proceeding with more elaborate 

Methods of illumination, a critical study will be made of 

this system (see figure 2.5) with a view to comparing and 

contrasting it with later modifications. Since frequent 

reference will be made to this arrangement it will be 

called System I for the sake of brevity. 

2.1 The Collimating Properties of System I. 

The optical arrangement shown in figure 2.5 

consists of a lens (lens A described in Table II) mounted 

in a metal screen and illuminated by radiation from an open 

waveguide placed at the focus. The metal screen prevented 

any energy from reaching the i mage space by paths other t han 

tho se through the lens itself, and the open waveguide acted 

as an effective point source of radiation. The diffraction 

from the rim of the lens, as mentioned previously, distorts 

what would otherwi s e be a plane wave bearn. Although 

calculations of the field distribution could b e made from the 

well known formula derived in Appendix I, the work is 

prohibitive and instead, measurements were made to demonstrate 

these diffraction effects. 
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TABLE I[. 

A c - 8 

250 100 50 

50 41.' . 50 

SOLID POLYSTYRENI 

1.171 1.515 1.571 

Corrected for Corrected for C orrected for 
s•erical sphericol sphericol 
Clberrot ion witll alterratlon a ad aberration and 
source at the co•a witll COMO ·wlth .. 
foc ua. source ot the source 100 ella. 

foc us. fro111 lena 
surface. 

Piano- convex. 8 f convex. 8 f convex. 

Screen 

Lens A. 

:::J-- - -++-

LR.~-R 
= 250cm 

• 
Fic;. 2 .5: System I: Unifo;vm illumination of a c::>llimf' tinG lens is 

provided by an effective point source nlaced at 

the focus. The position of an antenne whe:t:l being 

tested is indicated ~ith a dashed line. 
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Measurements of the field distribution were made 

at various distances from the lens in planes perpendicular 

to the optical axis. These scans of both the relative 

intensity and the relative phase are shawn in figures 2.6 

and 2.7 as functions of the distance of the measuring probe 

from the principal axis. 

The fluctuations in intensity and phase (that is, 

the depart ure from a plane wave) are seen to be far grea ter 

than the tolerances of 10% (.5 decibels) intensity variation 

and 20 degrees phase variation allowable for antenna 

measureraents. Furthe rmore, the field varies rapidly w i th 

distance from the lens, and this would suggest that any horn 

patterns measured in the field would be quite sensitive to 

the distance of the horn from the lens. This is borne out by 

measurements described below. 

In passing, it should be noted that in a given 

plane, the intensity variations are much more drastic than 

the corresponding phase variations and moreover, that beth 

the amplitude and phase become more nearly constant as the 

lens surface is approached. The latter observation forms the 

basis of sorne antenna and scatterer measurements described 

in Chapter 3. 

Despite the poor characteristics of the field 

discussed when compared to a plane wave, horn patterns were 

nevertheless t aken in this field with sorne hope that the horn 

may respond to the overall field and be insensitive to its 

finer details, particularly if the fluctuations are small but 
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rapid. Although this effective smoothing out may take 

place to sorne extent, the horn patterns rneasured ( see 

figure 2.8) indicate that the variations in amplitude and 

phase, are far too vi~lent. 

In figure 2.8, are shown the patterns of the three 

horns when measured at various distances (~) away from the 

lens. These results, traceà in a solid line, are compared 

with the true far field _patterns of the homs shown in a 

dotted line. It is seen that the departures from the true 

patterns far exceed what could in general be tolerated for 

accurate determinations of antenna characteristics. Not 

only do the patterns deviate appreciably from the true patterns, 

but the deviations depend strongly upon the exact position of 

the horn in the field.t 

Despite all the imperfections in the field, the 

resulting horn patterns measured in the collimated bearn 

showed an improvement over measurements taken when the 

collimating lens was absent. (Compare figure 2.3 with figure 

2.8.) Nevertheless, collimating systems less afflicted with 

* It is possible to predict theoretically(~~~ the patterns 
that are measured in the non-uniform field of the lenà. 
The calculations are extremely involved. Unfortunately 
there is as yet no method by means of ~1ich the knowledge 
of the horn pattern measured in the field of the lens 
could be utilized in deriving the true horn pattern. 



- 21 -

diffraction effects are desirable. In the next two 

sections are described collimating systems intended to 

improve the characteristics of the collirnated bearn. These 

systems provide successively better approximations to a 

plane wave. 

2.2 The Collimating Properties of System II. 

Sorne preliminary measurements based on previous 

work ( 7) indi cated tha t the large amplitude variation in 

the collimatod bearn of System I could be reduced greatly 

by tapering the incident illumination towards the edge of 

the lens. Physically this can be explained by the fact 

that by decreasing the field in the vicinity of the 

diffracting edge of the lens, the perturbations on the total 

field caused by the rim are smaller. 

A convenient experimental arrangement by means of 

which taperinf, of the incident illumination can be achieved 

is shown in figure 2.9. This arrangement ensures that the 

incident wave front remains spherical so that collimation 

of the wave can take place in the usual way, that is, by 

tra nsforming an incident spherical wave into an emergent 

plane wave. 

In the diagram of fif,ure 2.9, lens A is the 

collimating lens, whose emergent bearn is the one of interest. 

Lens B, to~ether wi th the sour ce illuminating it, are only 

means of producing a spherical wave tapered in amplitude 
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antenna when tested. 
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0 = b =!!cm. SYSTEM D. 

· Fig. 2.9: System II, showing the experimental arran~ement used 

to obtain tapered illumination over lens A. 

q =kt( 
~ 

'· 0 

Fig. 2.10: The calculated intensity falling on lens A of System II, 

when lens B is illuminated uniformly. 
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over the collimator. The position of the source (i.e., its 

distance, R0 , from lens B) is adjusted so that the 

diffraction image of the first lens is focussed at the 

surface of the collimating lens (A). In view of the fact 

that in the diffraction image of lens B, energy is 

distributed over a region of lens A, and is more concentrated 

near the optical axis, tapering of the illumination is thus 

achieved. A theoretical analysis of this problem given 

below shows that the spherical phase front of the wave 

incident on lens A appears to be centered at point 0 (see 

figure 2.9). Hence in order to obtain a collimated, plane 

phase front emerging from lens A, the point 0 has to be 

coïncident with the paraxial focus of the collimating lens. 

In order to clarify the mode of action of this 

system, the mathematical analysi s will be outlined. 'l'he 

field in the emer~ent bearn of a lens is found with the aid 

of diffraction theory. It is shown in Appendix I that the 

amplitude at any point Q of the image space of a lens is 

given by the 

(2.1) 

where UQ is the amplitude of the field at a point Q in the 

image space. 
( 

Ui is the field in the aperture after passage through 

the lens, and will be assumed to be circularly 

symmetric about the optical axis in all subsequent 

dis eus sion. 

a is the radius of the lens. 

r is t he normalized dis tance of a point i n the 
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aperture from the axis, such that (ar) measures the 

actual distance from the axis. 

R is the distance from the center of the lens to the 

field point ~. 

§ is the perpendicular distance of the field point Q 

from the optical axis. 

J 0 is a Bessel function of the first kind and arder zero. 

and k again, is the wave number (2TT). 
~ 

The above expression is quite general and is appli-

cable to any lens when illuminated by an arbitrary wave whose 

amplitude and phase after passage through the lens are given 

by ui. Hence to find the illumination over the collimating lens, 

the equation (2.1) has to be applied first in calculating the 

field in the ima~e plane of lens B when this is illuminated 

uniformly by the source shawn in the figure. Having calculated 

this field from lens B (which is tpe illumination falling on 

lens A) and taking account of the phase change produced by 

passage of trw wave through lens A, the field Ui in the exit 

pupil of the collimating lens (A) can be found. This field ui 

can then be substituted once again into the general expression 

(2.1) and the field calculated at any point of the collimated 

bearn. The procedure outlined above will now be followed. 

(1) The Diffraction Field of Lens B. 

Consider lens B of figure 2.9, of radius b, 

illuminated by a spherical wave emanating from a source a 

distance R0 from the lens. The field uiB , in the exit pupil 
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of this lens is given by: 
~ 2 2 

- jk(R0 + lÉ:) + jkx2bt 
0 2fB 

(2.2} 

where u
0 

is a constant amplitude term. 

is the phase shift introduced by lens B 

The term exp(jkx2 ~l) 
2fe 

whose focal length 

is f 8 • A substitution of uiB into the integral of equation 

(2.1) gives: 

(2.3) uqB = -jku0 b2 e -jk(Ro + 
RoRl 

1 --) 
fB 4:> (kbx§) dx 

1t1 
where Q is sorne point an axial distance R1 from the lens and 

a perpendicular distance 3 off the axis. It is seen from 

examination of the exponent in equation (2.3) that the 

condition: 

ensures that the plane of observation (i.e., the field point Q) 

lies in the image plane of lens B, this imae e plane being a 

distance R1 from the plane of the lens. 

