
"In presenting the dissertation as a partial fulfillment 
of the requirements for an advanced degree from the Georgia Institute 
of Technology, I agree that the Library of the Institution shall make 
it available for inspection and circulation in accordance with its 
regulations governing materials of this type. I agree that permission 
to copy from, or to publish from, this dissertation may be granted by 
the professor under whose direction it was written, or, in his absence, 
by the dean of the Graduate Division when such copying or publication 
is solely for scholarly purposes and does not involve potential 
financial gain. It is understood that any copying from, or publication 
of, this dissertation which involves potential financial gain will not 
be allowed without written permission. 

SI 



MICROWAVE BEAM SHAPING USING THE PRINCIPLE OF 

IMAGES APPLIED TO CYLINDRICAL REFLECTORS 

A THESIS 

Presented to 

the Faculty of the Graduate Division 

by 

Paul Trice Hutchison 

In Partial Fulfillment 

of the Requirements for the Degree 

Doctor of Philosophy in the School 

of Electrical Engineering 

Georgia Institute of Technology 

August, 1959 



MICROWAVE BEAM SHAPING USING THE PRINCIPLE OF 

IMAGES APPLIED TO CYLINDRICAL REFLECTORS 

Approved: 

F. Kenneth Hurd 

Do LQ Finn 

V." D. UrawTor^. ^ 

Date Approved "by Chairman; / •-. , •" C-, 
— - - — - - - — — ^ - ' - — — • • ^ - - • — * " • • • ^ • 



ACKNOWLEDGEMENTS 

I wish to thank my thesis advisor. Dr. F, Kenneth. Kurd, for his 

patience and support during this investigation. I also express my appre­

ciation to Br. D. LO Finn, Dr. V. D. Crawford, and Dr. W. B. Mullen for 

reading this manuscript, and to Dr* W". F0 Atchison of the Rich Computer 

Center for making IBM 65O time available to me0 I also thank my wife 

and son for their patience and consideration during the time this study 

was in progressa 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS. . . . . . . . . . . . . . . . . . . . „ . 

LIST OF TABLES. . . . . . . . . . . . . . . . . . . . . 

LIST OF ILLUSTRATIONS . . , . . . . „ « . . . . . . . . . „ 

Chapter 

I. INTRODUCTION. 0 . . . . . . . . . . . . . . » „ 0 . 

Existing Methods of Beam Shaping 
The Image Method of Beam. Shaping 
Objectives of this Study 
The Three Diffraction Fields and a Suzamary of Succee 

Chapters 

II. THE NEAR FIELD. „ . „ „ . ., u „ „ „ „ „ . . . 

Characteristics of Line Feeds 
The Field ahove a Flat Ground Plane 
Curved Ground Planes 

III. NEAR-FIELD MEASUREMENT TECHNIQUES AND COMPARISON OF 
CALCULATED AND .MEASURED FIELDS. , . . . . . . . „ . 

Waves Polarized Normal to the Axis of the Parahola 
Sources of Error for Vertical Polarization. 
Waves Polarized Parallel to the Ground Plane 

IV. THE FAR FIELD IN TERMS OF THE REFLECTOR CURRENT 
DISTRIBUTION- , . . * . . , . . . . . , 

The Current-Distribution Method 
Vertical Polarization 
Horizontal Polarization 

V0 GENERAL CHARACTERISTICS OF MAIN AND IMAGE BEAMS OF 
PARABOLIC ANTENNAS. . . . . . . . . . . . . . . , 

Magnitude and Phase of the Main Beam 
Magnitude and Phase of the Image Beam 
Phase of the Image Beam at the Peak 
Peak Magnitude of the Image Beam 
Position of the Image Beam 
Image Beams from Curved Ground Planes 



VIo DESIGN PROCEDURES AND COMPARISONS OF CALCULATED AND 
MEASURED RADIATION PATTERNS- . . , . . . . , . • • . . 

