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CHAPTER I
INTRODUCTION

Microwave antennas having a so-called "cosecant-squared" radiation
patternl in the vertical plane and a uniformly narrow beam in the
horizontal plane are in widespread use for airborne mapping and search
radar applications. The general shape of this pattern, for an air-search
radar, is shown in Figure 1 as a polar plot of the antenns gain function
G(®) vs. the elevation angle ® . This beam, which is mechanically scanned
in the horizontal plane, "searches" most of the region above the earth.
The distance s is proportional to the power gain of the antenna and can
be expressed as h esc @. To insure that all like targets within the
angular coverage region and at a common altitude h appear as equal-
strength echoes on the radar screen, the power density illuminating these
targets at various elevation angles must be constant. Since the power
density from the radar is inversely proportional to ri, the gain function
G¢(®) must vary as csc28 within the desired angular coverage region.

The general category of patterns having a csc2® or similar shap92 are
called shaped beams or vertical-coverage beams, and the antennas that
produce them are called shaped-beam antennas.

Existing methods of beam shaping.--The radiation patterns of parabolic

cylinders fed by line sources and paraboloids fed by point sources all
have symmetrical shapes characteristic of the main-lobe diffraction

pattern of an equiphase-aperture antenna..3 Changing the aperture size
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changes only the scale factor for the angular coordinates of the symmet-
rical pattern. The characteristic shape of the pattern can be altered
only by changing the phase of the field intensity over the aperture. The
phase variation can be achieved by altering the shape of the reflector

or by changing the characteristics of the feed. Both methods have been
used to obtain shaped-beam antennas.

Figures 2(a) and 2(b) show the cross-section views of two non-
parabolic cylindrical reflectors each fed by a single line source., The
rays in these figures indicate how these reflectors produce the shaping
of the beams. In both cases the azimuth beamwidths are determined
entirely by the line sources. Chul+ has arrived at a method of calculat-
ing the surfaces of these reflectors to give some specified vertical-plane
pattern if the radiation pattern of the primary source is known. The
radiation pattern of the horn feed, which directs energy into the
reflector, is called the primary or feed pattern, and the secondary
radiation pattern is that produced by the current on the reflector plus
any direct radiation from the feed. Chu's procedure is based entirely on
geometrical optics and conservation of energy and, while it is not diffi-
cult in principle, it is very tedious in practice because graphical
integrations are required. Chu's method has proved very satisfactory for
reflectors with a large but varying radius cof curvature, However, the
method neglects all diffraction effects and thus gives no evidence of
the frequency sensitivity of the antenna. As a consequence, with this
method it is necessary to design and build a prototype antenna which is
then altered experimentally to modify the radiation pattern. In spite of

these difficulties, Chu's synthesis method is the best existing method



for obtaining shaped-beam antennas,

This thesis presents a new method for obtaining shaped-beam
antennas which haes significant advantages over existing methods. This
new method can be best understood by considering first the antenna of
Figure 3, which shows a conducting paraboloid of revolution fed by three
waveguide-type horns.5 If only horn one is energized, the secondary
radiation pattern will have a maximum value on the axis and & half-power
beamwidth directly proportional to the wavelength and inversely propor-
tional to L. If only horn two is energized, the resulting secondary
pattern maximum is at some angle above the axis proportional to the
displacement of the horn below the axis. For this condition the mouth
of the reflector is not an equiphase surface., If all three horns are
energized, there are three secondary beams with angular displacements
determined by the angular separation of the horns., If the horns are
spaced and fed properly, the combination of the beams can give a smooth
shaped beam over limited angles.

As the single horn feed of & paraboloid is moved off axls, the
beam-focusing properties of the reflector are impaired, resulting in a
wider beam in both principal planes. An increase in beamwidth in the
vertical plane is desirable, but any appreciable widening in the horizon-
tal plane is undersirable because it limits the angular coverage of this
antenna. For line sources used with cylindrical parabolas, the problem
of horizontal-plane beam widening is eliminated because the beamwidth in
this plane is derived entirely from the feed. However, the electrical
and mechanical problems for the single line-source feed are so formidable

that building a multiple line-source feed is impreactical, if not
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impossible.

The image method of beam shaping.--The new method of shaping the second-

ary pattern presented here uses the same principles as the multiple-feed
system, but the effect of off-axis feeds is created by a conducting
surface, which will be called a ground plane, placed beneath the horn as
shown in Figure 4. The energy from the feed that is intercepted by the
ground plane 1s reflected into the parabolic section and creates the
same general condition as that in the multiple-feed antenna. The energy
reflected from the ground plane can be treated as emanating from a single
image when the ground plane is flat and from multiple images when the
ground plane is curved. It will be seen that the power division between
the main and image horns can be controlled by the aim of the horn and
the chape of the ground plane.