For the point Q in the image plane, such that 

equation (2.4} is satisfied, the integration in equation (2.3) 

il The 
the 
has 

distance S0 : 
lens a radial 
been expanded 

80 =. 

2 ~ 2 ~ (R0 -~x ) from the source to 
distance bx from the axis ( see 
to gi ve the approximation for 

a point in 
figure 2.9) 
small x: 

2 b'). 
Ro - ~R that is used in the exponential of 

0 
equation (2.2). So has been set equal to R0 in the; amplitude 
term. Since only small displacements off the axis will be 
considered, a similar approxirnation will be made in the work 
to follow for the distances sl and s2 in figure (2.9). 
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can be perfo rmed with the result that: 

l. - j \1. ( ~o + R) ) 
( 2 • 5 ) lA QB -:: - j~-IA_o_b ê :J, ( ~ 

RoRt ~ 

~.Yhere J1 is a Bessel function of the first kind and first 

order, and 1= ~b~ . This amplitude distribution uQB is 
R, 

then used in illuminating lens A. It will be noted that the 

factor exp(-jkk) represents the phase of a spherical wave, 

wh ile the variation in amplitude in the image plane is gi ven 

by the factor ~(~) , which provides the necessary amplitude 

q 
tapering over the collimating lens A. The intensity of 

illumination is proportional to lJ;~$)Jl. ; a sketch of 

this intensity is shown in figure (2.10). 

(2) The Diffraction Field of the Colli2atin~ Lens A. 

If now the distance H1 equals the focal length fA 

of the collimating lens, (that is, if the center of lens B 

coïncides with the position of the paraxial focus of lens A) 

then the spherical 111rave incident on lens A, in its passage 

through this lens, will be transformed into a wave with a 

plane phase front over the exit pupil of the 1 ens, and wi th 

the aid of equation (2.5), ui for lens Ais found to be: 

1 Q-JR(Ro-+-R,) J; (R~~);(· R~~) u i A. :. \,\ • 1 1< 1 "R:"" 
v1here u~ is equal to the amplitude terr.1 (-jkb2uo t)! 

Ho Hl 
Finally, a substitution of this value of ~ into the g eneral 

equation (2.1) g ives the field at any point of the collimated 

bea . • emergent from lens n.. The field is g i ven by the expression: 



(2.6) 

where n is the perpendicular distance of the field point from 

the axis, and H2 the axial distance of the field point from 

the lens A. 

An exact evaluation of this integral is rather 

difficul t. However, in view of the fa ct th at the illumination 

of the lens is strongly tapered, and that much of the energy 

is concentrated over the central portion of the collimating 

lens, little energy is intercepted hy the screen; hence the 

approximation that will be made in evaluating equation (2.6), 

namely that the lens is infinitely large (i.e., a+ct:>) will 

not cause serious errors in the final result for uQA• 

If a is a llowed to go to infinity it is shown in 

Appendix II that the amplitude uQA at sorne point Q of the 

collimated bearn is given approximately by: 

(2.7) 

Sorne constant phas e a nd amplitude terms have been included in 

the factor u, and for simplicity the quantities ~ and 't defined 

below are us ed: ~-= P. .k. 1 't= k . The symbol c:j> stands for the 
R, 2~1. 
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first root of the Bessel function J 1 (i.e. Jl (cp) : o). 

In the above expression for the field at a point Q 

in the image space of lens A, it is found that most of the 

phase variation (as function of ~, the distance off the axis) 

arises from the quadratic term in rtin the imaginary part of 

the~ponential, while the major amplitude variation is given 

by the quadratic term in tL in the real part of the exponential. 

(This inforrnat ion was of importance in suggesting the next 

collimating system studied in this chapter, which is discussed 

in section 2.3). 

The amplitude and phase distribution, calculated from 

equation (2.7), in a plane parallel to the lens and at a 

distance R2 = 200 cm. from it, are shown in figure(2.lll. 

The calculated amplitude distribution indicates that tapering 

of the illumination incident on the collimator results in 

sorne improvement of this distribution over that obtained in 

the same plane using uniform illumination over the lens (that 

is as compared with System I). However, the phase distribution 

has shown sorne deterioration. 

Further improvement of the ampli tude distribution, 

accompanied by an liaprovement in the phase distribution is 

obtained by tapering the illumination over lens B by replacing 

the effective point source with a small horn antanna. Although 

no theoretical calculations for this modification have been 

made, extensive measurements were performed. These will be 

dis cussed below. 

Referring once again to figure ~.9) which gives a 

schematic diagram of the experimental arrangement, the small 
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2
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10 decibels 

20 
0 10 ems. off Principal Axis 20 

200 degrees 

0 10 ems. off Principal Axis 

Fig. 2.11: Calculated intensity and phase in a plane 200 ems. from 

lens A of System II, for uniform illumination of lftns B. 
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0 

10 decibels 

Fig. 2.12: Tapered int.ensity distribution over lens B of Systam II, 

provided by a small horn antenne. 

10 

20 decibels 

30 

0 

Fig . 2 .13 : ~easured intensity distribution over lens A of System II . 
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horn used as the primary source produced a spherical wave 

over lens B that was slightly tapered towards the rim of 

the lens. (As mentioned in the previous paragraph such slight 

tapering aids in producing a good collimated bearn from lens A.) 

The measured intensity distribution over lens B is sho\'m in 

figure (2.12). The strongly tapered illumination measured 

over the collimating lens A is shown in figure 2.1). This 

illumination ap proaches the \Jl ( q.}) 2 distribution as cal culated 
q 

in equation (2.5). The major difference between the calculated 

and measured distribution over this lens is due to the slight 

tapering effected over lens B. 

The me2surement of the field distribution in the 

collimated bearn was carried out in the same manner as for ~ystem I. 

Scans of the amplitude anà phase distributions in various 

planes away from the lens are shown in figure (2.14a,~b). It 

will be noted that at a sufficiently large distance from the 

collimating lens (Bi greater than about 150 cm.) the amplitude 

is quite uniform over an appreciable region of space and that 

there is in fact great improvement over the amplitude distribution 

obtained ~nth ~ystem I (under uniform collimator illumination). 

Ho\'rever the phase shows no improvement over that obtained from 

System I; a so i-:-e what great er overall d epart ure from a plane 

phase front is noted . This greater phase variation is under­

st andable because, due to t apering , only a small re gion of t he 

lens is used effectively i n collimation; if extremely sharp 

t apering were used the field would approach that of a point 
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0 

~175cm. 

~150 cm. 

10 decibels 

10 0 IOcm. 

Fig. 2.14 (a); Intensity scans (H-plane) at distances (R2) from 

lens A of System II. 



400 degrees 

20 10 
Fig. 2.14 (b): Phase scans (H-plane) at distances (R2) from 

lens A of System II. 
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source and the benefit of collimation would be ccmpletely 

lost. This fact can be derived by an analysis of equation (2.7) 

but the subject will not be pursued further. 

Horn Pattern lVleasurements in the Collirnated Bearn of ~ystem II. 

Having examined above the properties of the collimated 

bearn of this system, the radiation patterns of the three 

microwave horns, measured in a manner identical to that 

described previously, will now be discussed. Sorne of the 

patterns, measured in the B and H-planes of polarization are 

shown in figure (2.15). The results are seen to be satisfactozy 

for the horns of smaller aperture size. The rneasured 10:>-

horn patterns agree very well with the t'rue patterns of that 

horn, and great improvement can be s een when c omparison 

is made with the patterns obtained with System I. (cf. figure 

(2.8) with figure (2.15)) The reproducibility of the patterns 

measured using System II is also superior because of the less 

rapid variation of the field as a function of distance fran 

the lens. The results are less satisfactory for the 26)\. 

horn because the phase undergoes too large variations over 

the mouth of this horn. 

Although the system discussed ln this section 

provided a very satisfactory c ollimated bearn as far as 

amplitude is concerned, the phase variations, however, are 

such that the patterns of antennas with apertures larger 

than about 10)... cannet be measured with any degree of 

accuracy. For that reason a somewhat different method of 
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Fig. 2.15: Horn patterns measured at distances (R2 ) from the lens A 
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collimation is discussed in the next section, whose aim is 

to improve the phase characteristics of the collimated bearn, 

and retain the good amplitude distribution obtained with the 

system described here. 

2.3 The Collimating Properties of System III. 

In the foregoing section it was seen that by 

tapering the illwnination over a collimating lens, the 

amplitude variations in the collimated bearn were greatly 

reduced. The phase distribution hm'lever, s till devi at ed 

strongly from thatof a plane wave. This section describes 

a method of improving the phase in the collimated bearn by 

accompanying the tapering in illumination with a proper adjus~­

ment of the phase over the exit pupil of the collimating lens. 