Example 1 
Example 2 
Example 3 

VII. CONCLUSIONS AND RECOMMENDATIONS. . . . - . . . „ . 

Conclusions 
Recommendations 

APPENDICES 

I. GLOSSARY OF SYMBOLS. 0 . . „ . ,. , , , . . . . . . 

II. FINDING THE GAIN OF THE FEED RELATIVE TO THE GAIN 
OF THE GROUND PLANE. . . . . . . 0 0 „ „ „ 0 „„ „ 

BIBLIOGRAPHY . . . o . , „ . . . • . . . . • , „ „ „ • 0 „ * 

V I T A . o o o o • . . o o o . . o c . „ c . . o . o , . . . 



LIST OF TABLES 

Table Page 

1. Values of the main beam, Example 1, taken from design 
curves and calculated using Equation (32) » . <, . <, ° , „ 0 o 9" 

2. Values of the image beam, Example 1^ taken from tile 
design curves and calculated using Equation (32) < > . . < > « ? 100 

3. Values of the main and image beams, Example 2, taken from 
the design curves and calculated using Equation (̂ -3) * . « « 1.13 



LIST OF ILLUSTRATIONS 

Figure 

1. Polar Plot of the Gain of a Shaped-Beam Antenna. . . „ „ . 

2. Reflector Shapes to Produce an Asymmetrical Flared Beam, = 

3o A Multiple-Feed Antenna. » - . • • •> • ° „ , , „ ° ° . » „ 
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CHAPTER I 

IMftODUCTION 

Microwave antennas having a so-called "cosecant-squared" radiation 

pattern 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 antenna gain function 

C-(0) VS. the elevation angle 0 . This beam, which is mechanically scanned 

in the horizontal plane, "searches" most of the region above the earth. 

The distance r is proportional to the power gain of the antenna and can 

be expressed as h esc 0. 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 

2 
density from the radar is inversely proportional to r , the gain function 

o 
G(©) must vary as esc 0 within the desired angular coverage region. 

2 2 
The general category of patterns having a esc 0 or similar shape 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 

3 
pattern of an equiphase-aperture antenna. Changing the aperture size 
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Figure 1. Polar Plot of the Gain of a Shaped-heam Antenna 

(a) 

Figure 2. Reflector Shapes to Produce an Asymmetrical 
Flared Beam 
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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 

k 

entirely by the line sources. Chu 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. ChuTs method has proved very satisfactory for 

reflectors with a large but varying radius of 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 
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for obtaining shaped-beam antennas. 

This thesis presents a new method for obtaining shaped-beam 

antennas which has 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. If only horn one is energized, the secondary 

radiation pattern will have a maximum value on the axis and a 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 a paraboloid is moved off axis, 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 impractical, if not 



axis 

Figure 3« A Multiple-feed Antenna 

vertex 

Figure k. Cross Section of an Image Beam-shaping Antenna 
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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 h. The energy from the feed that is intercepted by the 

ground plane is 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 shape 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 seme, 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: 

(l) 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 k is 

removed. These currents are a result of direct 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 
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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 considered 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 wider 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 radiation from these currents 

is 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 9 where the main and image beams 

are small. 

Objectives 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 restricted to cylindrical parabolas with ground planes added to give 

beam shaping. 

In addition to proving experimentally that image principles of 

beam shaping can be used successfully on cylindrical reflectors, this 

study has two other objectives: (l) to develop a method of calculating 

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

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

method of solution 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 is desirable to present a 

short discussion on the three diffraction zones surrounding 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 
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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 

7 
the integrals have been worked out in detail/ 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 

III. 

Beyond the near zone is 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. 
o 

In Chapter IV, the general f a r - f i e ld formulas presented by Silver are 
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applied to parabolic 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 II 

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 

(l4), 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 k, 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 