The far-field radiation pattern of the ground-plane antenna
considered in this analysis is the combination of the scattered field
from a metal reflector plus scme, usually small, direct radiation from
the line feed., For most elevation angles, the scattered field is by far
the larger of the two components. As an aid in the analysis, the
scattered field will be treated as the superposition of three beams:

(1) the main beam, (2) the image beam, and (3) the direct ground-plane
beam. The main beam is caused by the current distribution on the para-
bolic section of the reflector when the ground plane of Figure 4 is
removed., These currents are a result of direet radiation from the feed
into the parabola and they produce an almost symmetrical beam having a
maximum along the axis of the parabola. The image beam results from

currents on the parabolic reflector due to energy reflected from the



ground plane into the parabola. The image beam is asymmetrical and will
be maximum at some angle above the axis of the parabola. The shape of
this image beam is determined by the size of the parabolic section, the
shape of the ground plane, the frequency, and the radiation character-
istics of the feed, For the simplest case, a single flat ground plane,
the energy reflected from the ground plane can be consldered to emanate
from a single image of the real horn. Curved and broken ground planes
in general give the effect of a parabola fed with multiple images and
usually produce wlder image beams than those produced by flat ground

planes.

The direct ground-plane beam is the beam caused directly by the
ground-plane currents., Since most of the radistion from these currents
1s intercepted by the parabola, this beam is usually small. However,
some ground planes cause a direct beam which is comparable to the main
and image beams at the larger values of 8 where the main and image beams
are small,

ObJjectives of this study. --This study examines analytically and

experimentally the validity and feasibility of the application of image
principles to shaped-beam antennas, Although the method of analysis
used can be applied to paraboloids and cylindrical parabolas, this study
is restriected to cylindrical parabolas with ground planes added to give
beam shaping.

In addition to proving experimentslly that image principles of
beam shaping can be used successfully on cylindrical reflectors, this
study has two other objectives: (1) to develop a method of calculating

the radiation pattern of image-beam antennas of arbitrary shape, and (2)



to develop a design procedure to provide a specified shaped beam., Since
one problem is the inverse of the other, and since problems of the first
kind are much easier to solve, the general procedure will be to find the
solution to problems of the second kind by successive approximations
involving recurrent problems of the first kind. The procedure used to
calculate patterns of reflector-type antennas having single reflection
surfaces such as those used in image beam-shaping antennas has not been
treated analytically or experimentally, except briefly by the author.6

The three diffraction zZones and a summary of succeeding chapters.--The

method of solutlon of the problem presented in the remainder of this
study deals with electric and magnetic fields caused by reflections of
waves from conducting surfaces, Before proceeding with the detailed
analysis covered in succeeding chapters, it 1s desirable to present a
short discussion on the thres diffraction zones surrcunding a reflector
or an aperture.

When an electromagnetic wave impinges on a conducting surface,
electric charges and currents are set up on the surface so the boundary
conditions are satisfied. Theoretically, the electric and magnetic
fields due to the current and charge distributions can be expressed in
terms of current distribution only. The integral expressions which
result are very difficult to evaluate exactly even for simple surfaces
and simple current distributions. Since the currents on the surface are
treated as infinitesimal dipole radiators, the field outside the conduc-
tor is a vector-phasor addition of contributions from all the radiators.
In order to evaluate the integrals in practical cases, certain approxi-

mations must be made. The region outside the conductor is usually



divided into three zones which are determined mathematically by the
nature of the approximations used in evaluating the integrals.

The near zone is the region close to the conductor where no sim-
plifying approximations in the integrals can be made. In cases where
the integrals have been worked out in detail,T it was found that for
surfaces with a radius of curvature large compared to a wavelength, the
field differs little from that calculated using geometrical optics. The
term "near" is determined by the size and shape of the conductor, the
wavelength, and the current distribution, Near-field theory will be used
in Chapter II to calculate the reflected waves from flat and curved
ground planes. These reflected waves plus the direct waves from the
horn determine the current distribution on the reflector and thus the
far-field radiation pattern. Near-field measuring techniques and a com-
parison of calculated and measured near fields are presented in Chapter
IIT.

Beyond the near zone 1s a second diffraction zone called the
Fresnel zone., The Fresnel-zone patterns are dependent on the distance
from the reflector and are of little importance in radar work. Fresnel-
zone fields are very difficult to evaluate and are found graphically
with aids such as the Cornu spiral. The Fresnel zone will not be con-
sidered in this study.

