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SUMMARY

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 beam issuing from a
collimating lens made from polystyrene plastic. With
uniform illumination of the lens, diffraction from its
edge caused severe departure of the beam 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 beam 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 beam departing as little as possible 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.
loreover, the characteristics of scattering objects are
studied by measuring the energy scattered in various
directions when an object 1is immersed in a beam of vlane
waves.

By a plane wave field is meant one that is uniform
in both amplitude and phase over the antenna or scatterer 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 source. A sketch of
the arrangement is shown in figure (1.1). Noted on the figure
are criteria derived by silver(l) for the separation (R) 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 10%. Although

these criteria are chosen somewhat arbitrarily, it is found
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that when they are satisfied, the measured radiation character-
istics differ wery little from the true characteristics that
would be measured with a perfect plane wave.

Because the distance (R) required between the source
and the antenna under test can become extremely large, outdoor
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 distance 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. Some
investigations have been undertaken in the past with this view
in mind., The fundamental idea in all the work that has been
done so far, concerns the use of a lens or reflector as a
collimating device. The methods used, based upon geometrical
optics principles, are depicted schematically in figure (1.2),

2) used a rectangular metal

Woonton,Borts, and Carruthers,(
plate lens to collimate the energy issuing from a small source,

and investigated the radiation characteristics of electromagnetic




horns in the field. Crysdale's(B) work differed from the
above only insofar that a parabaloidal reflector was used
in vlace of the metal plate lens. Hogg(h) employed a
rotationally symmetric plastic lens as a collimator and
studied the scattering properties of plates and wires.

The investigations summarized 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
collimating devices, which in general do not measure more than
one hundred wavelengths. With this realization, Woonton,

(6)

Carruthers, bklliot and Rigby,(S) and McCormick, 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 depricted 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 collimator in question. This was found to
provide great improvement in the amplitude distribution of
the emerging wave, but led to some 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 inocident upon the collimator.




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.




Chapter 2.

STUDY OF MICROWAVE COLLIMATING SYSTLMS AND LABORATORY

INVESTIGATIONS OF THi RADIATION PATTERNS OF MICROWAVE HORNS

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 proceeding with a discussion of the collimating
devices themselves.

The antennas that were used for this purpose were
three electromagnetic horns of square aperture 10, 15 and 26
wavelengths to the side. (All experimental work was done at
a wavelength of 1.235cm.) 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 shown
in figure 2.,1. The measurements were made in two planes of
polardzation 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 represents the intensity on a decibel
scale and the abscissa the angle of rotation of the horn
relative to the direction of propogation of the plane wave.

In order to demonstrate the effect on the radiation
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patterns when the criterion (R> 323) for the distance (R)
separating the transmitter from tﬁ: 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:

43 = %.I%_Z radians.

where D is the linear size of the horn aperture, k is the
wave number (27T7/wavelength) and R is the separation between
the horn and source.

It can be seen from figure 2.3 that reducing the
distance K (and hence increasing the phase errorqb) raises the
level of the side lobes relative to the main lobe in the
h-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 h-plane
patterns of two horns (10X and 15X in size) is plotted in
figure 2.4, as a function of the calculated phase error
existing over the horn aperture. It is seen that 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 uncuer test when

laboratory measurements are contemplated.
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TABLE 1.

H
b
HORN a b Le Ly
'ox 12.5 12.5 39.0 |“ 40.9
EPN 19.0 | 19.0 90.3 91.0
26\ | 319 3i.8 52.5 54.5
cms.
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~ \ \
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source — —f— — ¢ - = -
/ ~
7 / \\
/ -:§§\
™ < R > \\\\\\

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

froi. an effective point source.
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The 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 wave of mearly
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 Collimatine 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 image space by paths other than
those 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 otherwise be a plane wave beam. Although
calculations of the field distribution could be 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 II.
LENS A c - B
FOCAL
LENGTH 2%0 100 50
DIAMETER 30 41.3 50
MATERIAL SOLID POLYSTYRENE
REFRACTIVE .
l'fotx 1.579 1.588 1.979
DESCRIPTION |Corrected for |Corrected for |Corrected for

spherical
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source 100 cm.
from iens

surface.
Plano~- convex. | Biconvex. Biconvex.
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Open waveguide /Lens A. \K ~
source ' & - O
a - — - i > -
I SN
L T~ ~
*‘..&\:\ .
=2500m<|

L

Fig. 2.5: System I: Uniform illumination of o collimeting lens is

provided by an effective point source placed at

the focus. The position of en antenna when being

tested is indicated witk 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 shown 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 departure from a plane wave) are seen to be far greater
than the tolerances of 10% (.5 decibels) intensity variation
and 20 degrees phase variation allowable for antenna
measurements. Furthermore, the field varies rapidly with
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 variaticns and moreover, thaﬁ both
the amplitude and vhase become more nearly constant as the
lens surface is approached. The latter observation forms the
basis of some 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 taken in this field with some 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 smoothingrout may take
place to some extent, the horn patterns measured (see
figure 2.8) indicate that the variations in amplitude and
phase, are far tco vialent.
In figure 2.8, are shown the patterns of the three
horns when measured at various distances (R) away from the
lens. These results, traced in a solid line, are compared
with the true far field patterns of the horns 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.ﬁ
Despite all the imperfections in the field, the
resulting horn patterns measured in the collimated beam
showed an improvement over measurements taken when the
collimating lens was absent. (Compare figure 2.3 with figure

2.8.) HNevertheless, coliimating systems less afflicted with

% It is possible to predict theoreticallyufﬁa the patterns
that are measured in the non-uniform field of the lens.
The calculations are extremely involved. Unfortunately
there is as yet no method by means of which the knowledge
of the horn pattern measured in the field of the lens
could be utilized in deriving the true horn pattern,
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diffraction effects are desirable. In the next two
sections are described collimating systems intended to
improve the characteristics of the collimated beam. These
systems provide successively better approximations to a

plane wave.