In the approximate expression derived for the 

field in the image space of System II (equation (2.7)) it w~s 

pointed out that the phase variations in a plane parallel to 

the lens were largely quadratic. (This was in fact confirmed 

by the measurements as well as the calculations). An 

examination of equation (2.7) showed that by suita bly 

adjusting the di mensions R0 and R1 of figure { 2. 9 ), so as 

to change the phase distribution of the wave illuminating 

the collimating lens, much of this quadratic variation could 

be eliminated in a particular region of the i mage space. 

However, r ather than re-examine System II, a direct theo­

retical analysis will b e made of a mo re ideal collimating 

system that has a Gaussian amplitude distribution and a 
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quadratic phase variation over the exit pupil of the 

colli~ating lens. 

An illumination over the exit pu~il of the 

following form is assumed: 

(2.8) u1 = e- ~,_~+j~) 

where ~ is again the radial distance from the optical axis 

and~ and~ are real constants. The first term in the 

exponent represents the above mentioned Gaussian emplitude 

distribution, and the second t erm the quadrat ic phase 

varié'~ ti on. 

Substituting this value for ui into the general 

expression (2.1) yields the following result for the 

amplitude uQ at any point of the image space of the lens, 

again under the assumption that the tapering is sufficient 

to allow integration over an infinite domain (a~ oo 

rather than over the finite lens. 

_ • \\ (~1 + ~ _ Yl'l R"'to ) 
. J 2.~~ +R~(&A,+t:) 

(2.9) u~=--Jlqe 'J 

- P..l.n,. .JA 

4~~(_pt+~:) 

't.'lhere '/;' 0 = 't ~ ~ ' n is again the perpendi cular dis tance 
'2R1 

of the field point Q from the axis, and R2 is th e axial 

distance of Q from the lens. It will be noted that along 

the axis of syrn..11etry (tl = o) the phase varies linearly wi th 

dis tance R2 fro:·n the 1 ens as would be the case in a plane 

wave. However, sorne distance ~off the axis a quadratic 

phase error exists for gen eral values of R2 ,~ a nd t 0 • 

But because of the difference in sign of the two coeffic i ents 
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of ~2 in the imaginary part of the exponent, it is possible 

with a suitable choice of )A and ~0 , to eliminate this phase 

variation over a plane at a specified distance H2 from the 

lens. 

With this plane chosen a given distance R~ from the 

lens,and for a given amount of taper over the lens (governed 

by the value of)l), the amount of quadratic phase variation 

necessary in the exit pupil of the lens is given by 

( 2 .10} y.. = "'0 - k o o iR' 2 

(The negative result implies that a converging, rather than 

a diverging, wave is required in the exit pupil.) With this 

value of ô , the amplitude distribution, uQ, in the plane at 

R1 now be come s: 

Hence it is seen that by a proper choice of 

amplitude and phase over the lens, there exists a plane at 

sorne distance a~ over which the phase ~nains constant a nd the 

amplitude varies slowly. Further consideration shows that 

even outside this plane, the phase varies quite slowly. This 

variation ( together with the behaviour of the amplitude) is 

sketched in figure (2.16} for a given choice of tandJU· 

Choice of Parameters 

The above theoretical considerations are approximate 

in that an inte~ration over an infinitely large lens was 
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assumed to be valid.lkk This assuLLption becomes better and 

better the more the energy is tapered towards the rim of 

the lens, but too much taper over the lens causes more 
1 

amolitude variation in the plane at H2 than can be tolerated 

for antenna measurements. In o rder that any experimental 

arrangement should perform according to the theoretical 

predictions while still giving a slowly varying amplitude 

in the plane at R~, a ériterion as to the intensity 

that can be tolerated at the rim was established. It was 

found experimentally (with the arrangement of System III, 

to be described later) that with the intensity at rim 

( S = a ) a bout 1 
1000 

of that at the lens center, a phase 

variation in good agreement with theory could be obtained. 

With less taper than this, the phase distribution in the 
1 

plane a distance rl2 from the lens deteriorated. From 

equation (2.8) one then obtains the result that 

e ..;2,pa2 
~ .001 or Y.~ 3~~6 

Another criterion for )A results from equation (2.10). 

Sin ce is a real quantity, it is necessary that 

u""" k 
.r - 4Hk 

HenceJU must lie between the limits 

(2.12) 

For the size of lens that was available (a= 25 cm.) and 

at the working wavelength of l .• 2J5 cm., the above criteria 
1 

are satisfied for~- 145 cm. andp m .008?5. In parti-

tv An exact method of evaluating the integral for a finite 
lens is outlined in Appendix III. 
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cular, these values satisfy the condition u = _k_· with /- 4H.' , 
2 

this condition the phase varies almost symmetrically on 

l d R I 1 either side of the p ane, a istance 2 from the ens, over 

which the phase is constant. 

Having demonstrated, theoretically, a means of 

improving the phase distribution in a collimated bearn 

emerging from a lens, an experimental arrangement for 

attaining the field in the exit pupil of the lens necessary 

to achieve this result will now be discussed. 

In. figure (2.17) is shown the apparatus used to 

obtain the quadratic phase variation and an approximation 

of the Gaussian amplitude distribution over the coll imating 

lens of what will be called System III. The arrangement 

providing this illumination differs only in detail from that 

used in illuminating the collimating lens of ~ystem II. 

In System III, the diffraction image of lens B 

is again arranged to coïncide with lens A. It will be 

recalled from the previous section (equation (2. 5 )) that the 

amplitude distribution in the diffraction image of a 

uniformly illuminated lens is of the form Jl(}~) where 
.,8~ 3 is the radial distance fr om the axis. For sma ll v alues 

of § , comparison of the series expansions of a Gaussian 

function and the above Bessel function shows that 

Hence, the Bessel function amplitude dis tri bution would pr ovide 
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a rough approxination of the desired Gaussian distribution 

over part of the lens. However, it was found that a better 

approximation of a Gaussian amplitude distribution can be 

obtained by tapering the illumination falling on lens B. 

A small horn was once more used ibr this purpose. 

It was ~entioned above that for a choice of the 

taper factor ~) the equality 

(2.13) ~ = ~2 gave good results. 

~ubstituting this value into equation (2.10) gives the value 

of the phase factor ( '$) required, namely: 1; = -4~~ • The 

quadratic phase àistribution required in the exit pupil of 

the lens is then . +jk§ 2 

e 4R~ 
and this distribution can be 

obtained by adjusting the distance 1{1 (figure (2.17)) as 

will be shown. 

In Section 2.2 it was found that the phase front 

of the field at the i r1age plane of a lens is spherical and 

centered at the center of the lens. As in System II, such 

a spherical wave illuminates lens A of figure (2.17) 

provided: 

l 
fB 

- 1 
- Ro 

- 1 
Rl 

where lens A is situated at (.H.: H.l), 

the image plane of lens B. Again, by ta king account of the 

phase shift introduced by lens A, the field emerging from 

this lens can be written: 
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where u0 is a constant of proportionality, e-P ~ 2 
is the 

Gaussian amplitude distribution obtained approximately 

with the arrangement shown, and 

. 1..•2( k k 
-J~~ 2H - ~) e l .:aA 

is the quadratic phase term desired. 

then: 

and 

The conditions necessary to determine H.0 and lt1 are 

k 
q k 

2fA 

Using these relationships, the dimensions shown 

in fi gure (2.17) were determined. The intensity distribution 

over the lens, and the characteristics of the collimated 

field achieved wit h this arrangement are dis cussed below. 

Field measurements were made at the exit pupil of 

lens A and in regions beyond this lens in the same rnanner as 

with previous systems. The intensity of illumination over 

lens A is shown in figure (2.18a~ together with the intensity 

distribution in the collimated bearn for the planes of 

measurement, neighbouring the plane at (H~ = 145 cm.). 

The corresponding phase distributions are indicated in 

fir;ure (2.18b ).. From the se measurements, a rernarkable improve­

rnent in the phase distribution of th e collirnated wave over 

that f ound in System II, can be seen. The intensity varies 
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from lens A of System III. 
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Fig. 2.18b: Phase scans ( H-plane) at various distances (R2 ) 

from lens A of System III • 
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slowly in this region of good phase, but is uniform over 

a smaller volume of space than was the intensity distribution 

in System II. 

'rhus, e.l though the region of ne arly cons tant intensi ty 

achieved with System III is not as large as that attàined in 

System II, both the intensi ty, as well as the phase are almost 

uniform over a considerable volume of the collimated bearn of 

System III. • This volume is centered at R2.= H2 and the results 

are in good agreement with the approximate theory derived. 

H R RI 
orn radiation patterns measured in the vicinity of ~= 2 in 

the collimated bearn of System III are now àiscussed. 

Horn Pattern Measurements in the Collimated Bearn of System III 

The radiation patterns of the three electromagnetic 

horns were measured in the same manner as described before; 

the results of these measurements are presented in figure (2.19). 

Good agreement between the true patterns and those measured 

using System III can be seen for the H-plane patterns of the 

10 >-.and 15 À horns. 