Finally, when the distance from the conductor is very large
compared to the size of the conductor, the zone is called the far-field
or Fraunhofer zone. In the far-field zone the simplifying assumptions
which make the integrals manageable are valid for most cases of interest.

In Chapter IV, the general far—field.formulasB presented by Silver are



10

applied to parsbolic cylinders and cylindrical ground planes. However,
even with the simplifying assumptions, calculation of the far fields in
terms of the currents is very time consuming. Chapter V presents
"universal" design curves which predict the approximate magnitude and
phase of the main and image beams. The use of the design curves reduces
the number of calculations required to obtain a prescribed beam shape.
Chapter VI compares the measured and calculated far-field patterns for
several image beam-shaping antennas and shows sample problems illustra-
ting the use of design curves developed in Chapter V. The final chapter
covers the conclusions of this study and recommendations for future work

on the image beam-shaping antenna.



CHAPTER TIT
THE NEAR FIELD

It will be shown in Chapter IV that the scattered far field from
a conducting surface can be expressed as an integral equation involving
the reflector geometry and the incident magnetic field intensity at the
surface of the reflector. The dependence of this equation, Equation
(14), on the magnetic field requires an accurate knowledge of the fields
at every point on the reflector surface. For a typical image beam-
shaping reflector, such as shown in Figure 4, conventional ray theory
can be used to find the component of the magnetic field due to direct
surface illumination by the feed. However, a reflected wave from the
ground plane must be considered when calculating the total magnetic
field along the surface of the parabolic section., The purpose of this
chapter is to develop equations to give the magnetic field along the
parabolic reflector due to direct energy from the horn and due to
reflected energy from the ground plane. Before analyzing the problem of
finding the magnetic field at the reflector, it is necessary to describe
some general characteristics of line feeds.

Characteristics of line feeds.--The directivity of the cylindrical

reflector-type microwave antenna in one plane is determined almost
entirely by the primary feed because, in this plane, the reflector has
zero curvature and thus provides no focusing. To obtain the directivity

usually required, a line-type source is placed along the focal line of
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the cylindrical parabola as shown 1n Figure 5. A practical line feed
can teke the form of a long narrow aperture of lengthf >>\ over which
the phase of the field intensity if constant. The field produced by
such a radiator is usually for descriptive purpcses divided into three
fields: (1) the near field, (2) the Fresnel field, and (3) the far
field. The near-field, or cylindrical-wave, region can be subdivided
into the zone in the immediate viecinity of the source and a quasi-

radiation9

zone where the distance from the source is greater than the
narrcw source dimension but less than.lgfh. In the gquasi-radiation zone,
the E- and ﬁ-components are essentlally tangent to the cylindrical wave-
fronts and mutually perpendicular to each other.

The magnitude of the quasi-radiation field from the line-type
feed in Figure 5 is a function of both x and ¥, but the phase is invar-
iant with x. When the source is horizontally polarized, the electric
field intensity is in the x~direction. When the source is vertically
polarized, the E-vector is in the y-z plane and perpendicular to E, 50
that it is vertical only along the z-axis, but this inconsistency has
universal acceptance. If the cylindrical wave from an lsolated line
source is vertically polarized, the quasi-radiation-zone flelds are

given by Equations (1) and (2).10 These equations deseribe the steady-

state fields around the feed in Figure 5 when the reflector is removed.

J(wt-po)

H =1k | Pt G(¥) G(x) : " (1)

P

15 dlwt-pe)
Eq =K 1 = G(ﬁLG(X) e (3 cosy + k siny) (2)
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Kl is a constant of proportionality.
Pt is the power transmitted by the line source,
G(y) is the relative power gain cf the horn in the y-z plane.

G(x) is the relative power gain of the horn in the x-direction.

B Eﬁ/h, where A is the free-space wavelength.

w

it

2nf, where f is the frequency.

i, 3, and k are the unit vectors of & rectangular coordinate
system,

t 1s the time,

71 is the intrinsic impedance of free space.

3 ds o1 .

ﬁd and Ed are the magnetic and electric field intensities at point
P due only to direct radiation from the source. The bar above the
letters shows they are vector gquantities.

¥, x, and p are the coordinates shown in Figure 5.

The field above a flat ground plane.--If the parabelic section of the

reflector in Figure 5 is removed, the total magnetic field intensity
above the ground plane is the sum of a direct ray ﬁd from the horn and a
reflected ray Eé from the ground plane. If the perfect-conducting ground
plane 1s flat and infinitely large and the narrow dimension of the line
source is infinitely small, the principle of imagesll can be applied to
obtain exact expressions for E and H anywhere above the ground plane.