2.2 The Collimating Properties of System II.

Some preliminary measurements based on previous

(7)

work indi cated that the large amplitude variation in

the collimated beam 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 tapering 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
transforming an incident spherical wave into an emergent
plane wave.

In the diagram of figure 2.9, lens A is the
collimating lens, whose emergent beam is the one of interest,
Lens B, together with the source illuminating it, are only

means of producing a spherical wave tapered in amplitude
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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, Ry, from lens B) is adjusted so that the
diffraction image of the first lens is focussed at the
surface of the collimating lens (4). 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 O (see
figure 2.9). Hence in order to obtain a collimated, plane
phase front emerging from lens A, the point O has to be
coincident with the paraxial focus of the collimating lens.
In order to clarify the mode of action of this
system, the mathematical analysis will be outlined. The
field in the emergent beam 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 following expression:

) i
_ ) -JkR -jka®r?
(2.1) up = - Jk;ze \{'niré —r— | Jo (kag r) dr
o

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

image space.

uj is the field in the aperture after paésage through
the lens, and will be assumed to be circularly ]
symmetric about the optical axis in all subsequent

discussion.

a 1is the radius of the lens.

+s

is the normalized distance of a point in the
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aperture from the axis, such that (ar) measures the
actual distance from the axis.

R 1is the distance from the center of the lens to the
field point 4.

g 1is the perpendicular distance of the field point Q
from the optical axis.

J, is a Bessel function of the first kind and order zero,

and k again, is the wave number (ZIT).

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 uj. Hence to find the illumination over the collimating lens,
the equation (2.1) has to be applied first in calculating the
field in the image plane of lens B when this is illuminated
uniformly by the source shown in the figure. Having calculated
this field from lens B (which is the illumination falling on
lens A) and taking account of the phase change produced by
passage of the wave through lens A, the field uj in the exit
pupil of the collimating lens (A) can be found. This field ujy
can then be substituted once again into the general expression
(2.1) and the field calculated at any point of the collimated
beam., 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 R, from the lens. The field ujp , in the exit pupil
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of this lens is given by:

2
. bx o 212
(2.2) Ujg ¥ Yo o " Jk(RO + fgg) + %%%_Bﬁ
Ry
. . . 212
where u, is a constant amplitude term. The term exp(jkx b)

2fB
is the phase shift introduced by lens B whose focal length

is fy. A substitution of u;p into the integral of equation

(2.1) gives:
! a
. i 2 1 1
-jk(Ro + R) -JRXTO(= o - )
=5 oy
* e o "1 TB'y (koxfax

° B

<l

(2.3) ugg = -jkughb” ¢
Rolty
where @ is some point an axial distance Hy from the lens and

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

examination of the exponent in equation (2.3) that the

condition:
(2.4) 1=1 +1
i‘B kg Rl

ensures that the plane of observation (i.e., the field point Q)
lies in the image plane of lens B, this image plane being a
distance ky from the plane of the lens.

For the point & in the image plane, such that

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

2
% The distance S, = (Rg -bxz)% from the source to a point in
the lens a radial distancebx from the axis (see figure 2.9)
has been expanded to give ghe approximation for small x:

8 = Ro - %ﬁ_ that is used in the exponential of
o
equation (2.2). Se has been set equal to Rg in the amplitude
term. Since only small displacements off the axis will be
considered, a similar approximation will be made in the work

to follow for the distances S and S, in figure (2.9).
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can be performed with the result that:
5 —)R(R.+R)

(2.5) uQB=-Jhu°b e J.(4)
P°R| LL

Where Jl is a Bessel function of the first kind and first

order, and.%:-k%?’. This amplitude distribution UgR is
\

then used in illuminating lens A. It will be noted that the
factor exp(-jkR) represents the phase of a spherical wave,
while the variation in amplitude in the image plane is given

by the factor :R(Q) , which provides the necessary amplitude

———

9

tapering over the collimating lens A, The intensity of

2
illumination is proportional to [Fﬂ(zi] ; a sketch of
4

this intensity is shown in figure (2.10).

(2) The Diffraction Field of the Collimating Lens A,

If now the distance Rq equals the focal length f,
of the collimating lens, (that is, if the center of lens B
coincides with the position of the paraxial focus of lens A)
then the spherical wave incident on lens A, in its passage
through this lens, will be transformed into a wave with a
plane phase front over the exit nupil of the lens, and with
the aid of equation (2.5), uj; for lens A is found to be:

ol R () oy

u‘A—

where ué is equal to the amplitude ternm (‘jkbzuow

R,y
Finally, a substitution of this value of ujy into the general
equation (2.1) gives the field at any point of the collimated

bea.. emergent from lens A. The field is given by the expression:
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J\QC2°+?+QZ+_"L_)
ofe

(2.6)

JRa’r
fJ(kba")J(karzr)e 2% o’r}

where n is the perpendicular distance of the field point from
the axis, and K, the axial distance of the field point from
the lens A,

An exact evaluation of this integral is rather
difficult., However, in view of the fact that 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 by the screen; hence the
approximation that will be made in evaluating equation (2.6),
namely that the lens is infinitely large (i.e., a»a ) will
not cause serious errors in the final result for Uoge

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

Appendix II that the amplitude u, 6 at some point & of the

QA

collimated beam is given approximately by:
2

R
Uoa= _ Y {\— ’2.(_.9—) [(Q_QI(JK‘.\.@)) Rl Jr_.__a_)
(2.7) 4(¢+ &)

2& 2&? 2

Some constant phase and amplitude terms have been included in
the factor u, and for simplicity the quantities(3 and‘xA defined

below are used: {3——- hR\D X‘—' . The symbolc# stands for the
i 221
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first root of the Bessel function J; (i.e. Jl(qb) = 0).