To show that adjustments in the position of the 

antenna in the field are not too critical, these H-plane 

patterns were taken at the various distances (~, away from 

the lens, shown on the graphs. The ~-plane pattern measure-

ments were not so successful however. Brrors in the ~-plane 

pattern of the 10 '). horn are greater than they were using 

Sys tem II. This f act is explained by the sharper f all-off in 
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intensity \'lith distance away from the axis found in the 

collimated bearn of System III; the H-plane patterns for 

these smaller horns were not significantly effected by 

this variation of the field, because an inherent taper in 

intensity, which is due to the electromaenetic field 

configuration in a rectangular horn, already exists in the 

H-plane over the mouth of the horn.(l) (This inherent 

taper does not exist in the E-plane over the rnouth of a hor~) 

But the variations in amplitude of the collimated field of 

System III v1ere too drastic to allow good results wi th the 

26 À horn even in the H-plane pattern measurements. 

A means of extending the region of uniform ampli­

tude in the collimated bearn of System III is suggested in 

the brief summary~ the three systems so far discussed, that 

follows. 

2.4 A Summary of the P~operties of Systems I, II and III. 

The results of measurement s in the collimated 

field of System I (a lens mounted in a screen and illuminated 

uniformly by a small source) showed severe amplitude and phase 

variations caused by diffraction at the edge of the lens. Honn 

radiation patterns rneasured in various regions of the collimated 

bearn were both inaccurate and inconsistant because of this field 

variation. However, the magnitudes of the amplitude and phase 

fluctuations were smallest at the surface of the collimating 

lens (figures (2.6) and (2.7)) and this information su ggested 
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another system for measuring the patterns of antennas and 

scattering abjects that will be described in the next 

chapt er. 

In System II, much improvement in the amplitude 

distribution in the near field of the collimating lens 

resulted from tapering the illumination falling on that lens, 

but the phase variation in the collimated bearn was too great 

to allow accurate measurements of antenna radiation patterns 

for antennas having apertures more than about 10 "}. in size. 

In System III, tapering of a slightly different 

form, combined with adjustment of the phase over the collimating 

lens, led to ~reat improvement in phase in one region of 

the near field, compared with the corresponding phase 

distribution in the near field of System II. The region 

of good amplitude, however, was smaller than that obtained 

using System II, and this fact imposes the major restriction 

in the use of System III for measurements of the characteristics 

of large antennas. But by increasing the diameter of the 

collimating lens, it will now be shoT~ that this restriction 

can be overcome. 

~lith the equality (2.12) V4 = ~) satisfied the 
4R2 ' 

amplitude distribution in the co1limated bearn at R2= R~ is 

(from equation ( 2.11) ) 

-'kH.
1 -2 2 

uQ : -jke J 2 e ;.t.trt 
2R~(j1) i;)l) --

(2.14) 

where)' describes the taper in intensity over the collimating 

lens (i.e., lui) 2 = e-9U!
2

), and)U must satisfy the criterion 
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(found to be necessary for good agreement between the 

predicted field and the measured field): 

(2.12)JU ~ ~ where a is the radius of the collimating 
a 

lens. Hence to decrease the amplitude variation in the 

collimated beam,JU must be decreased (by equation (2.14)) 

arrl this can only be done, in vie\'t of the cri ter ion ( 2.12), 

if the lens radius (a) is increased. 

Following a description in the next chapter of 

the final collimating system tried, and an outline of the 

experimental methods in Chapter IV, a quantitative 

comparison of all systems will be made in the Conclusion. 
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Chapter 3. 

A MICHOWAVE COLLU1ATING SYSTEM B'OR SPECIAL ANTENNA AND 

SCATTJ.miNG I·JlliASUllliiliENTS. 

A means of taking advantage of the relatively 

small fluctuations in amplitude and phase found in the 

emer~ing wave very close to the collimating lens of System I 

is des cri bed in this Chapt er. The region very close to the 

lens surface in System I could not be used for antenna 

measurements wit h that system be cause of the s pace required 

for free rotation of the antenna. This difficulty is 

eliminated by mounting an antenna (or scatterer) at the 

surface of the collimating lens and rotating both the lens 

and antenna as a unit. This arrangement, called System IV, 

is sketched in figure (3.1). The system is particularly 

applicable to the special problem of studying the radiation 

characteristics of antennas having a well defined plane 

aperture, or the scattering properties of plane scatterers. 

But if the antenna or scatterer consisted of a system of 

elements spread over a sizable volume, such that a number 

of elements were in regions of more severe field variations 

than found at the sur face of the lens, the advantages of 

System IV would be lost. 

The properties of System IV were evaluated, in the 

same manner as were those of previous systems, by measuring 

the radiation patterns of the three electromagnetic horns in 

the field collimated by the lens. In addition, measurement 

of the back-scattering pattern of a large dise was undertaken. 
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using System IV. The results of these measurements will 

be presented before any mention is made of possible causes 

of the inaccuracy found in the measurements. 

3.1 The Measurement of Horn hadiation Patterns Using System IV. 

A selection of horn patterns measured using 

System IV is given in figure (3.3). Two lenses, lens A and 

lens C (described in Table II) were tried as the collimating lens. 

Both lenses gave good results, but lens A was slightly more 

satisfactory than lens C (for example, compare pattern (~} 

\vi th pattern (4) in figure ( 3.3)). The improvement in accuracy 

of the measured horn patterns is apparent when comparison is 

made with the results using .System I (figure (2.8)). 

The increased accuracy in the patterns is attributed 

to the relatively small variations in amplitude and phase 

of the field near the collimating lens, where the horns were 

mounted. The reliability of the measured patterns is also 

greater using System IV as compared with System I. This is 

be cause the position of the horns was well defined in 

System IV: the horns were mounted \"iith their aperture rims 

in contact with the surface of the lens, and they could 

be easily centered on the principal axis of the lens. The 

patterns were also relatively insensitive to the distance of 

the source from the lens. The source could be moved several 

centimeters with very little change in the measured horn 

pattern. 

System IV then, is a simple improvement of System I 
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useful in the measurement of the radiation characteristics 

of antennas having a plane aperture. The other application 

of System IV mentioned, the measurement of back-scattering 

patterns of plane scatterers, is described below. 

3.2 The Ivleasurement of the Back-Scattering Pattern of a 

Circular Plate, Using System IV. 

Ideally, the collimating action of a lens 

effectively removes a small source at the focus to infinity 

(as in both Systems I and IV). With the so uree at in finit y, 

(i.e., with a plane wave) a measurement of the relative amount 

of energy s cattered backv~ards towards the source by a 

scattering object, as a function of the orientation of the 

object, furnishes what is called the back-scattering pattern 

of the scatterer. It can be easily shawn that the ideal 

back-scattering pattern of a large dise rotated about a 

diameter perpendicular to the direction of propagation of the 
t 

plane wave, is given approximately by: 

I = (uoJl (q) )~os~where u is a constant of ---- o, 0 
q 

proportionality, and q = kDSine,with D the diameter of the 

plate, 9the angle of rotation relative to the direction of 

propagation, and k the wave number ( ~ ). 

" The particular arrang ement of System IV, used to 

measure the back-scattering pattern of a circular aluminum 

i This r esult i s subje ct to the a ssumpti ons of the s calar 
diffract ion the ory of Kirchhoff. ~~re rigorous but 
similar sot~tions,taking polarization into account are 
available. 8J 
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plate is shown in figure (J.2) . A small horn illuminated 

lens A (Table II) with a spherical wave of nearly constant 

amplitude. This horn was also used as the receiving 

antenna. (Details of the transmitting and receiving apparatus 

are given in Chapter 4.) The plate was 50 cm. in diameter 

and \•Tas mounted in contact with the plane surface of the 

lens. The plate and lens were rotated in the direction of 

the magnetic field. 

Back-scattering patterns of the plate, measured 

for two distances (R1 ) separating the lens from the source, 

are shown in figure (3.4). The theoretical pattern~ 

eo~~(uoJl(q}} 2 
is plotted in a dotted line for comparison. 

q 'l. , 

The agreement between the measured patterns and the ideal 

pattern is relatively good; the inaccuracies in the back­

scattering measurements that do exist help to illustrate 

what sources of error are important in System IV. These 

errors will be discussed explicitly in the following section. 

3.3 Sources of Error in the Measurement of Antenna and 

Scattering Patterns, Using System IV. 

In the antenna and scattering patterns measured 

using System IV, it is believed that sources of error 

depending on experimental technique, such as those due to 

misalignment or room reflection, were small. Other sources 

of error are listed and discussed below. 

(a) Lens Aberrations: Referring to Table II, it is seen 

that both lenses tried with System IV (lenses A and C) were 
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Fig. 3.4: Back-scattering patterns of a 50 cm. diarneter circular 

dise measured using Svst.em IV. 
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corrected for spherical aberration. In general, other 

aberrations appear when the source illuminating the lens is 

displaced off the principal axis of the lens. These 

include coma, astigmatism, distortion, and curvature of 

field.(?, 9) Such off-axis aberrations cause a deterioration 

in the process of collimation performed by the lens, and 

appear in System IV when the lens is rotated with the 

antenna or scatterer. (However, it will be noted that 

lens C was corrected for coma as well as spherical aberra-

tion). 