Figure 5. Oblique View of Horn Feed and Reflector 

^Mid-plane 

b/2 
- I — 

t, 

Figure 6. Cross Section of Two Line Sources Aimed 
i|r Degrees from the Mid-plane 
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the cyl indr ical parabola as shown in Figure 5. A prac t i ca l l i n e feed 

can take the form of a long narrow aperture of lengthjl » A over which 

the phase of the f i e ld in tens i ty i f constant. The f ie ld produced by 

such a radia tor i s usually for descript ive purposes divided into three 

f i e lds : (l) the near f i e ld , (2) the Fresnel f i e ld , and (3) the far 

f i e ld . The near- f ie ld , or cylindrical-wave, region can be subdivided 

into the zone in the immediate vicinity of the source and a quasi-

9 
radiation zone where the distance from the source is greater than the 

narrow source dimension but less than | /A. In the quasi-radiation zone, 

the E- and H-components are essentially 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 f, 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 p, so 

that it is vertical only along the z-axis, but this inconsistency has 

universal acceptance. If the cylindrical wave from an Isolated line 

source is vertically polarized, the quasi-radiation-zone fields are 

given by Equations (l) and (2). These equations describe the steady-

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

Hd = iKl 

i j(a>t-(3p) 
e (5 cog| + k sin\|r) (2) 

?% G W G M 
P 

i j(a*-pp) 
(1) 

Ed = h * 
P-h G(t) G(x) 

P 
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K is a constant of proportionality. 

P is the power transmitted by the line source. 

G(ty) 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. 

f3 = 2ii/~h, where 7\ i s t he f r ee - space wavelength. 

CD = 2jtf, where f i s t he f requency, 

i, j, and k are the unit vectors of a rectangular coordinate 

system. 

t is the time. 

i\ is the intrinsic impedance of free space. 

j is /rr. 

H and E 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 quantities. 

\)/, x, and p are the coordinates shown in Figure 5« 

The field above a flat ground plane.—If the parabolic 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 H from the horn and a 

reflected ray H' from the ground plane. If the perfect-conducting ground 

plane is flat and infinitely large and the narrow dimension of the line 

source is infinitely small, the principle of images 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 field intensities at corresponding points on 

the horns to he 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 obtained 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 between 

the horn and ground plane always exists, but the effects are small 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 ratio 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 "J. 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 "J, are calculated by using 

geometrical optics 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 (l) 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 

H. = IL + H,f = iK. Vp~ G(xT 
l d d -L t * 

jut 

P 

-JPP GUI •jfrr 
(3) 

where e is understood, P is the power radiated by the horn in free 

space, and H' 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 incident field onto the metal parabola, when one is used. 

With the source horizontally polarized, the electric field 

intensities E n and E' are colinear in the quasi-radiation zone and the 
d d ^ 

total electric field above the ground plane is given by the phasor 

addition of the two components, 
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tO oo -* 
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—\^<£fmage feed 
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Figure 7. Ground-plane-feed Geometry 

\ = ^d + K = ^TIV^G^T 
G « i -JPP G^l 

J -j(pr + ft)l 

M'O 

For this polarization, the H and K! quantities are not colinear but 

the components can easily be found from the geometry of Figure 7» The 

i ft 
e 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 as the contribution from 

all currents on the ground plane. It is well known that the surface-

current density on a perfect conductor is equal to the tangential 
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magnetic field intensity at the ground plane, so the ground-plane currents 

can be calculated using Equation (l) or the equivalent expression for 

horizontal polarization. Since the true line source is infinitely long, 

Equation (l) is valid for all values of p and \|f. 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 

x-axis all have the same phase and form a line source of current ele­

ments. The ground plane can thus he 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 

one. 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 -. 0 plane. If the array of current elements in 

the x = 0 plane is considered as being 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 

12 
not an end-fire array, it is similar, 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, 

so the radiation from this array in the first quadrant 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 parabola. Thus, Equations (3) 

and (k) 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 justifies the restricted use of ray optics in calculating 

reflections from ground planes only six wavelengths wide. 