To justify the use of images, consider two identical horns fed with

equal power and positioned symmetrically about a plane midway between
them as shown in Figure 6. When the horns are properly fed, the total

electric field intensity along the mid-plane is normal to the plane and
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the total magnetic field is tangential. These are the conditions on E
and H necessary to satisfy the boundary conditions at the surface of the
conductor. Proper feed or phasing of the two horns requires the vertical
components of the electric fileld intensities at corresponding points on
the horns to be equal and the horizontal components to be equal in magni-
tude and 180 degrees out of phase, Thus the conditions along the dotted
line in Figure 6 are the same as those along the ground plane in Figure 7,
and the total field intensity above the ground plane can be cobtained by
considering the reflected energy from the ground plane as emanating from
the image-horn. The image-source radiation corresponds to a geometrical
reflection of the cylindrical wave from the main feed. At each point on
the ground plane, reflection occurs as though the incident cylindrical
wave were an infinite plane wave. If the line source is infinitely thin,
the current distribution functions of E and H over the horn aperture
cannot be changed by the proximity of the ground plane, but the magni-
tudes may be changed by a constant factor. This statement is similar to
the statement that the dipole moment of an infinitesimal dipole may be
changed by the presence of a ground plane but the current distribution
on the dipole cannot change. If the feed is directive in the vertical
plane, i.e., the vertical aperture is finite, the amplitude distribution
functions of E and H over the aperture will be significantly changed
only when the horn is aimed into the ground plane and energy reflected
from the ground plane goes back into the horn. Some interaction hetween
the horn and ground plane always exists, but the effects are smell in
most applications to beam shaping.

The effect of the ground plane on the power radiated by the horn
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was measured by comparing the voltage standing-wave ratioc in the wave-
guide feeding the horn with and without the ground plane. These measure-
ments showed that the presence of the ground plane has virtually no effect
on the horn radiation even when the horn is aimed 20 degrees below the
z~axis in Figure 7. The vertical dimensions of the horns used in this
study were between 0.8 and 1.2 wavelengths,

On the basis of image theory, the reflections from an infinite
flat ground plane, as shown in Figure 7, are calculated by using
geometrical optiecs or ray theory. The total magnetic field above the
ground plane is the sum of the wave from the image plus the direct wave
calculated by using Equation (1) or the equivalent expression for
horizontal polarization. In the special case of vertical polarization,
the total magnetic field intensity along the parabolic path in Figure 7

is theoretically

[op]
B3
n

1 1
» z ~JPe NIz -dBr
= iKl 'th G\:-:ﬁ € + M ) € P (3)

o r

Jost

where € is understood, Pt is the power radiated by the horn in free

space, and ﬁé is the magnetic field of the wave reflected from the ground
plane. The subscript "i" on the total magnetic field intensity indicates
it is the inecident field onto the metal parabola, when one is used.

With the source horizontally polarized, the electric field
intensities éd and Eé are colinear in the quasi-radiation zone and the
total electric field above the ground plane is given by the phasor

addition of the two components,
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For this polarization, the ﬁd and ﬁé quantities are not colinear but
the components can easily be found from the geometry of Figure 7. The
ejﬁ term accounts for the 180 degree phase reversal of the reflected
wave that the ground-plane surface.

Geometrical optics furnishes a relatively simple way to evaluate
the reflected waves from flat surfaces very large compared to a wave-
length. Before treating reflections from smaller ground planes, it is
desirable to treat reflections from a true line source over an infinite
ground plane by considering the reflected wave ag the contribution from
all currents on the ground plane. It is well known that the surface-

current density on a perfect conductor is egual to the tangential
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magnetic field intensity at the ground plane, so the ground-plane currents
can be calculated using Equation (1) or the equivalent expression for
horizontal polarization. Since the true line source is infinitely long,
Equation (1) is valid for all values of p and V. Since the phase of the
magnetic field from the line source is independent of x, the currents on
a strip of the ground plane dz wide, infinitely long, and parallel to the
¥-axis all have the same phase and form a line source of current ele-
ments. The ground plane can thus be considered as an array of line-
source current elements which radiate cylindrical waves. The cylindrical
nature of the waves from the ground-plane strips reduces the problem of
finding the radiation from the ground-plane elements to a two-dimensional
cne. If the reflected wave in the plane x = 0 in Figure 7 is needed, it
can be calculated by summing only the effects of currents along the
ground plane in the x = O plane. If the array of current elements in