With a view to improving System IV, knowledge of 

the effect of aberrations alone on the measured antenna 

patterns was desired: If lens aberrations accounted for 

much of the inaccuracy in the patterns, improvements in 

the optics of System IV should lead to better results. 

Calculations of the true E-plane pattern of the 10).. horn 

are made in Appendix IV, followed by calculations for the 

same horn which take account of the aberrations in lens A 

that modify the pattern measured using System IV. The 

results are given in figure (3.5). It is seen that the 

lens aberrations should have little effect on the pattern 

measured using System IV for angles of rotation of the lens 

and horn up to about 20 degrees. It can be concluded then, 

that other sources of error are more serious than lens 

aberrations, for small angles of rotation at least. 

This result is confirmed by the measurement of 

the back-scattering pattern of the aluminum plate. For 
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the angle of rotation of about ± 2 degrees, which covered 

the major parts of the back-scattering pattern, lens 

aberrations should be negligible. Yet sorne departure from 

the ideal back-scattering pattern was found. 

(b) Perturbations in the Field ~merging from the Gollimating 

Lens: It was f ound in System I that the field emerging from 

the collimating lens had smaller variations in phase and 

amplitude very near the lens surface than in other regions 

of the collirœted bearn. System IV was based on this informa-

tion, and improvements in the measured antenna patterns were 

obtained employing System IV as compared to System I. However, 

variations in the field near the surface of the collimating 

lens are still significant and undoubtedly cause sorne of the 

error found in the antenna patterns measured using System IV. 

The field variations a.t the surface of a lens 

mounted in an aperture arise from a combina tion of two 

effects. The first, originally discovered by Andrews, (lü) is 

the fluctuation of the field in the aperture of a screen, 

with no lens present. This fluctuation results from 

perturbation of the incident wave by the aperture rim (i.e., 

it is a diffraction effect). The second cause of field 

variations is the lens itself.{ll) For the simplest case of 

a plane wave incident on an infinite sheet of dielectric, a 

periodic variation in transmission with sheet thickness can 

be easily shown to result from internal reflections between 

the dielectric surfaces. A similar variation in transmission 

might be expected over the surface of a dielectric lens, 
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sine e the thickness of the lens varies v-ri th the distance 

from the center of the lens. 

A dielectric lens presents an electromagnetic 

problem of such complexity, th a.t regardless of the manner 

of mounting the lens (which serves only to complicate the 

problem more) a theoretical solution for the field at the 

surface is very unlikely. For this reason, no means of 

reducing the field perturbation at the surface of the lens 

can be suggested. 

(c) Multiple Heflections Between the Lens Surfaces, the 

Object Under Tes~, and the Transmitting Antenna: In antenna 

measurements, multiple reflections between the transmitting 

and receiving antennas are an inherent source of error. These 

reflections are particularly important in laboratory measuring 

systems, because their effect increases with smaller separation 

of the transmitter from the receiver.(l) (This dependence of 

reflections on the separation (R1) may explain the slightly 

better results obtained using lens A compared with lens c. 
In System IV, R1 was made equal to the lens focal length. This 

was 250 cm. for lens A, but only lOO cm. for lens G.) 

Heflections also take place between the surfaces of 

the lens and the transmi tting antenna. In the back-scattering 

measurements, a plano-convex lens was used (lens A) with the 

curved surface facing the transmitter. Reflections from this 

curved surface would interfere with the reflections from the 

plate and could lead to the fil l ing in of the minima between 

the side lobes that can be seen in the back-scattering pattern 
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of the dise (figure (~.4)). The better results obtained at 

R • 23 5 cm. mi ~ht be due to a more favourable phase 

relationship between thetwo reflected waves at that distance. 

(A similar irnprovement in horn patterns was not found as R1 

was decreased from 250 cm.) 

Finally, reflections between the surfaces of the 

lens and the inside walls of the horns will cause errors in 

the measured horn patterns. 

In summary, although many sources of error are 

present in System IV, their total effect on measured antenna 

or scatterer patterns is not so large as to preclude the 

use of this system for special measurements that do not 

require great precision. Also, possibilities exist for 

improving System IV. These include the use of lenses with 

larger focal lengths, so as to reduce the effects of 

reflection between the antenna under test, and the transmitting 

antenna. In general, lens aberrations can also be reduced by 

increasing the focal length, (l2 ) and reflections from the 

surfaces of the lens could be made smaller with the use of 

non-reflecting coatings.(l3, l4) 

In the Conclusion, System IV is compared quantita­

tively with the other rnethods used to obtain a collimated wave 

that have been described previously. This follows a descrip­

tion in the next Chapter of the experimental methods used in 

all the work that has been mentioned. 
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Chapter 4. 

B.:XPt:l-UI:I~NTAL IVŒTHODS AND APPAHATUS 

Essentially, the experimental procedures involved 

in the work that has been described, had the following 

general objectives: 

(l) .fvieasurement of the relative power transmitted (or 

received) in a specified direction by an antenna as 

function of the angle of rotation of the antenna with 

respect to this direction. 

(2) l•leasurement of relative intensity in a microwave field 

as function of the position of the measuring probe. 

(3) lVJ:easurement of relative phase in a micrm,ave field as 

function of the position of the measuring probe. 

The description that follows of the specifie 

procedures employed to achieve these measurements will 

include details of the apparatus used. 

2.1 Antenna and J cattering Pattern Measurements. 

(a) Far l"ield Horn Pat"bern Neasurements. 

The site chosen for far field antenna mea surements 

extended over a dista nce of 310 f t. between a turntable 

mounted on t he roof of the .i!:aton ~lectronics Hesearch Labora­

tory, and a parabolic reflector mounted on the roof of the 

Biology Building , I-'1cGill University . This distance surpassed 

the criteria given in f igure (1.1} f or t he antenna s epar ation 

necessar y to ensure a ccurate f a r f i eld measurements (i.e., 
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R ~ 2~2 and H~ 2f). In view of the fact that the transmit­

ting and receiving patterns of an antenna are identical,(l) 

for convenience, the three horns whose far field patterns 

were desired, were used as transmitting rather than receiving 

antennas in these measurements. 

The receiving antenna was a 30 inch diameter 

parabolic reflector with an open waveguide front feed. A 

photograph of the antenna is shown in figure (4.la) and a 

general view of the receiving site in figure (4.lb). This 

antenna was constructed in conjunction with Mr. G. Cloutier 

of the ~aton ~lectronics Research Laboratory. Its character­

istics were: a gain of over 40 decibels, half power bearn 

width of about 1.5 degrees, and a first side lobe level more 

than 23 decibels below the maximum of the main lobe. This 

narrow bearn width and loT;t side lobe level, combined with the 

relatively unobstructed path between the transmitter and 

receiver, prevented any reflection from the ground or 

buildings from producing a significant response in the 

receiver. 

The three horns used as test antennas in the 

work covered in previous chapters, have been described in 

Table I. A photograph of these horns (with a smaller 

rectangular horn used for lens illumination) is shown in 

figure (4.lc). The three horns were suitable test antennas 

because their construction (from sheet copper) was 

sufficiently rugged that their radiation characteristics 

remained unchanged during the many adjustments and modifi-
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(a): (Ri1;ht) The paraholic r0cei ving 
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\cen ter) from the trans11.i t ter. 
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illumination, ru:,.d the 10, 15, and 26}. horns. 

Fi~. 4.1 



- 67 -

cations of apparatus required in the work. 

The horns were mounted on a large turntable that 

is pernanently installed on the roof of the ~aton ~lectronics 

Research Laboratory. This turntable was driven by a D.C. 

mot or w11 ich was con tro lled by an ampli dyne system. A 

synchro generator geared to the turntable, formed part of 

the servo-system of a rectangular co-ordinate recorder (to 

be described below). The horns radiated microwave power that 

was f,enerated (for all measurements to be discussed) by a 

tunable 2K 33 klystron. For the particular klystron used, a 

maximum power output of about 20 milliwatts was found at a 

wavelength of 1.235 cm.: This wavelength was then used 

consistently throughout the work. A type 801 universal power 

supply gave klystron reflector modulation, filament voltage, 

and D.C. power. The A.C. supply for the equipment was 

stabilized with a voltage regulator. Square wave modulation 

was employed at a frequency of 1000 c/s. 