In the above expression for the field at a point @
in the image space of lens 4, it is found that most of the
phase variation (as function of R, the distance off the axis)
arises from the quadratic term in n_in the imaginary part of
the exponential, while the major amplitude variation is given
by the quadratic term in R in the real part of the exponential.
(This information was of importance in suggesting the next
collimating svstem 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 R, = 200 cm. from it, are shown in figure(2.11),

The calculated amplitude distribution indicates that tapering
of the illumination incident on the collimator results in

some improvement of this distribution over that obtained in

the same plane using unpiform illumination over the lens (that
is as compared with System I). However, the phase distribution
has shown some deterioration.

Further improvement of the amplitude distribution,
accompanied by an improvement in the phase distribution is
obtained by tapering the illumin&tion over lens B by replacing
the effective point source with a small horn anteanna. Although
no theoretical calculations for this modification have been
made, extensive measurements were performed. These will be
discussed below.

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

schematic diagram of the experimental arrangement, the small




Page 30 comes after Page 28,




- 30 -

>

F1—-10 decibels

(/2]

Z b

W

o

z

.
20y 4 44wy oy by
0 10 cms. off Principal Axis 20
— O

R2= 200 cms.

200 degrees

300

PHASE

— 400

5000 | | S N 1
0 I0cms. off Principal Axis 20

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

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

'_J




- 31 =

-+ 10 decibels
1

o

20 70 i0cm. 20

Fig. 2.12: Tapered intensity distribution over lens B of System II,

oprovided by a small horn antenna.

20 10¢em. 20

Fig. 2.13: Neasured 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 beam from lens A.)
The measured intensity d istribution over lens B is shown in
figure (2.,12). The strongly tapered illumination measured

over the collimating lens A is shown in figure 2.13., This
illumination approaches the (i;ig))z distribution as calculated
in equation (2.5). The major d;}ference between the calculated
and measured distribution over this lens is due to the slight
tapering effected over lens B.

The mezsurement of the field distribution in the
collimated beam was carried out in the same manner as for System I.
Scans of the amplitude and phase distributions in various
planes away from the lens are shown in figure (2.1l4a,gb). It
will be noted that at a sufficiently large distance from the
collimating lens (R 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 with System I (under uniform collimator illumination).
However the phase shows no improvement over that obtained from
System I; a sorewhat greater overall departure from a plane
phase front is noted. This greater phase variation is under-
standable because, due to tapering, only a small region of the

lens is used effectively in collimation; if extremely sharp

tapering were used the field would approach that of a point
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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 Measurements in the Collimated Beam of System II,

Having examined above the properties of the collimated
beam of this system, the radiation patterns of the three
microwave horns, measured in a manner identical to that
described previously, will now be discussed. 3Some of the
patterns, measured in the & and H-planes of polarization are
shown in figure (2.15). The results are seen to be satisfactory
for the horns of smaller aperture size. The measured 10X
horn patterns agree very well with the true patterns of that
horn, and great improvement can be s een when comparison
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 from
the lens. The results are less satisfactory for the 20 A
horn because the phase undergoes too large variations over
the mouth of this horn.

Although the system discussed kn this section
provided a very satisfactory c ollimated beam as far as
amplitude is concerned, the phase variations, however, are
such that the patterns of antennas with apertures larger
than about 10X cannot be measured with any degree of

accuracy. For that reason a somewhat different method of
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collimation is discussed in the next section, whose aim is
to improve the phase characteristics of the collimated beam,
and retain the good amplitude distribution obtained with the

system described here.

2.3 The Collimatine Properties of System III.

In the foregoing section it was seen that by
tapering the illumination over a collimating lens, the
amplitude variations in the collimated beam were greatly
reduced. The phase distribution however, still deviated
strongly from thatof a plane wave. This section describes
a method of improving the phase in the collimated beam by
accompanying the tapering in illumination with a proper adjuss-
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 was
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 suitably
adjusting the dimensions R, and Ry 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 image space.
However, rather than re-examine System II, a direct theo-
retical analysis will be made of a more ideal collimating

system that has a Gaussian amplitude distribution and a
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quadratic phase variation over the exit pupil of the
collimating lens.
An illumination over the exit pupil of the

following form is assumed:

(2.8) ug = . 52(/“*".'\6‘)

where $ is again the radial distance from the optical axis
and_u and ¥ are real constants. The first term in the
exponent represents the above mentioned Gaussian emplitude
distribution, and the second t erm the quadratic phase
varicztion.

Substituting this value for uy into the general
expression (2.1) yields the following result for the
amplitude U 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.
2 2
_\')k(ﬁg-k.‘g. - n} hlv" - M_,_—)A-—-—.r-
2R ar; (p+¢5) ars (v ¥y

(2.9) UQ=-Jhe

where X\o =x+ TZBE , N 1s again the perpendicular distance
of the field pointz Q from the axis, and szis the axial
distance of Q from the lens. It will be noted that along
the axis of symmetry (M = o) the phase varies linearly with
distance Ry from the lens as would be the case in a plane
wave. However, some distance W off the axis a quadratic
phase error exists for general values of Rg,Ju and X'.

But because of the difference in sign of the two coefficients
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of n? in the imaginary part of the exponent, it is possible
with a suitable choice of M and XB, to eliminate this phase
variation over a plane at a specified distance R, from the
lens.,

With this plane chosen a given distance Ré from the
lens,and for a given amount of taper over the lens (governed
by the value of)u), the amount of quadratic phase variation

necessary in the exit pupil of the lens is given by

(2.10) ¥ =%, -2%2 = —ﬁ. (1 T ,1-(51(&')1 )
2

(The negative result implies that a converging, rather than
a diverging, wave is required in the exit vpupil.) With this

value of ¥ , the amplitude distribution, uq, in the plane at

-3k - /1 ¢ 1 (bay?
(2.11) ug = - dke = % e 4

)
R2 now becomes:

Hence it is seen that by a proper choice of
amplitude and phase over the lens, there exists a plane at
some distance Ré over which the phase rmemains constant and 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

sketehed in figure (2.16) for a given choice of x\and/u.