the x = O plane is considered as belng made up of two arrays separated
by the parabola, when one moves from right to left, there is a progres-
sive though non-linear phase lag in the currents on the array to the

left of the parabola. Although the array on the left of the parabola is
not an end-~fire array,12 it is similér, and it will produce a maximum
radiation at some angle less than arcsin b/2F from the negative z-axis,
For this continuous current distribution, there is only one major lobe,
50 the radiation from this array in the first guadrant is small compared
to the maximum. The qualitative argument that only current elements on
the right side of the parabola make significant contributions to the
fields in this region forms the basis for assuming the fields on the

right side of the parabola can be found using ray optics, even when the
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ground plane extends no further than the parabcla. Thus,Equations (3)
and (4) were used to calculate the total fields above flat ground planes
extending from the parabola to a point back of the bottom lip of the
feed. The agreement between the calculated and measured data presented
in Chapter III Jjustifiies the restricted use of ray opties in calculating
reflections from ground planes only six wavelengths wide.

Curved ground planes.--Concave ground planes establish multiple images

and glve secondary shaped beams having much wider angular coverage than
beams caused by the flat ground planes. The further need for and use of
curved ground planes are discussed in Chapter V. In this section, the
treatment of reflections from flat ground planes is extended to cover
concave and convex types.

If the radius of curvature of the ground plane is large compared
to a wavelength, it can be considered flat over any small region, and
reflection at any point can still be assumed to occur as though the
incident cylindrical wave were an infinite plane wave. Geometrical
optics is again used to find the phase of fthe direct and reflected
fields. The method of calculating the magnitude of the reflected wave
from a flat ground plane i1s modified to account for the focusing or
defocusing properties of the curved plane.

In Figure 8, the steady-state power through a wedge of unit length
and angle do is the same as that through a wedge of unit length and
angle df. Some error is expected here since this analysis is based on
geometrical optics, which 1s exact only at zero wavelength, The time-
average power dP, incident on the area (dL) (1) can be expressed in two

ways,
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2 2
8B = lgil r. d¢ = 1Es] df sin 7, (5)

1 an 1 an

where ry is the distance from the feed to the ground plane, ¥y is the
complement of the angle of incidence, and Ei is the peak electric field
intensity incident onto the ground plane. The power reflected from this

area 1is

2 2
aP_ = 1Ee| R, 48 =-LE-r-l daf sin 7y, (6)

r 2 2n

where Er is the peak magnitude of the reflected electric field intensity

at the ground plane andR. is a distance shown in Figure 8. From

1
Equations (5) and (6) it is evident that |Ei] & |Er]' From the same
equations, Rl can be found in terms of Ty $, and £ as
dé
R, =T & (7)

Again, conservation of power dictates

2 2
Eél 7 — IEI' .
o (Tt R,)dE = _L2n R, 93 (8)
therefore
3 ‘ 3
3 = lr“'“?'R B = ir el G(:j) el 5 (9)
2 1 2 1 3y

where Eé is the peak value of the reflected electric field at point P on

the parabolic surface,
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The focusing properties of the ground plane can be analyzed by
studying the variation of d&/d¢ in Equation (7). t is the angle the
reflected ray from the ground plane makes with the horizontal and is
positive when measured in the clockwise direction. ¢ is the angle of
the ray from the horn intc the ground plane, and is measured counter-
clockwise, as shown in Figure 8. The rate of change of £ with respect
to ¢ shows how rapidly the rays diverge after reflection, compared to
the divergence of the rays from the feed before reflection. This

analysis will be made by considering ground planzs of three shapes.

(1). When the flat ground plane is horizontal as shown in

Il

Figure 7, £ ¥ = ¢, where 7 1s the complement of the angle of incidence.

Since dg/d¢ = 1, the distances Rl and rl are equal, which proves the
reflected rays all apparently emanate from a single image beneath the
ground plane. The divergence of the rays after reflection from the
ground plane is the same as the divergence of the rays from the main
feed. When the ground plane makes an angle o, measured clockwise with
the horizontal, £ = a + ¢ and ¢ = ¥ - a, s0O dg/&¢ is still unity.