In the measurement of the far field patterns, the 

klystron with accessory wavemeter and tuner, was attached to 

the horn, and the whole assembly mounted on the turntable at 

such a height as to be in the same horizontal plane as the 

parabolic receiving antenna. This height was determined with 

a transit, at the same ·time that the separation between the 

transmitter and receiver was measured. A chosen edge of the 

horn aperture was adjusted, with the aid of a carpenter's 

level.until horizontal . Then, again using the carpenter's 

level, the longitudinal axis of the horn was aligned so that 

the aperture was in a vertical plane. 
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Power received by the parabolic reflector was 

carried by Naveguide from the open waveguiŒ feed, through 

a tuner, to a crystal detector, and the 1000 c/s audio 

signal resulting from demodulation was transmitted from 

this crystal to a tuned amplifier. The amplifier formed 

part of an Airborne Instruments Laboratory Type 373 Rectang­

ular Co-ordinate aecorder, and this equipment was located 

for convenience close to the klystron power supply in the 

.t:aton .C.:lectronics üesearch Laboratory. The recorder had a 

pen movement corresponding to a 40 decibel range of micro­

wave power, when used with a square law detector. Linearity 

of the recorder itself was very good, but care was necessary 

in selecting a crystal with voltage output proportional to 

power input over the full range of the recorder. Linearity of 

the whole system was bench checked using a calibrated 

precision microvvave attenuator and, with a proper choice of 

crystal, no departure from linearity was found. An audio 

signal of about .5 microvolts from the crystal could be 

detected by the recording system, and the power levels 

recorded with the apparatus are estimated to be accurate 

to within about .25 decibels. 

In takin~ the horn patterns, the position of the 

recorder pen wa s determined by the received power level. 

The pattern was inscribed by the pen on a paper chart which 

was positioned by a servo-system according to the angle of 

rotation of the turntable and horn. Thus the pattern 

resulting from rotation of tre horn was a decibel plot of 

power transmitted by the horn in the direction of the 
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parabolic reflector, as function of the angle of rotation 

of the horn about this direction. 

(b) Laboratory Horn Pattern I'Ieasurements. 

The procedure followed when the horn patterns were 

measured in the various collimated fields produced in the 

laboratory was almost identical to that described above. 

The major difference was that the horns were now used as 

receivin~ antennas, with a tuner and crystal detecter 

attached. The horns were mounted on a small turntable that 

could be easily moved, and this 1.·;as provided with synchro 

generators to allow angular position to be recorded in the 

same manner as before. 

The klystron was now used as the source of power 

feeding either an open waveguide radiator or a small horn 

antenna. .t:.nergy from these radiators illuminated the lenses 

used in the collimating systems discussed in Chapter 2. 

('l,he small horn antenna is seen at the left of figure (4.lc). 

Sorne of the physic~l properties of the lenses 

themselves, have already been described in Table II. A 

photograph of lens A mounted in the screen is shown in 

fiF,ure (4.2a). Lenses A and B were designed and constructed 

by M.P. Bachynski,(7) and lens C by N.H. Chapman.(l5) All 

three lenses were unstepped, and accurately machined from 

solid polystyrene. 

The general experimental arraneements used in 

taking the horn patterns in the collimated beams, have been 

sketched in the figures of Chapter 2. The procedure used 

in these measurements was as follows: the turntable was 
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placed along the optical axis the desired distance from the 

collirnating lens, and levelled. Its axis of ratation was 

then vertical and intersected the optical axis of the system. 

The horn was rnounted on the turntable with the center of its 

apert1rre at the point of intersection of these axes. 

Levelling of the horn was carried out as in the far field 

rneasurements. 

A pattern of the power response of the horn as a 

function of its angular position in the field was provided 

by the recording system, once the requireà connections had 

been made for the servo-system and the audio lines leading 

from the crystal detector to the amplifier. 

In all of the laboratory measurements, room 

reflections had to be reduced by careful placement of micro­

wave absorbing material.t The absorber was particularly 

necessary on the image side of the metallic screen supporting 

the collimating lens, to minimize reflections between this 

ëcreen and the horn under test. However, once the absorber 

had been added, smooth and symmetrical horn patterns were 

generally achieveà, and it is believed that room reflections 

caused little error in these patterns. 

(c) Laboratory Back-~cattering Heasurements. 

A schematic diagram of the back-scattering system was 

given in figure (2.3), and shawn here, in figure (4.2b), is a 

photograph of the scattering plate and lens, mounted on the 

t "Darkflex," Sponge H.ubber Products, Stelton, Conn. 
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small turntable t hat was used for all laboratory pattern 

measurements. The plate and lens were supported by a 

polystyrene foam block, which haà a very low index of 

refraction and caused negligible reflection. Heflections 

from the turntable, the support, and the support mounts 

were checked by rotating the turntable and this apparatus, 

without the lens or plate in place. The reflected power 

received as the turntable rotated was almost constant: the 

signal that was detected, was largely due to limited discrim-

ination in the transmitting and receiving apparatus to be 

described next. 

H.eferring to figure ( 4.3), the magic tee arrangement 

shovm was used to separate the direct power generated by the 

klystron from the reflected power, returning from the 

s cattering object, and received by the small horn. This 

arrangement is essentially the same as that used by Hogg, (4) 

who s e opti cal system corresponded to System I. It is 

possible to match the arms of the mag ic t ee so that, with no 

scatterer in position, verylittle of the direct power from 

the klystron reaches the crystal arm of the tee, while, when 

the scatterer is in place, nearly all of the r eflected 

ener gy rece i veà by the horn is d et ected by the crystal. When 

t nis was done, it was found that the residual signal 

reachin~~ the crystal, with no scatterer present, was about 

40 decibels below the maximum r eflected signal with the lens 

and s cattering plate mounted on the turntable. (Iv1uch better 

di scrimination than thi s is possible, but it r equires 
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elaborate frequency stabilization of the source.) Thus, 

when the lens and plate a re rotated wi th the turntable, 

the reflected power detected by the crystal _ is recorded 

to give a pattern in the same manner as previously 

described. 

4. 2 Intensity I'-1easurements in the Collimated Beams. 

Measurements of intensity in the fields produced 

using the four collimating systems were relatively simple. 

An optical bench was placed in each case parallel to the 

collimatine lens and an open waveguide probe, supported on 

the bench, was moved by a worm gear. The position of the 

probe was again recorded through the use of a selsyn 

generator, which was connected to the worm gear. The worm 

gear itself was driven by an A.C. motor. The signal received 

by the probe was detected by a crystal, and the audio output 

from the crystal transmitted with a shielded line to the 

tuned amplifier of the recording system. In this way, a 

plot of field intensity as function of the position of the 

probe in the field was obtained. 

4.3 Phase l'ileasurements in the Collimated Beams. 

The interference method of phase measurement(lJ was 

used to obtain the phase plots presented in preceding chapters. 

This rnethod involves the mixing of a signal sampled from the 

field of interest, with a reference signal of similar 

amplitude. The phase of the reference si gnal is varied so 

as to produce a minimum in the mixed signal output, this 

condition indicating that the reference and test signals are 
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1$0 degrees out of phase. By recording the phase ela nges 

in the reference signal necessary to produce this minimum 

output for various positions of the sampling probe, the 

relative phase of the field at these positions can be 

determined. 

A schematic diagram of the system is shown in 

fieure (4.4) and a photograph of the mixing section of the 

apparat us in figure ( 4. 2c). Part of the klystron power is 

diverted with a magic tee into a reference path. The 

electrical length of this path can be varied by adjusting 

a slotted line, so as to change the phase of the reference 

signal arriving at a second magic tee. The signal sampled 

from the field by an open waveguide probe, passes through a 

waveguide section containing three rotary joints to this 

second tee where the two signals are combined. The rotary 

joints allowed rnovement of the probe without appreciable change 

in the elèctrical length of the waveguide between the probe 

and the magic tee. The combined signal is detected by a 

crystal in one arm of the magic tee. The output is amplified 

and displayed on a meter. The position of the probe, and 

the adjustment of the slotted line necessary to produce a 

minimum output are recorded by hand. 

Knowing the klystron frequency, the guide wavelength 

is determined, and the phase shifts produced by adjustment 

of the slotted line calculated. These phase shifts are 

plotted against the position of the measuring probe to give 

the relative phase of the field. The system was checked 

using an open waveguide radiator to give a known spherical 
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wavefront. Calculations were ~ade of the changes in phase 

in a scan over this wavefront at a distance of 122 cm. from 

the source. These calculations are compared with the 

measured phase changes in figure (4.5), and from the 

results, the system was estimated to be accurate to,within 

about 10 degrees. 
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Chapter 5. 

CONCLUSION 

A comparison will be made in this concluding chapter 

of the four microwave collimating sy stems investigated, after 

the main ideas involved in the work have been briefly 

summarized below. 

In the introduction, the disadvantages of the 

standard far field method of antenna measurements were 

pointed out, while in Chapter 2 the need for sorne form of 

collimating deviee to produce a plane wave for laboratory 

antenna measurements was demonstrated: Serious inaccuracies 

were encountered when antenna patterns were taken in the 

laboratory using the spherical wave from a point source. 