Choice of Parameters

The above theoretical considerations are approximate

in that an integration over an infinitely large lens was
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assumed to be valid.ﬁﬁ

This assunption 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
amplitude variation in the plane at Ré than can be tolerated
for antenna measurements. In order that any experimental
arrangement should perform according to the theoretical
predictions while still giving a slowly varying amplitude

in the plane at Ré, a criterion as to the intensity

that canbe 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

(5= a) about _1 _ of that at the lens center, a phase
1000

variation in good agreement with theory could be obtained.
With less taper than this, the phase distributicn in the

. i
plane a distance Ky from the lens deteriorated. From

equation (2.8) one then obtains the result that

: 2
e "M 2 o0l or m = 2§§é~

Another criterion for m results from equation (2.10).
Since is a real quantity, it is necessary that

<« k
M ZRE

Hence _m must lie between the limits

L6
(2.12) 2_%_ < £ _k
a LRo
For the size of lens that was available (a = 25 cm.) and

at the working wavelength of 1.235 cm., the above criteria

!
are satisfied for R,= 145 cm. and @ = .00875. In parti-

&% 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 = Z%T; with
this condition the phase varieé almost symmetricglly on
either side of the plane, a distance Ré from the lens, over
which the nhase is constant.

Having demonstrated, theoretically, a means of
improving the phase distribution in a collimated beam
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
cbtain the quadratic phase variation and an approximation
of the Gaussian amplitude distribution over the collimating
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 oSystem II.

In System III, the diffraction image of lens B
is again arranged to coincide with lens 4. 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(ﬁs) where
§$ is the radial distance from the axis. Forv‘sgsmall values

of 5 , comparison of the series expansions of a Gaussian

function and the above Bessel function shows that

J1 (BS) e ~(B235% 2)/8

B3 2

Hence, the Bessel function amplitude distribution would provide
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a rough approximation 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 for this purpose.

It was mentioned above that for a choice of the

taper factor (m) the equality

(2.13) M= %Ré gave good results.

Substituting this value into equation (2.10) gives the value

of the phase factor (X\) required, namely: X\ = -Z%,. . The
2

quadratic phase distribution required in the exit pupil of

the lens is then . +jk§ 2 and this distribution can be
° IRy

obtained by adjusting the distance Ry (figure (2.17)) as
will be shown.

In Section 2.2 it was found that the phase front
of the field at the image 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:

1 -1 -1
fB Ro Rl

the image vlane of lens B. Again, by taking account of the

where lens A is situated at (R= Ry),

phase shift introduced by lens A, the field emerging from

this lens can be written:
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ug 2 —ik&2, 1 1
ugy = ug(e*3T) e T g - g
: . : -us? .
where u, is a constant of proportionality, e™M is the
Gaussian amplitude distribution obtained approximately
with the arrangement shown, and
. k k 'k:§2
-j &2 (57 - * X
e (Zhl 2?;) = e ZEZ‘
is the quadratic phase term desired.
The conditions necessary to determine Ky and K) are
then:

= -k k
g S - - _k
I LT

Using these relationships, the dimensions shown
in figure (2.17) were determined. The intensity distribution
over the lens, and the characteristics of the collimated
field achieved with this arrangement are discussed below.
Field measurements were made at the exit pupil of
lens A and in regions beyond this lens in the same manner 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 beam for the planes of
measurement, neighbouring the plane at (R% = 145 cm. ).
The corresponding phase distributions are indicated in
figure (218b). From these measurements, a remarkable improve-
ment in the phase distribution of the collimated wave over

that found in System II, can be seen. The intensity varies
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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 Systen IT.

Thus, although the region of nearly constant intensity
achieved with System III is not as large as that attaéined in
System II, both the intensity, as well as the phase are almost
uniform over a considerable volume of the collimated beam of
System III., This volume is centered at R,= Ré and the results
are in good agreement with the approximate theory derived.

Horn radiation patterns measured in the vicinity of R,= R% in

the collimated beam of System III are now discussed.

Horn Pattern Measurements in the Collimated Beam 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 Xand 15 Xhorns.

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 (Hy, away from
the lens, shown on the graphs. The E-plane pattern measure-
ments were not so successful however. Errors in the L-plane
pattern of the 10N horn are greater than they were using

System II. This fact is explained by the sharper fall-off in
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intensity with distance away from the axis found in the
collimated beam of System IIIl; 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 electromagnetic field
configuration in a rectangular horn, already exists'in the
H-plane over the mouth of the horn. (1) (This inherent
taper does not exist in the E-plane over the mouth of a hormn.)
But the variations in amplitude of the collimated field of
System III were too drastic to allow good results with the
26 X\ horn even in the H-plane pattern measurements.

A means of extending the region of uniform ampli-
tude in the collimated beam of System III is suggested in
the brief summary & the three systems so far discussed, that

follows.

2.4 A Summary of the Properties of Svstems I, II and III.

The results of measurements 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. Horm
radiation patterns measured in various regions of the collimated
beam were both inaccurate and inconsistent 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 suggested
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another system for measuring the patterns of antennas and
scattering objects that will be described in the next
chapter.

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 beam was too great
to allow accurate measurements of antenna radiation patterns
for antennas having apertures more than about 10 X in size.

In System III, tapering of a slightly different
form, combined with adjustment of the phase over the collimating
lens, led to great 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 shown that this restriction
can be overcone.