(2). Tt can be seen from Figure 8 that the angle between the
reflected rays 1 and 2 is smaller for a concave ground plane than for a
flat ground plane. If, for example, the ground plane were & parabolic
cylinder with the feed at the focal line, rays 1 and 2 would be parallel,
indicating no divergence of the rays after reflection, l.e., dg/d¢ =
and_Rl =®, For a concave ground plane with small curvature, dg/d¢ is
usually greater than zero and a function of ¢. For a ground plane having

a small radius of curvature, it is possible for dt/d¢ to be negative, in

which case the reflected rays converge to some point above the ground
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plane. This condition of convergence of rays above the ground plane is

described here by a negative value of R It is theoretically possible

] .
within the approximations used,for the focusing properties of the ground
plane to meke the reflected rays converge on the parabola, giving Rl =
T, and producing an infinite field intensity over a zero space on the
parabola. In practice, however, the field intensity cannct be infinite
since the source does not emit & true cylindrical wave and the reflec-
tions calculated using geometrical optics are spproximate., Therefore,
the method of calculating the reflected waves as given by Equation (9)
cannot be used when_Rl is negative and approximately equal to r, in
magnitude. If the rays from any one sectlon of the ground plane converge
inside the parabola, the rays from ancther section will converge on the
parabola, meking Equation (9) unusable. For this reason, the method of
calculating ground-plane reflections presented here is good for negative

values of Rl only if |Rl| > r_for all parts of the ground plane. This

2

method is valid for positive values of R. so long as the radius of

1
curvature of the ground plane is large compared to a wavelength.

(3). The divergence of the rays after reflection from the ground
plane is greater than the divergence before reflection only when the
ground plane is convex in cross section. The general equations developed
in this section can be applied to convex ground planes, provided there
is no shadow reglon and provided the radius of curvature of the ground
plane is large.

For all three ground-plane shapes, the phase of the reflected wave

is based on the optical path between the feed and point P on the parabola.

This path can be calculated by the following step-by-step procedure, if
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the shape of the ground plane can be expressed as some function y = £(z).
(1). Assuming some initial value of ¢, find the intersection
(zl, yl) of the line rl with the ground plane, i.e., satisfy yl =

(zl -F) tan ¢ and y_ = f(zl).

54
(2). Calculate the angle 7 = A + ¢ where

tan A = - EELEl

dz Z = zl

(%), Obtain the equation of the line Piys

y = -z tan & + (yl + z, tan £),

where £ = 7 + A.

(4). Solve the two simultaneous equations

yp = -zp tan £ + (yl+ Zl tan E),

and

)_PE = thp,
for the intersection of line r, and the parabola.

If the wave is polarized parallel to the ground plane, the phase
of the reflected wave at P lags the reference field, the line source, by
;’3(1"l + r2) + m. For vertieally polarized waves there is no phase shift
at the ground plane and the phase lag at P is B(rl + r2).

The final expression for the total electric fleld Intensity at P

for horizontal polarization is
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A
z  -JBp
B, = Ixn /P, G(x) ELEL c (10)
1
- [Blr, + r.) + n]
N ilR G£¢) & 177 .
[Fo *By| Ty

For vertical polarization, the total magnetic field is

— 1 %
- z  ~JdPe
B - Ik /P a0 < B . (11)
i I - P
2 .
Mmoo e r)
s + Rl rl

Equations (10) and (11) and the geometry of the reflector, such
as shown in Figure 8, are used to find the incident magnetic field
intensity at the surface of the parabolic cylinder. The far field is

then expressed in terms of this magnetic field.



CHAPTER TIIT

NEAR-FIELD MEASUREMENT TECHNIQUES AND

COMPARISON OF CALCULATED AND MEASURED FIELDS

The general problem of near-zone measurements is to sample
accurately a given field distribution by means of a small probe or cou-

pling_loop.l5

The presence of the sampling element always alters the
original field distribution to some extent, so the smaller the sampling
element the better. However, as the size of the probe or loop is
decreased, the power output of the radio-frequency éource must be
increased to give the same reading on the indicating instrument. The
size and orientation of the transmission line between the sampling ele-
ment and the detector is alsc very important from the standpoint of
altering the original field. Parallel-wire lines are unsatisfactory at
microwave frequencies, so small coaxial cables should be used, The far-
field calculations in Chapter IV require that the magnetic field incident
on the reflector surface be known, However, the magnetic field is
difficult to measure because the small loops required for such measure-
ments have very poor impedence properties and thus require an excessively
high-power RF source to give accurate readings at points of low field
intensity. The measurements in these experiments are performed with a
small dipole antenna which measures the electric field intensity. If

the measured electric field intensities agree with the calculated values,

it follows that the calculated magnetic fields are also correct.
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Waves polarized normal to the axis of the parabola.--The apparatus used