Hmvever, in collimating this spherical w ave with a lens (as 

in System I), difficulties arise at microwave frequencies 

from diffraction at the edge of the lens, which causes 

severe departure of the field fro~ what would otherwise be 

a plane wave. It was established with System II, that these 

diffraction effects can be reduced by tapering the illumination 

falling on the collimating lens. The taperine resulted in 

a greatly improved amplitude distribution in the collimated 

bearn, but the phase distribution was poor. However, by 

choosinr, a special fo nn of ampli tude taper, combi ned wi th 

a modified phase distribution over the collimatinr, l ens (as 

in System III) the phase varia tions, over a sizable region 

of the collimated field, were shar ply reduced. Yet, although 

the amplitude was smoothly varying in this region, it was 

not suffic iently uniform to allow accurate rneasurement of 
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of the radiation patterns of large antennas. Finally, a 

simple modification of System I 1t1as tried, by means of which 

the best portion of the collirœted field, found very close 

to the lens, uould be used for special antenna and scattering 

measurements. 

With reference to Table III, the results of antenna 

measurements using the four collimating systems will now be 

compared. Wherever possible, data for this table were taken 

from patterns presented in the thesis; these patterns were 

considered representative of a large number recorded during 

the course of the work. To gi ve sorne indication of the 

ac curac y of the E-plane pattern rneasurements, errors in the 

first and second side lobe levels are listed, 'V'Thile for the 

H-plane patterns, the errorein the full width of the main 

lobe 10 decibels belov-1 the maximum are given. All errors were 

read with the maximum of the main lobe of the pattern concerned, 

coinciding with the maximum of the true pattern. 

For System I, large and varied inaccuracies are 

listed for both the E and H-plane measurements for all horns. 

(The se data were taken from horn pattern measurement s made at 

different distances from the lens, see figure (2. 8 )). An excellent 

E-plane pattern of the 10 ~ horn was obt·ained using System II. 

'l'he small a mount of pha se error ove r the horn had more effect 

on the H-plane pattern measured with this system. Greater 

inaccuracy re sul ted in b oth .G and H-plane measurements of the 

15 )..and 26 À horns be<cause of the larger amounts of phase error 

over the ir apertures, but the figures indi ca te considerable 

improvement using System II as c ompared with System I. As 
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SYSTEM HORN 

l't Slde Lobe E-Piane 

(decibels) 

10 ). 2 to 6.5 

I 1) ). 2 to 3 

26). 2* to 5 

10 ). 0.3 

II 15 ). l.tS 

26 x l.ts 

10 ).. 1.'1 

·DI 15 }.. 4* 

26 ). 2 

10 ). 0.2 

ISr 15 ).. 0.2 

26 )... 0.3 
----- - --

'*' FROl\: PATTERNS NOT SHOWN 

TABLE m 
PATTERN ERRORS 

2nd Slde Lobe E-Piane IOdb. Bearn Width 

(decibels) degrees 0/o 

2 t.o 9 2 13 

2.5 t.o 4 2 to 12 1~ to 109 

2. 5 to '7* 4* 14 * 

0.4 1.) 10 

1.3 ..: .5 23 

4 1.9 7 

2 0 . 2 1.3 

7* 0 .3 2.7 

7 10 36 . 

1.1 0·3 ~ 

O.? o.e 7 

0.4 2 7 
- ~-- --------

Average 
Lobes i'iidth 

db 0/o 

["\ 

> 4 > 39 

j J 

' " 

1.6 ~ 13 

IJ 1 
''\ ' 

~ 4 ~ 13 

1 J 

"" " 
~ 

0 .s ) 5 

IJ ~ --

1 

1 

(Xl. 
0 
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already mentioned, with ~ystem III, inaccuracy in the antenna 

patterns was due to amplitude variation in the field, but 

trüs did not cause significant errors in the H-plane patterns 

of the 10 and 15 ,À horns. The .t.;;-plane patterns were more 

seriously modified by this variation. 

Finally, it is seen that the most consistently 

accurate results are obtained using System IV. Only the 

H-plane pattern of the 26 À horn was poor, and the errors in 

this pattern are at least smaller than those found using the 

ether three systems. grrors of the magnitude tabulated for 

this system, averaging about 0.5 decibels in side lobe level 

and 5% in bearn width, could be tolerated for many antenna and 

scattering measurements, and the suggestions given in Chapter 3 

for improving the system, would possibly increase the accuracy 

even more. However, measurements with the system are limited 

to tho se in vol vine; plane scatterers or antennas havi ng a plane 

aperture. Moreover, if patterns extending over larger angles 

of rotation 1--1ere c.iesired, errors would be increased by off-axis 

lens aberrations, which eventually become seriuus. 

It is believed that Jystem III, employing the 

Gaussian amplitude and quadratic phase distributions over the 

collimating lens, s hows the greatest promise for accurate 

laboratory· measurements of a more general nature. As pointed 

out in Chapter 2, there is ne inherent limitation on the 

volume of the region over \'lhich uniform phase and amplitude 

could be achieved ·1r.rith this system. Larger lenses are required 

to extend the amplitude distribution, but if necessity 

warranted, a collimated field could be produced meeting_; given 

specifica tions. 
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APPENDIX I 

Diffraction Theory 

In Chapter 2, equation (2.1) is stated to give 

a general expression for the field (uQ) at sorne point Q 

beyond a circular aperture contained in a screen, in terms 

of the field in the aperture. This result is based on the 

scalar Kirchhoff theory of diffraction(l6, l7), and the 

derivation is outlined below. 

Althou~h vector solutions~$, l9, 20 ) of the problem 

are a vailable, v-rhi ch gi ve a more exact representation of the 

electromagnetic field (particularly in and naar the aperture), 

the use of the approximate Kirchhoff theory is justified here 

on the basis of experimental measurements (21) at microwave 

frequencies which have shown that this simpler scalar theory 

is adequate for distances 20 wavelengths or more from circular 

apertures larger than about 10 wavelengths. 

By applying Green's theorem, it can be shown(l6 ) that, 

for a field satisfying the scalar Helmholtz equation, (\72 + k2)u = o, 

the amplitude at sorne point Q in a source-free region beyond 

an infinite plane screen c ontaining an aperture is given by: 

AI.l 

where uA is the field over the screen and aperture, n is a 

unit normal directed from the screen into the region of 

interest, and s is the distance from the element of screen 

or aperture area dA to the field point Q. Kirchhoff's 

assumptions are : the field over the screen is zero everywhere 



- 83 -

except in the aperture, where it is equal to the unperturbed 

incident field (ui). Then the area of integration is 

limited to the aperture area (A0 ). Performing the 

differentiation in equation AI.l gives: 

AI.2 

For regions where the theory is valid (i.e., 20 

wavelengths or more from the aperture) the second term is 

small compared with the first, and can be neglected. With 

a circular aperture, the position of the element of aperture 

area (dA0 ) is specified by polar co-ordinates ( JP, G6 ) and 

Q is located in a plane parallel to the screen and sorne dis­

tance R1 from the screen. The distance between Q and the 

axis of symmetry will be denoted by S , and for small values 

of~, the factoià Co:) ( n, s) in equation AI. :2 can be set equal 

to unity. For simplicity, <:p is chosen to be zero in a plane 

containing the axis of symmetry ~d the 8 co-ordinate axis. 

Then the distance s from dA0 to Q can be written: 
AI.J S =- ( Rt + (3 -y Co~ cp )'J. + fj> S1nf/J )2) '/2. 

~ ( R'J. + J>'l. - 2J> ~Cos~)~ 

h u ( R,'l. + ~2) ~2. w ere a = ~ is the distance from the center 

of the aperture to the point Q. 

For H. >> .§ 1 J) an additi onal approximation is 

made by expanding this expression for s, and retaining only 

the first terms, to give the result: 
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'l. 
AI. 4 5 . . R + J' _ J ~ Cos ~ 

2R R 

Put ting this value of s into equation AI. 2, and 

usine; the other approximations mentioned, the following 

expression is obtained: 

AI.5 

V/here (a) is the aperture radius, and s is approximated by R 

(or R1) in the denominator, with little error. 

Finally, if ui, the field in the aperture, is a 

function ofJP alone, then the~ integration can be performed 

in equation AI.5 to give the required result: 

(2.1) 

The remaining integral has been normalized by put ting J = Q V"· 
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APPiNDIX II 

Approximate bvaluation of the Collimated Field in System II. 

The expression given in Chapter 2 for the field in 

the collimated bearn of System II was: 

( 2.6) 

An evaluation of the integral in this equation will 

be undertaken he re using the following approximation of the 

function J;"('t) 
9. 

AII.l J, ( q_) ·=-
'l 

. 
where 

cp= ).8317, is the first root of the Bessel function 

Jl(i.e., J1(~) = q. The function on the right of equation 

(AII.l) is plotted in fi gure (A2.1) in comparison with 

Jl(q) and it is seen that the agreement is good up to values 
q 

of q sliJ:;htly larger than 4:> . To further .iustify the use of 

this approximation, it should be pointed out that in the 

calculated illumination falling on the collimating lens of 

System II (i.e., ( ::T,~q})2 ) , more than SJ% of the energy 

is concentrated in the region q ~ cP ( q for the experi-

ment al ar-rangmment is gi ven by q = kbar), and the si de lobes 
Rl 
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in the illumination beyond the first, do not contribute 

greatly to the field at the point Q. 