With the equality (2.12) {u = E§E) satisfied, the
amplitude distribution in the collimated beam at R,= Ré is

(from equation (2.11))

- 2
(2.14) ug = _jke~JKHy  -oun
2RO ta)

where M describes the taper in intensitv over the collimating

- . 1 2 _ oam 2
lens (i.e., fus | = e~2u§ )y and M 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) N £ 2= & where a is the radius of the collimating
S iy

lens. Hence to decrease the amplitude variation in the
collimated beam, M must be decreased (by equation (2,1%))
and this can only be done, in view of the criterion (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 MICROWAVE COLLIMATING SYSTEM BOR SPECIAL ANTENNA AND

SCATTERING MiASUREMENTS,

A means of taking advantage of the relatively
small fluctuations in amplitude and phase found in the
emerging wave very close to the collimating lens of System I
is described in this Chapter. The region very close to the
lens surface in System I could not be used for antenna
measurements with that system because of the space 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 surface 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 disc 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 (3)
with 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
because the position of the horns was well defined in
System I¥: the horns were mounted with 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 Measurement 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 source at infinity,
(i.e., with a plane wave) a measurement of the relative amount
of energy scattered backwards 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 shown that the ideal
back-scattering pattern of a large disc rotated about a
diameter perpendicular to the direction of propogation of the

. . . &
plane wave, is given approximately by:

_ 2
1 (qullgl)Cbﬁeyhere u, is a constant of

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

plate, © the angle of rotation releative to the direction of
propogation, and k the wave number (-%g ).
The particular arrangememnt of System IV, used to

measure the back-scattering pattern of a circular aluminum

% This result is subject to the assumptions of the scalar
diffraction theory of Kirchhoff. More rigorous but
similar so%g&ions,taking polarization into account are
available.
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plate is shown in figure (3.2) . 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 was 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 (Ry) separating the lens from the source,

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

Cbs%a(qul(q))e,is plotted in a dotted line for comparison.
qz

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 Brror 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
misalignuent 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-8cattering patterns of a 50 cm. diameter circular

disc measured using System IV.
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corrected for spherical aberraticn. 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.(7’ 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)X horn
are made in Appendix IV, fdllowed by calculations for the
same hbrn 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 some departure from
the ideal back-scattering pattern was found.

(b) Perturbations in the Field wmmerging from the Collimating

Lens: It was found 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 collimated beam. 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 some of the
error found in the antenna patterns measured using System IV,
The field variations at the surface of a lens
mounted in an aperture arise from a combination of two
effects. The first, originally discovered by Andrews,(lo) 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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¥

since the thickness of the lens varies with the distance
from the center of the lens.

A dielectric lens presents an electromagnetic
problem of such complexity, that 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 Reflections Between the Lens Surfaces, the

Object Under Test, 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 (R) may explain the slightly
better results obtained using lens A compared with lens C.
In System IV, R, was made equal to the lens focal length. This
was 250 cm. for lens A, but only 100 cm,., for lens C.)
Heflections also take place between the surfaces of
the lens and the transmitting 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 filling in of the minima between

the side lobes that can be seen in the back-scattering pattern
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of the disc (figure (3.4)). The better results obtained at
R = 235 cm. miesht be due to a more favourable phase
relationship between the two reflected waves at that distance,
(A similar improvement in horn patterns was not found as R,
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 s pecial 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

(12)

increasing the focal length, and reflections from the

surfaces of the lens could be made smaller with the use of
non-reflecting coatings.(lB’ 14)
In the Conclusion, System IV is compared quantita-
tively with the other methods 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 L.

EXPERIMENTAL MeTHODS AND APPARATUS

Essentially, the experimental procedures involved
in the work that has been described, had the following
general objectives:

(1) Measurement of the relative power transmitted (or
received) in a specified direction by en antenna as
function of the angle of rotation of the antenna with
respect to this direction.

(2) Heasurement of relative intensity in a microwave.field
as function of the position of the measuring probe.

(3) Measurement of relative phase in a microwave field as

function of the position of the measuring probe.

The description that follows of the specific
procedures employed to achieve these measurements will

include details of the apparatus used.

2.1 Antenna and Scattering Pattern Measurements.

(a) Far Field Horn Patbern Measurements.

The site chosen for far field antenna measurements
extended over a distance of 310 ft. between a turntable
mounted on the roof of the maton slectronics Hesearch Labora-
tory, and a parabolic reflector mounted on the roof of the
Biology Building, McGill University. This distance surpassed
the criteria given in figure (1.1) for the antenna separation

necessary to ensure accurate far field measurements (i.e.,
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In view of the fact that the transmit-

2
R > .2.3_. and Rx2d4D)
(1)

) .
ting and receiving patterns of an antenna are identical,
for convenience, the three horns whose far fie ld 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 (4.1b). This
antenna was constructed in conjunction with Mr, G. Cloutier
of the taton slectronics Research Laboratory. Its character-
istics were: a gain of over LO decibels, half power beam
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 beam width and low 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
rectangudar 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): (Right) The paraholic Teceiving (b): A view of the receiving antenns
antenna, (center) from the transmitter.

(e): From the left: the small horn used in le

ns
illumination, and the 10, 15, and 26 )\ horns.
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cations of apparatus required in the work.

The horns were mounted on a large turntable that
is permanently installed on the roof of the katon wlectronics
Research Laboratory. This turntable was driven by a D.C.
motor wnich was controlled by an amplidyne 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 generated (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 ¢/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 wés aligned so that

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

carried by waveguide from the open waveguicde 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 Recorder, and this equipment was located
for convenience close to the klystron power supply in the
taton mlectronics itesearch 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 microwave 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 taking the horn patterns, the position of the
recorder pen was 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 the 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 lieasurements.

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
receiving antennas, with a tuner and crystal detector
attached. The horns were mounted on a small turntable that
could te easily moved, and this was 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. &nergy from these radiators illuminated the lenses
used in the collimating systems discussed in Chapter 2.

(The small horn antenna is seen at the left of figure (4.lc).

Some of the physical properties of the lenses
themselves, have already been described in Table II, A
photograph of lens A mounted in the screen is shown in
fipure (4.2a). Lenses A and B were designed and constructed
by M.P. Bachynski,(7) and lens C by M.H. Chapman.(15) 411
three lenses were'unstepped, and accurately machined from
solid polystyrene.