to measure the relative electric field intensity around a line source
polarized parallel to the narrow dimension of the feed is shown in
Figure 9. This condition corresponds to vertical polarization when the
horn is in its normal position in the completed antenna. A type T23A/B
reflex Klystron oscillator furnished energy to the horn through a varia-
ble attenuator, not shown. The waveguide horn had a small dielectric
lens in the mouth to create an equiphase surface over the horn aperture.
The height of the pick-up antenna above the plexiglass template was the
same height as the center of the horn. The pickup antenna could be
moved circumferentially and radially. The axis of rotation of the
support arm did not necessarily gc through the exact end of the horn,
because the center of feed.l4 is inside the mouth of the horn. A small,
0.083 inch 0D, rigid, vertical coaxial cable supported the dipole and
touched the parabolic template, This plexiglass template caused very
little reflection and served only as a guide to facilitate movement of
the dipole along the parabolic path. The RF source (frequency = 9300
meps) was amplitude modulated by a 1,000 cps square wave. The output of
the bolometer detector, which was connected to the output of the rigid
coaxial cable, was applied to a narrow-band amplifier, Hewlett-Packard
model 415B. Since the diameter of the small coaxial cable, normal to the
E-field, was only 0.065 wavelengths, the perturbation error introduced
was small., As a verification of this, the coaxial line was covered with
an absorbing cloth and no differences in readings were discernable. The
sampling half-wave dipole, perpendicular to the radius arm p, was 0.63

inch long and had an associated quarter-wave balun to prevent RF currents
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from moving down the outside of the coaxial line.

When the apparatus in Figure 9 is functioning properly, the meter
reading on the U15B amplifier should be proportional to the square of
the peak value of the electric field intensit, parallel to the pickup
dipole. The squared relatiorn is due to the square-law bolometer detector
used to demodulate the RF waves. Of course, the actual meter reading
depends on the power transmitted, the impedance match of the RF receiving
system, and the gain setting of the amplifier. The procedure used in
taking the measured data in Figures 11, 12, 13, 1L4(b), and 16 was to
adjust the gain setting of the amplifier eand power output of the trans-
mitter so that a fixed reference field intensity was obtained with the
ground plane removed and the dipole at y = 0. The ground plane was then
put into position and readings were taken at various values of y wilithout
making any change in the gain setting of the amplifier. After the
readings were taken, the ground plane was removed and the field at y =0
was measured again to see if there had been any change in the power
output of the generator.

It can be seen from Figure 10, which shows the top view of the
apparatus shown in Figure 9, that the total theoretical electric field
intensity at the dipole will not be parallel to the dipole., The E-
vector resulting from direct radiation frcm the horn is perpendicular to
p and hence parallel to the dipole, but the E-vector reflected from the
ground plane is perpendicular to r and thus makes an angle (& - ¥) with
the dipole., Thus the total component of the electric field parallel to

e

the dipole is the phasor sum of E., and Eé coz(& - ¥). The dot over the

d

E shows it is a phasor quantity. Ed and Eé are the direct and reflected
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electric flelds which are related to the H. and Hé quantities in
Equation (%) by the intrinsic impedance of free space. Since the dipole
moves in the x = O plane, the theoretical E-field component parallel to

the dipole, Epar’ is

,, 3 -ie 3 -Jpr
E = nK. /P, G(0) &) |2 e + Glo) |® € cos(E - ¥)». (12)

Since the dipole is moved along the parabolic path and since YV, ¢, p,
and r can all be expressed in terms of y, the field as given by
Equation (12) can be found in terms of y. OF course, ¢ and r are also
funetions of the position of the ground plane; but, for any one ground-

plane position, ¢ and r can be expressed in terms of y and parameters.
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The theoretical values of the field intensity parallel to the dipole can
be calculated in a reasconable time by programming a digital computer to
find ﬁpar in terms of y and then repeating the problem at intervals
close enough to obtain sufficient data to plot a curve of field intensity
vs, y. To be consistent with the measured results, the calculated fields
are normalized by using the field at y = 0 with no ground plane as the
reference or 100 per cent value. The calculated fields as shown in
Figures 11, 12, and 13 were calculated using Equation (12), which holds
only for the field above a flat ground plane, The measured radiation
patterns of the horns, see Figure 29, were used to obtain the functions
of G(V¥) and G(9).