Making the change of variable ar = x in equation (2.6 ) , 

and then letting a_. oc:> for reasons outlined in the text of 

section (2.2), the substitution of (AII.l) into equation (2.6) 

yields the integral: 

( AII. 2) '-t~A '= 

CIO 

-j~l. J {x :Tc( ~)(t-
~ e 2.Ra. a. 

0 

where u includes the constant amplitude and phase terms (only 

the relative values of phase and amplitude are of interest here). 

By setting and using the 

the integral representation of given by: 

The above expression can now be integrated to give the result 

shown in Chapter 2, namely: 



(2.7) 

Using the diMensions given for System II in 

figure (2.9), it was found that at a wavelength of 1.235 cm., 

the above expression can be simplified to give the field in 

the particular plane at R2 = 200 cm$., in the following form: 

- re·(. 00 41 + . 0 122. j ) 
~~ ... = Ae· {(99.s-t. 'l.91rr,. .oo'6 '1.

4
) 

- j ( 40-"7 + . So 'l.,_) } 

(n = perpendicular distance from principal axis 
in cm.) 

From this expression, in which A is a constant, the relative 

phase and intensity in the plane at H2 = 200 cm. can be 

readily calculated. 'rhe results have been shawn in figure (2.11). 
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APPENDIX III 

A Formula for the ~valuation of the Collimated Field of 

System III 

The expression given in section (2.3) for the 

field in the collimated bearn of System III was derived by 

considering the collimating lens ~nfinite. For a finite 

lens, the field is of the following fonn: 

(AIII.l) 

1 

a~ = ~ = radial chsf4nce 
.f,.cm a x~~, 

the factor u includes constant amplitude and phase terms. 

The integral in equation (AIII.l) can be evaluated 

by using a fun ct ion 8(~) defined by: 

" ~~ 8(~) = 1 for 

1 1 

~(~):o for 5 > 

Substituting this function into the integral of equation (AIII.l} 

it is seen that the limit of integrati0n can be extended to 

infinity, eiving the result: 



- 90 -

(AIII.2) UQA = 

If the function S(~) is now represented by a Fourier~Bessel 

series, the integration can be performed. 

(AIII.3) 

where bn is the nth root of J 0 (such that J 0 (bn} = o}. Then 

it can be shown( 22 ) that the coefficients ( Cn) are given by: 

Cn, 2 (' âC~) ~:Je.( b.,~)"'-~ 
J.2

( b"') Jo 

2 

Substituting the a bove value of C n into equation (AIII.J) 
1 

and using this series representation of 8 (~)in equation ( A;J:II! 2) 

(AIII.4) 
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1 
To calculate the field in the plane at (R2) where 

the infinite lens approximation indicated a uniform phase 

front, the value of p can be found by substituting: 

-to= u = _B_ (the values used in section (2.3)). Then 
J-· 4R' 

2 'l. 
·p = l<u ( 1 +j), and the argument of the Bessel J 0 in the series 

41<~ 
expansion for the field is: 

jo< bn _ .J2 b., ( l + j) n., 
2p a 

Tables of J 0 having this complex argument are available in 

Jahnke and ~mde, "Tables of Punctions.n(23) 

No numerical calculations were undertaken using 

equation (AIII.4) since the approximate theory derived in 

section (2.3) was considered adequate, in view of the fact 

that only an approximate Gaussian amplitude distribution was 

obtained experimentally. However, if a more exact Gaussian 

distribution were obtained, the equation should be of value 

in establishing theoretical criteria for the amount of taper 

and size of lens required to produce a specified field. 
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APPENDIX IV 

The Bffect of Aberrations in System IV 

In the past, scalar Kirchhoff diffraction theory 

(see Appendix I) has been successfully applied to the 

calculation of radiation patterns of electromagnetic horns. (24) 

The method will be used here, to determine the effect of lens 

aberrations on the ~-plane pattern of the 10~ horn that was 

measured using System IV. 

The essential idea involves the calculation of the 

intensity in the throat of a horn when an arbitrary wave is 

incident on the horn's aperture. The changes in intensity at 

the throat are calcùlated for different angles of rotation of 

the horn in the incident field: this gives the relative 

response of the horn to this field as function of the angle 

of rotation. It has been found that for the ~-plane patterns 

of a radiating horn, ( 24) the field over the aperture appears 

to be that of a point source located at the horn' s throat, so 

that the ~-plane pattern is essentially the same as the 

diffraction pattern of an aperture (identical to the horn 

aperture) illuminated by a point source. With this brief 

outline, the equation for ~-plane radiation pattern of a 

horn will be stated here, rather than derived , since the 

general method of solution is readily available in the reference 

given. 

A rectangular co-ordinate system (x, y), is set up 

over the aperture of a horn, with origin on the horn's longitu­

dinal ax:i.s, and the co-ordinates x and y in the .L!.o and H-planes 
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of polarization respecti vely. With an incident field 

ui (x, y) over the aperture of the horn, and an angJ.e e 
in the E-plane between the direction of propagation of 

the incident field and the longitudinal axis of the horn, 

the amplitude at the throat of the horn is proportional 

to f( e ), where this function is given by: 

(AIV.l) 

In this equation, bis the side dimension (12.5 cm.) of the 

10).. horn' s square aperture, and Lë and LJil are the horn 

slant lengths in the two polarization planes, defined in the 

diagram given with Table II. The factor Co~ (TT!) occurs if 

the TB0 1 mode is propogated in the horn, as is the case here. 

\IJhen the horn is mounted behind a lens as in 

System IV, the e ffect of aberrations can be taken into 

account by writing the incident field ui as: 

-j"P.. v(x,'}) 
(AIV.2) Uj- U0 e 

where u0 is a 

constant, and Vis the aberration function(7, lZ) of the lens: 

kV gives the difference of phase (in radians) between the 

actual wave emerging from the lens at a point (x, y), and the 

plane wave that would emerge in the absence of aberrations. 

The Seidel aberrations contributing to V are tabulated below. 
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These tenns are taken from general formulas given in 

references (?) and (12). 

( 1) Coma: !Y'\ $ ~ 9 (X.\. + ~ \.) X 

~f (M-1) 

(2) Astigmatism: 

a,.lM S~9 >C 

3f't (M-1) 

(J) Curvature of field and distortion: (Mtt) (:x'"'~') S'V\1\"8 

4Mf 

(4) Spherical aberration: Since the lens was corrected for 

apherical aberration (lens A), this contribution to V is 

assumed to be zero. 

In these functions, n is the refractive index of 

the lens (1.579), f the focal length (250 cm.), a, the radius 

of the lens (25 cm.), ande the angle of displacement of 

the source from the principal axis ( tl'lat is, the angle of 

rotation of the lens and horn in the ~-plane). 

The positive coma term in mixed x and y makes the 

integration in equation (AIV.l) extremely difficult. However, 

this term is srnall compared 'l'li th the negative coma contribution 
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involving x alone. It is found by substituting the extreme 

b values x • y • - into the expression for coma, that the 
2 

positive term in this expression is always less than 1/5 

of the negative term. To allow integration, the positive 

term was neglected, so that slightly more coma was accounted 

for than actually existed in the lens. Adding the remaining 

contributions together yields the following aberration 

fun ct ion. 

(AIV.J) v=- 'Sm 2e ( )( l (;sn+•)- 'a'.,_ ( r.-•)) -(;;~.1:;1: ~c s; .... e 
4-n.f 

0ubstituting this value of V into equation 

(AIV .2) and using the incident field so obtained in equation 

(AIV.l), gives{the result: Jf +j~(_!\~lS\n2.e(:~~}) 
.ç(e)= L4o(• .... c.o~e) _ :yecs(~Y)e ~L~ • 

b "i ~ \) 
(AIV.4) (î j~(~- s,V\~e(3n+1)X2 -x Slrle(\- Y{ -)1 } • J dx e '2 LE 4n+ ?>f Vl ' 

-!!. 
"l. 

The value of the 'y' integral has very little dependence 

on the angle of rotation e . Several calculations were 

made for specifie angles, and variations of only a few 

percent were found (e. g ., at 20 degrees, the value of the 'y' 

integral differs from t hat at zero degrees by only 1. 2%). 
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For this reason, the calculation vras greatly simplified 

by assuminr, the factor constant. 

The following substitutions were made to 

simplify equation (AIV.4): 

Let 1 = ...!..... -
L Le: 

and m-

~he 'x' integral of equation (AIV .4) 1.vas next transformed into 

a standard Fresnel integral,namely: 

(AIV.5) 

in 1.vhich C 

given by: 

The values of f( e) were f ound using a table of Fresnel 

integrals, and . j + (e)j
2 

was nlotted to gi ve the 10 À horn 

E-plane pattern in the presence of the aberrations of lens A 

as used in System IV. A similar calculation with V = o, gave 

the true far field pattern for comparison. The results have 

been shown in figure (3.5). 
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