The general experimental arrangements 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 purntable was
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placed along the optical exis the desired distance from the
collimating lens, and levelled. Its axis of retation was
then vertical and interéected the obtical axis of the system.
The horn was mounted on the turntable with the center of its
aperture at the point of intersection of these axes.
Levelling of the horn was carried out as in the far field
measurements.

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 required connections had
been made for the servo-gystem 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.# The absorber was particularly
necessary on the image side of the metallic screen supporting
the collimating lens, to minimize reflections between this
ccreen and the horn under test. However, once the absorber
had been added, smooth and symmetrical horn patterns were
generally achieved, and it is believed that room reflections
caused little error in these patterns.

(¢) Laboratory Back-Scattering lieasurements.

A schematic diagram of the back-scattering system was
given in figure (2.3), and shown here, in figure (4.2b), is a

photograph of the scattering plate and lens, mounted on the

& "Darkflex," Sponge twubber Products, Shekon, Conn.
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small turntable that was used for all laboratory pattern
measurements. The plate and lens were supported by a
polystyrene foam block, which had a very low index of
refraction and caused negligible reflection. Reflections
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.

Referring to figure (4.3), the magic tee arrangement
shown was used to separate the direct power generated by the
klystron from the reflected power, returning from the
scattering cbject, and received by the small horn. This
arrangement is essentially the same as that used by Hogg,(h)
whose optical system corresponded to System I, It is
possible to match the arms of the magic tee 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 reflected
energy received by the horn is detected by the crystal. When
this was done, it was found that the residual signal
reaching the crystal, with no scatterer present, was about
4O decibels below the maximum reflected signal with the lens
and scattering plate mounted on the turntable. (Much better

distrimination than this is possible, but it requires
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Fig. 4.3% Schematic diagram of the back-scat*ering apparatus.
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elaborate frequency stabilization of the source.) Thus,
when the lens and plate are rotated with the turntable,
the reflected power detected by the crystal is recorded
to give a pattern in the same manner as previously

described.

L.2 Intensity Measurements 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
collimating 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.

L.3 Phase Measurements in the Collimated Beams.

The interference method of phase measurement(lg was
used to obtain the phase plots presented in preceding chapters.
This method involves the mixing of a signal sampled from the
field of interest, with a reference signal of similar
amplitude. The phase of the reference signal 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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180 degrees out of phase. By recording the phase cla 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
figure (4.L) and a photograph of the mixing section of the
apparatus in figure (4.2c). Part of the klvstron 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 movement of the probe without appreciable change
in the eldctrical length of the waveguide between the probe
and the magic tee. The combined signal is detected by a
crvstal 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 made 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 towithin

about 10 degrees.,
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Chapter 5.

CONCLUSION

A comparison will be made in this concluding chapter
of the four microwave collimating systems investigated, after
the main ideas involved in the work have been briefly
summarized below.

In the introduction, the disadvantages cf the
standard far field method of antenna measurements were
pointed out, while in Chapter 2 the need for some form of
collimating device to produce a plane wave for laboratory
antenna measurements was demonstrated: OSerious inaccuracies
were encountered when antenna patterns were taken in the
laboratory using the spherical wave from a point source.
However, in collimating this spherical wave 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 from 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 tapering resulted in
a greatly improved amplitude distribution in the collimated
beam, but the phase distribution was poor. However, by
choosing a special form of amplitude taper, combined with
a modified phase distribution over the collimating lens (as
in System III) the phase variations, over a sizable region
of the collimated field, were sharply reduced. Yet, although
the amplitude was smoothly varying in this region, it was

not sufficiently uniform to allow accurate measurement of
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of the radiation patterns of large antennas. Finally, a
siriple modification of System I was tried, by means of which
the best portion of the collimated field, found very close

to the lens, ocould 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 thesisy these patterns were
considered representative of a large number recorded during
the course of the work., To pgive some indication of the
accuracy of the li-plane pattern measurements, errors in the
first and second side lobe levels are listed, while for the
H-plane patterns, the errorsin the full width of the main
lobe 10 decibels below the maximum are given. All errors were
read with the maximum of the main lobe of the vattern concerned,
coinciding with the maximum of the true pattern.

For dystem I, large and varied inaccuracies are
listed for both the £ and H-plane measurements for all horns.
(These data were taken from horn pattern measurements made a t
dif ferent distances from the lens, see figure (2.8)). An excellent
E-plane pattern of the 10 X\ horn was obtained using System II.
The small amount of phase error over the horn had more effect
on the H-plane pattern measured with this system. Greater
inaccuracy resulted in both & and H-plane measurements of the
15 and 26:\ horns because of the larger amounts of phase error

over their apertures, but the figures indicate considerable

improvement using System II as compared with System I, As



TABLE I

SYSTEM| HORN PATTERN ERRORS
18t Side Lobe E-Plane|2"9SideLobe E-Plane |!0db. Beam Width Average
Lobes wWidth
(decibels) (decibels) degrees %o db %
F jl% ———t
10 A 2 to 6.5 2 to 9 2 13 \
I 15 N 2 to 3 2.5 to 4 2 to 12 |18 +to 109 it }39
26 N 2*to 5 2.5 to yX L% 1% } }
==ﬁ=i
10 N 0.3 0.l 1.5 10 \ \ _
pi g 15 N 1.8 1.3 L5 23 }1.6 } 13
26 % 1.5 4 1.9 7 ) )
10 \ 1.9 2 0.2 1.3 \ \
- IL 15 N L% 7% 0.3 2.7 } L } 13
26 2 7 10 36 - ) } :
10 . 0.2 1.1° 0+3 2 \ \
v , } }
| 15 X\ 0.2 0.7 0.8 7 0.5 5
26 A 0.3 0.4 2 7 ) )

* FRON. PATTERNS NOT SHOWN
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already mentioned, with System III, inaccuracy in the antenna
patterns was due to amplitude variation in the field, but
this did not cause significant errors in the H-plane patterns
of the 10 and 15 A\ horns. The i-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 XA horn was poor, and the errors in
this pattern are at least smaller than those found using the
other three systems. &rrors of the magnitude tabulated for
this system, averaging about 0.5 decibels in side lobe level
and 5% in beam 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 thé system are limited
to those involving plane scatterers or antennas having a plane
aperture. Moreover, if patterns extending over larger angles
of rotation were desired, errors would be increased by off-axis
lens aberrations, which eventually become seriuus.