The fields above the curved ground planes as shown in Figures
14(b) and 16 cannot be calculated by using Equation (12), but Equation
(11) can be easily modified to give the field above the curved ground
plane. The second term in Equation (11) is changed by multiplying it by
cos(E - ¥) to get the component of this field parallel to the dipole.
Thus the calculated fields épar in Figures 14(b) and 16 were obtained

from

1 .
a G llf =] -JBD
E . ="K /P (o) (c102] (13)

-Jg(r. +r)

HE 2

=}
i
[#p]
H |l
=

cos(E - V) €

The excellent agreement between the calculated and measured fields
above the ground planes excited by a vertically polarized source justi-

fies the assumption that geometrical optiecs can be used to calculate the



38

magnitude and phase of the waves reflected from the ground planes having
a large radius of curvature. The reasons for the small differences in
the calculated and measured curves will be discussed in the next section.

As mentioned earlier, the magnetic field is of more interest than
the electric field, but because of practical difficulties it was neces-
sary to measure the electric field. The agreement between the calculated
and measured electric filelds proves the wvalidity of this method of
calculating reflections, so it follows that the magnetic field can be
accurately calculated using the same procedure.

Sources of error for vertical polarization,--There are five points to be

discussed which explain why the calculated and measured fields shown in
the previous figures were not in exact agreement,

(1). Field calculations were made assuming the horn radiation
emanates from a line source. The horn aperture is not a line, but in the
quasi-radiation zone the waves are treated as emanating from some
"center of feed,” a somewhat nebulous and partially fictitious quantity.
Figure 17 shows an enlarged cross section view of a typical feed. If a
recelving antenna is rotated at some fixed distance RP from the center
of feed, the phase of the voltage induced in the antenna will be constant,.
Over limited angles, the radiation from the horn can be treated as coming
from a center of feed inside the mouth of the horn. Obviously the fields
at angles greater than wmax cannot be treated as coming from the center
of feed, but fortunately the low energy levels at such large angles are
often of secondary importance.

(2), For the polarization shown in Figure 9, one end of the

dipole antenna touches the ground plane when the center of the dipole is
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0.32 inch above the ground plane, The proximity of the dipole to the
ground plane accounts for the discrepancy between the calculated and
measured fields at values of y just above the ground plane.

(3). The averaging error caused by the finite length, 0.63 inch,
of the dipole might seem to eliminate the possibility of measuring the
field intensities at the sharp minima shown in Figures 11 and 12,
However, this is not true becaguse there 1s a rapid phase variation with
y at the minima, and the net voltage induced in the dipole is propor-
tional to an average of the field intensity along the dipole. At a true
null, for example, there is a 180 degree phase reversal of the electric
field intensity, so the field intensity at one side of and close to the
null is almost the negative of the field an equal distance on the other
side of the null. Thus the average field over the length of the short
dipole could be almost zero and the measured field would be very near
the true field at the null. The agreement between the measured and
calculated minima in Figures 11 through 16 shows the averaging error is
not serious.

(4). The presence of the sampling dipole assembly always alters
the original field to some extent and causes a perturbation error. How-
ever, the very small cable leading to the dipole is perpendicular to the
E-vector and thus gives almost no reflections. The only part of the
sampling dlpole assembly that causes any appreciable reflection is the
dipole itself. The dipole was made as small as practicable to reduce
this error to a minimum.

(5). Reflections from surrounding objects always cause errors in

the readings at the minima, However, by proper orientation of equipment
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inaroom?25 by "0 feet, it was possible to reduce reflection errors to
0.2 to 0.5db at energy levels 25db bel ow the maxi mum These figures are
based on measurements made indoors and outdoors for the sane ground-

pl ane, horn settings.

VWves pol arized parallel to ground pl ane. --The measuremnent problemis
sinplified when the electric field intensity is parallel to the surface
of the ground plane. First, the dipole is also parallel to the ground
pl ane, so nmeasurenents can be nade at the surface of the ground pl ane.
Second, the height of the dipole is constant as y varies, and the
averaging error caused by the finite length of dipole is coomon to al
readi ngs and does not affect the curves of Figures 14(a) and 15. The
averaging errors due to the dinensions of the antenna in the plane of
rotation are negligible because the diameter of the dipole is only

0. 0004 wavel engt hs.

The only conplicating factor associated with this polarization is
the perturbation of the field caused by the coaxial cable supporting the
dipole. A vertical coaxial cable simlar to the one shown in Figure 9
is not satisfactory, regardless of the dianeter of the cable. A desir-
abl e coaxi al-cable feed is shown by the dotted line Bin Figure 18, but
the mechani cal problens involved do not warrant its use. The shorter
cable A is far enough back of the dipole to mnimze reflections fromthe
cabl e and short enough to provide some mechani cal support. Additional
mechani cal support is provided by a styrofoamrod between the coaxia
cable at the dipole and the detector nount. Readings made with and
Wi t hout the styrofoam support showed it has no neasurable effect on the

field at the dipol e.