Curved ground planes.—Concave ground planes establish multiple images 

and give 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 the direct and reflected 

fields. The method of calculating the magnitude of the reflected wave 

from a flat ground plane is 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 d<t> is the same as that through a wedge of unit length and 

angle d|. Some error is expected here since this analysis is based on 

geometrical optics, which Is exact only at zero wavelength* The time-

average power dP. incident on the area (dJl) (l) can be expressed in two 

ways, 
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I p . l 2 \?.\2 

i 2T| 1 2T) 
djl sin 7, (5) 

where r is the distance from the feed to the ground plane, y is the 

complement of the angle of incidence, and E. is the peak electric field 

intensity incident onto the ground plane. The power reflected from this 

area is 

-\*A2 
aPr = IM V i d£ sin 7, (6) 

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

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

Equations (5) and (6) it is evident that |E.| = |E |. From the same 

equations, R can be found in terms of r , 4>, and | as 

d<j> 
Ri - r i *p (T) 

Again, conservation of power dictates 

Jd Bi 

2, <r2 + V * = " ^ ^ (8) 

therefore 

E a * L 
r 2 + E l 

E = J * L 
r2 + Rl 

P+ G(») G(x) 
(9) 

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

the parabolic surface, 
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Intersection 
J of Rays 1 and 2 

Figure 8. Geometry of Feed Above a Curved 
Ground Plane 



22 

The focusing properties of the ground plane can be analyzed by 

studying the variation of d£/d4> in Equation (7) . i is the angle the 

reflected ray from the ground plane makes with the horizontal and is 

positive when measured in the clockwise direction. 4> is the angle of 

the ray from the horn into 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 planes of three shapes. 

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

Figure ^, ^ = y = ^, where 7 is the complement of the angle of incidence. 

Since d|/d<D = 1, the distances R and r 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 a, measured clockwise with 

the horizontal, | = a + 4> and <t> = 7 - a, so d|/d<t> is still unity. 

(2). It 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 a parabolic 

cylinder with the feed at the focal line, rays 1 and 2 would be parallel, 

indicating no divergence of the rays after reflection, i.e., d|/dO = 0 

and R = °°. For a concave ground plane with small curvature, d|/d<t> is 

usually greater than zero and a function of 'K For a ground plane having 

a small radius of curvature, it is possible for d|/d0 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 make the reflected rays converge on the parabola, giving R = 

-rp and producing an infinite field intensity over a zero space on the 

parabola. In practice, however, the field intensity cannot be infinite 

since the source does not emit a true cylindrical wave and the reflec­

tions calculated using geometrical optics are approximate. Therefore, 

the method of calculating the reflected waves as given by Equation (9) 

cannot be used when R is negative and approximately equal to r in 

magnitude. If the rays from any one section of the ground plane converge 

inside the parabola, the rays from another section will converge on the 

parabola, making Equation (9) unusable. For this reason, the method of 

calculating ground-plane reflections presented here is good for negative 

values of R only if |R | > r for all parts of the ground plane. This 

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

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 region 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 = f(z) 

(1) . Assuming some initial value of <t>, find the intersection 

(z , y ) of the line r with the ground plane, i.e., satisfy y = 

(z -F) tan $ and y = f(z- ). 
-L -L -1-

(2) . Ca lcu la t e t h e angle 7 = A + <t> where 

df(z) 
t an A = - , 

dz z = z 
1 

(3)« Obtain the equation of the line rp, 

y = -z tan | + (y^ + z tan | ) , 

where I = 7 + A. 

(4). Solve the two simultaneous equations 

y = -z tan £ + (y + z tan | ) , 
P P 1 1 

and 

2 
y = 4Fz , 
Jp P; 

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 fi-eld, the line source, by 

(3(r, + r ) + Jt. For vertically polarized waves there is no phase shift 

at the ground plane and the phase lag at P is [3(r + r ) . 

The final expression for the total electric field intensity at P 

for horizontal polarization is 



25 

S. = iK-Ti VP G(xT^ 
1 J. X 

J G W 

1 p 

J. 