It is believed that System III, employing the
Gaussian amplitude and quadratic phase distributions over the
collimating lens, shows the greatest prohise for accurate
laboratory measurements of a more general nature. As pointed
out in Chapter 2, there is nc¢ inherent limitation on the
vdume of the region over which uniform phase and amplitude
could be achieved with this system. Larger lenses are required
to extend the amvlitude distribution, but if necessity
warranted, a collimated field could be produced meeting given

specifications.
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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 some point Q
bevond a circular aperture contained in a screen, in terms
of the field in the aperture. This result is based on the

(16, 17)

scalar Kirchhoff theory of diffraction , and the

derivation is outlined below.

a8, 19, 20) of the problem

Although vector solutions
are available, which give a more exact representation of the
electromagnetic field {particularly in and near 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.

(16) that,

By aprlying Green's theorem, it can be shown
for a field satisfying the scalar Helmholfz equation, (72 + k?)u = o,
the amplitude at some point Q@ in a source-free region beyond

an infinite plane screen containing an aperture is given by:

: - iks
AT.1 o= L | u 2 (eJ )dA
A ah s

27

where up 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
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except in the aperture, where it is equal to the unperturbed
incident field (uj). Then the area of integration is
limited to the aperture area (4y). Performing the
differentiation in equation AI.l gives:

-jks
AL.2 ugQ = E‘TT Aoui ’Jb"'%-) %—C’os(‘;nﬁ) dA.

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 (dAy) is specified by polar co-ordinates ( f, @ ) and
@ is located in a plane parallel to the screen and some dis-
tance Ry from the screen. The distance between Q and the
axis of symmetry will be denoted by S , and for small values
ofS, the factog Cos (n, s) in equation AI.2 can be set equal
to unity. For simplicity, 96 is chosen to be zero in a plane
containing the axis of symmetry and the § co-ordinate axis.
Then the distance s from dAp to @ can be written:

AL.3 5= (RI+(5-ploss) + (psind) )2

| = (R*+ p* - 2p5Csé )4
where k = (R + 52)%- is the distance from the center
of the aperture to the point (.

For kR >> § , f, an additional approximation is
made by expanding this expression for s, and retaining only

the first terms, to give the result:
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Putting this value of s into equation AI.2, and
using the other approximations mentioned, the following

expression is obtained:

2T (G ..Jh(g_.._. - p5les (osqS)
AL “J‘Q A JD% dJ:

2T Yo o

Where (a) is the aperture radius, and s is approximated by R
(or Ry) in the denominator, with little error.

Finally, if uj, the field in the aperture, is a
function oka alone, then theti integration can be performed

in equation AIL.5 to give the required result:

kR | . ~jRatyr?
(2.1) Ug= _J\Q J a2 | u.r Jo(h%Rar> e R4
o

The remaining integral has been normalized by putting \? =av.
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APPENDIX IT

Approximate kvaluation of the Collimated Field in System II.

The expression given in Chapter 2 for the field in

the collimated beam of System II was:

- n‘l
'{ Jh(Qo"' R+ Ry~ 3R )
au,q €
b

p

Y

(2.6) UQA = —J

bS]

2
. 2R

/
-jRa’r
[Hegz) ) ¥

An evaluation of the integral in this equation will

be undertaken here using the following approximation of the

function JT(‘%) :

-q'/8
AIL.1 J_-'__(;_D = Q_?:_ (‘— (%\4)

where
CP: 3.8317, is the first root of the Bessel function
Ji(i.e., J1(¢p) = 9. The function on the right of equation
(AII.1) is plotted in figure (A2.1) in comparison with

J1(q) and it is seen that the agreement is good up to values
q
of q slightly larger thand) o To further justify 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., (;&ﬁﬁ))z ), more than 83% of the energy

is concentrated in thc!a region q £ ¢ (q for the experi-

mental arrangement is given by q = KPAr), and the side lobes
R
1
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in the illumination beyond the first, do not contribute
greatly to the field at the point .

lMaking the change of variable ar = x in equation (2,6 ),
and then letting a -» ©© for reasons outlined in the text of
section (2.2), the substitution of (AII.1l) into equation (2.6)

yields the integral:
co

e | {7890 (5]):

2R3
dx }

(AII.2) uqa= U@ o
where u includes the constant amplitude and phase terms (only

2.2 - jhx'
/Z.Rl ZRZ

_E;
2

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

By setting RY = ﬁ , R - ¥ and using the
R, 2R,
the integral representation of To (<) given by:

2.2
~ X
XX )= _| et 4t

equation (AII.2) can be written:

e °° - ’(JX\*“F’ *-(\—a:%é})
Uga = U€ “‘}I jx(‘ -(B2)")e dx dt

2“3

The above expression can now be integrated to give the result

shown in Chapter 2, namely:
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27) uUga=_4 1, _ _54[5'—‘—-—.—-——4 - akin?
( MY D {‘ 2 ( ¢) (2‘21(4“‘*_?))
8

R%(jh%)“’

o el o e )

(%+£) 2R R(ag48)  Ri(:t™+ )
8

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 Ry = 200 cms., in the following form:

~n*(.0047 + .0122j)
4
MQA = Ae {(99,3—1.'2.87 n_z 4 .0016 M1 )

- j (407 + -Sovf"')}

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

From this expression, in which & is a constant, the relative
phase and intensity in the plane at Rp = 200 cm. can be

readily calculated. The results have been shown in figure (2.11).