2 -JPP 

e 

^-i— — 

r | «3 rlJ h+ R i rlJ 

do) 

£ -J [p(rx + r2) + *]1 

For vertical polarization, the total magnetic field is 

H. = 1KX ̂ 1 ? G(\|r) I -JPp 
(11) 

Ri 
r2 + R l 

2L£ 
r, 

4 -Jgd^ + r2) l 

Equations (10) and (ll) 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 III 

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-

13 pling loop. 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 source 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 72JA/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 go through the exact end of the horn, 

Ik 
because the center of feed is inside the mouth of the horn. A small, 

O.O83 inch OD, 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 

mcps) 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 4l5B. Since the diameter of the small coaxial cable, normal to the 

E-field, was only O.O65 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 4l5B amplifier should be proportional to the square of 

the peak value of the electric field intensity parallel to the pickup 

dipole. The squared relation 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, lA(b), and 16 was to 

adjust the gain setting of the amplifier and 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 without 

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 beer., 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 from 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 

the dipole is the phasor sum of E and E* cos(£ - \|r) 0 The dot over the 

E shows it is a phasor quantity, E and E' are the direct and reflected 
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Figure 10. Orientation of the Feed., Ground Plane, 
and Receiving Dipole 

electric fields which are related to the EL and H' quantities in 
a, d 

Equation (3) "by the intrinsic Impedance cf free space. Since the dipole 

moves in the x = 0 plane, the theoretical E-field component parallel to 

the dipole, E 
par 

is 

E = TIK_ VP~~GT0T 
par '1 t 

G(^) 
~JPP G(d>) 

•JPr 
cos( V)>. (12) 

Since the dipole is moved along the parabolic path and since if, <$>, 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, cj> and r are also 

functions of the position of the ground plane; but, for any one ground-

plane position, <t> 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 reasonable time by programming a digital computer to 

find E 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(\|r) and G(<t>). 

The fields above the curved ground planes as shown in Figures 

l4(b) and 16 cannot be calculated by using Equation (12), but Equation 

(ll) can be easily modified to give the field above the curved ground 

plane. The second term in Equation (ll) is changed by multiplying it by 

cos(| - \J/) to get the component of this field parallel to the dipole. 

Thus the calculated fields E in Figures 14(b) and 16 were obtained 
par v ' 

from 

E = T]K VP G(0) 
par 1 t 

+ 

GJD 

R 

r„ + R„ 2 1 

G(0) 

1 

-JPP 

cos(I - t) € 

(13) 

-Mr± + r2)" 

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 optics can be used to calculate the 
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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 fields proves the validity 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, 

(l). 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 

receiving antenna is rotated at some fixed distance R from the center 
P 

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 if cannot be treated as coming from the center 
^ & max 

of feed, but fortunately the low energy levels at such large angles are 

often of secondary importance. 

(2). For the polarization shown in Figure Q> 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, O.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 because there is 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 l8o degree phase reversal of the electric 

field intensity, so the field intensity at one side cf 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, 

(k) 0 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 dipole 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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in a room 25 by ^0 feet, it was possible to reduce reflection errors to 

0.2 to 0.5db at energy levels 25db below the maximum. These figures are 

based on measurements made indoors and outdoors for the same ground-

plane, horn settings. 

Waves polarized parallel to ground plane.--The measurement problem is 

simplified when the electric field intensity is parallel to the surface 

of the ground plane. First, the dipole is also parallel to the ground 

plane, so measurements can be made at the surface of the ground plane. 

Second, the height of the dipole is constant as y varies, and the 

averaging error caused by the finite length of dipole is common to all 

readings and does not affect the curves of Figures 14(a) and 15. The 

averaging errors due to the dimensions of the antenna in the plane of 

rotation are negligible because the diameter of the dipole is only 

0.0004 wavelengths. 

The only complicating factor associated with this polarization is 

the perturbation of the field caused by the coaxial cable supporting the 

dipole. A vertical coaxial cable similar to the one shown in Figure 9 

is not satisfactory, regardless of the diameter of the cable. A desir­

able coaxial-cable feed is shown by the dotted line B in Figure 18, but 

the mechanical problems involved do not warrant its use. The shorter 

cable A is far enough back of the dipole to minimize reflections from the 

cable and short enough to provide some mechanical support. Additional 

mechanical support is provided by a styrofoam rod between the coaxial 

cable at the dipole and the detector mount. Readings made with and 

without the styrofoam support showed it has no measurable effect on the 

field at the dipole. 