- 89 -

APPENDIX TIT

A Formula for the svaluation of the Collimated Field of

System III

The expression given in section (2.3) for the
field in the collimated beam of System III was derived by
considering the collimating lens infinite. For a finite
lens, the field is of the following form:

\ L9

"b(R-Fﬂ':) , ; -p3%

(AIII.1) Uga= ueJ PR T («5) e dS
o

where P —<JX‘O+J'§% +/M) a’)') a§‘= S = radial distagnce
2 from axis,

and o = Raw

——

203

the factor u includes constant amplitude and phase terms.

The integral in equation (AIII.1) can be evaluated
by using a function 5(%) defined by:

/

8(5)= I for é“ |

g(é):o for

M-~

> |

Substituting this function into the integral of equation (AIII.1l)

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

infinity, giving the result:



©o /‘2

k(R0
(AITI.2) Uga = qu k) 3(3)53—(«3)9 at%
O

If the function 5(3) is now represented by a Fourier-Bessel

series, the integration can be performed.
, /
(AIII.3) Let $(%§)= > CpJs (bn3)
m

where b, is the nth root of J, (such that Jg (bp) = o). Then

(22)

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

' / / /
co= 2 j $(2) § J.(bn2) 43
n 2

T2(bn)

= 2

bn J,(bn)

Substituting the a bove value of C , into equation (AIII.3)

/
and using this series representation of 5(§)in equation (AIII,2)

Upa= 2U & JIR(R2+ 7% )2_ gj‘o(bné)j (o(S)e a5
o  bn J,(bn)

~iR(R, b + o?)
(AITI.A) - Medk(‘? 2@)2{ ( 4;0( J' (Jo(b)}

yields the equation below: —(oo /§‘>.
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To calculate the field in the plane at (Ré) where
the infinite lens approximation indicated a uniform phase
front, the value of p can be found by substituting:

-XL?/M==5£% (the values used in section (2.3)). Then
P= gf(\+5, and the argument of the Bessel Jj in the series

4R,
expansion for the field is:

Ji_b_g — 'J? bn (l-\-\j)n/

2pP a

Tables of Jg having this complex argument are available in
Jahnke and kmde, "Tables of Functions."(23)

No numerical calculations were undertaken using
equation (AIII..,) 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.



- 92 -

APPENDIX IV

The Effect 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.(zh)
The method will be used here, to determine the effect of lens
aberrations on the k-plane pattern of the 10 X 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 calculated 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 bheen found that for the k-plane patterns
of a radiating horn,(zh) the field over the aperture appears
to be that of a point source located at the horn's throat, so
that the d-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 k-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 axis, and the co-ordinates x and y in the » and H-planes
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of polarization respectively. With an incident field

u; (x, y) over the aperture of the horn, and an angle &
in the k-plane between the direction of propogation of
the incident field and the longitudinal axis of the horn,
the amplitude at the throat of the horn is proportional

to £( & ), where this function is given by:

k(§3+j;-3c&heb

b = .
2 2 -5
- (¢,u) Cos(TY 2l 2L
(arv.1) f(e)= (+ Cose)jdxgo‘g» u; (y) Co (_b_)e ’
e b
2 T

In this equation, b is the side dimension (12.5 cm.) of the
10 X horn's square aperture, and Leg and LH are the horn
slant lengths in the two polarization planes, defined in the
diagram given with Table II. The factor Cos (1_7_;6’) occurs if
the Tty mode is propogated in the horn, as is the case here.

When 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 u; as:

~jR V(6y)
(AIV.2) U; = Ue €
where u, is a

constant, and V is the aberration function(7’ 12) 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 Seid@l aberrations contributing to V are tabulated below.
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These terms are taken from general formulas given in

references (7) and (12).

(1) Coma: m Sim 6 (x""'jt>x _ a>m SW\.é_?i

2f (m-1) 3t (m-1)
(2) Astigmatism:  (x'-4?) Sua ' O
2 f

(3) Curvature of field and distortion: (MH) (x“\'\-i‘) Sim* P
- dmf

(L) 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.), and 9 the angle of displacement of
the source from the principal axis (that is, the angle of
rotation of the lens and horn in the t-plane).

The positive coma term in mixed x and y makes the
integration in equation (AIV.1l) extremely difficult. However,

this term is small compared with the negative coma contribution
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involving x alone. It is found by substituting the extreme
values x = y = % into the expressicn for coma, that the
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 vields the following aberration

function.

= 2 —ur(n-))=/n\a’ o Sine
(a1v.3) V= 5‘“49(x1(3n+\) gein ) (Fﬂ;—?"x

4n

Substituting this value of V into equation

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

(AIV.,1l), gives the result: g "'3\2(3} %zscnzs :r:-‘F))
I(Q):{uo(t-l-Cose) dyfoe("_g)e H .
-k
-b- 2 * 2 > v\az )
(AIV.4) 'j;x eJ‘Q(fEE- %_V%_C_@(am-t)x X me<\ 3;-677_1:\)\ }
-k
2

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

on the angle of rotation @ . Several calculations were
made for specific angles, and variations of only a few
percent were found (e.g., at 20 degrees, the value of the 'y!

integral differs from that at zero degrees by only 1.2%).
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For this reason, the calculation was greatly simplified

by assuming the factor constant.

The following substitutions were made to
simplify equation (AIV.4):

1 _ B+l Sin’6

let - =
T T e Tan T 7
. 2
and m= 1— an
3(n-1) £2

The 'x' integral of equation (AIV.4) was next transformed into
a standard Fresnel integral,namely:

Uy

- kL (m Sme)? J“—_nz_sz
(arv.5) £(&)= c(i+tse)'e” 2 e % 4s
U,

in which C is a constant, s a dummy variable, and uj, u, are

given by: u, = 3_(£J_ML$M6>
L2 \ 2

b \..S]ﬂ@)
- 2 L 4+ wm
Uy = *)C—i ( 2

The values of f(© ) were found using a table of Fresnel
integrals, and 'lﬁ(eﬂz was pnlotted to give the 10 A horn
k-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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