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PREFACE

Scientists have studied the concepts of the back-
scattering of electromagnetic energy from objects for many
years. Spheres with sizes comparasble to the wavelength of
the impinging energy have been investigated both theoreti-
cally and experimentally. Metal spheres have been used .
eXxtensively as a means of reference in con junction with
radar system calibration and reflection comparison. .These
spheres, usually constructed of aluminum, are treated as
prefect conductors while actually they do not have infinite
conductivity. Interest has been directed toward treating
these as possessing dielectric con;tants that are complex
and to verify the effects of these by laboratory measurements.
The formal solution by classical theory does not present a
concligse method of numerical computation for this case of com-
plex dielectric-constant, therefore experimental equipment
and techniques are invaluable in the determination of back-

scattering coefficient values. The investigation discussed

utilizes the synchrodyne principle of operation in the k-band
using a modified pyramidal horn adapted to an image plane.
This very important problem of electromagnetic back-
scattering deserves much attention and future investigation.
The area has been only slightly touched but affords many in-

teresting problems and is of great value in the understanding
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and development of further work in the fields of physics,
chemistry, meteorology and radio engineering. The experi-
mental phase of this study was performed, under U. S. Alr
Force Contract, Project 4026, Task 40241, Wright Alr
Development Center, Air Research and Development Command,
Wright-Patterson Air Force Base, Ohio, with project adminis~
tration under Mr. William Shively, Chief of Chaff Systems.

Many persons through encouragement, advice and sugges-
tions were instrumental in the completion of this research.
It is impractical to acknowledge fuily my indebtedness to
all ef these perscns.

I wish to express my appreciation for the policlies
of the United States Air Force which has permitted me the
opportunity to pursue graduate studies at Oklahome State
University and particularly to Major General Ralph P.
Swofford, former Commandant,-USAF Institute of Technology,
Wright—Patterson Air Force Base, Dayton, Ohio, for support-
ing the extension of my study time to complete the education-
al program and to Major General Lucian K. lLacy, Commandant,
USAF Institute of Technology for his continuing support of
policies permitting this assignment. Also I wish to thank
Brigidier General Ralph L. Wassell, Commander, Directorate
of Nuclear Systems, Alr Research and Development Command
Headquarters, Detachment Number One, Wright-Patterson Air
Force Base, Ohio for permitting me to be released from his
program and his further support in the Civilian Institution
assignment under which the study was completed.
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The author wishes to eXpress his appreciation to Doctor
Harold T. Fristoe, Professor, School of Electrical Engi-
neering, Oklahoma State University, for his guldance in the
ovepall preparation of this paper; to Doctor Attie L. Betts,
Hegd of Department of Electrical Engineering, Washington State
College and former member of the faculty at Oklahoma Agri-
cultural and Mechanical College and to Professor Paul McCollum,
member of the faculty at Oklghoma State University, for their
many suggestions concerning the detailed information develop-
ed in the early stages of this research.

fhe completion. of the educational program culminating
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8lty due to the policies of that institution and the pcllicy
administration_and the encouragement of Professor Albrecht
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I wish to express appreciation to members of the Ad~-
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Presentation of the subject analyels without some back-
ground on the equipment would be incomplete. Furthermore
this background offers an opportunity to stress the manner
in which the new type of equipment and technique was con=-

celved, developed and employed as & result of basic research.

If the conditions for the conception oi new equipment
and measurement téchniques are to exist and flourish, the

princlples of conception and development must be understood.

The defense of the United States and the moving .-forward of




scientific develoPment is dependent upon the advancement of

basic research.

While an officer in the Signal Corp during World War
II, Doctor A.'L. Betts, became interested in the fadar
problems confroniing the Armed Services. Later he made a
proposal and was awarded a contract from the Wright Air
Development Center of the USAF Alr Research and Development

Command to investigate the reflection of electromegnetic

energy from metallic strips. At U. 8. Alr Force Cambridge
Research Center, USAF Alr Research and Development Command,
interest existed in ﬁhis same area. Through the efforts of
Doctor Roy C. Spencer, Mr. Ralph Hiatt, Mr. Herman Poehler
and lst. Lm Phillip Blacksmith of AFCRC this research was
possible. They provided the necessary equipment and knowl-
edge, as needed to expedite the program.

An examination of new military applications for the
analysis of electromagnetic reflective properties of mate-
rigls draws the conclusion that the use of the equipment and
techniques exhibited in this research, and other applications,
may represent new and important contributions to the tech-
niques-of electronic warfare and related areas.

A word of thanks is due to Doctor Franklin A. Graybill
and Mr. Devid L. Weeks of the School of Mathematics at
Oklahoma State University for their guidance and assistance
in the reduction of the data by statistical methods. In con-
clusion I wish to express my sincere gratitude to my wife,
Evelyn, for her assistance and encouragement during the

preparation of this manuscript.
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CHAPTER I
INTRODUCTION

Iord Kelvin made a statement that applles so well to
help describe the value gained in performing research meesure-
ments and using measurement methodologye. His statementl was;

When you can measure what you are speaking
about and express it in numbers, you know
something about it, and when you cannot

measure it, when you cannot express it in

numbers, Xour knowledge is_of a meagre
and usatisfactory kind. It may be the

beginning of knowledge, but you have scarce-
ly in your thought advanced to the stage of
& sclence.

Investigators? have devoted considerable effort to the
theoretical and experimental study of the scattering from =a
conducting sphere when it is illuminated by a plane electro-
magnetic wave. It is known that a redistribution of the
field's energy occurs in the vicinity of the sphere. This
process involves the intermal dissipation of a given amount
of the energy in the form of heat due to the characteristics
of the metal and the external reradiation of some of the

energy in the form of a distributed scattered field due to

the geometrical configuration.

1
Thomas B. Crumpler and John H. Yce, Chemical Com=-
gytgtions and Errors, John Wiley and Sons, Inc., New lork,
1950, pl., &

2C. J. Bowkamp, Diffraction Theory, Phillips Ressarch
laboratories, N. V. Phillips' .Goleilampenfabrieken, Eindhaven,
Netherlands, May 1955.
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The dicussion will be primarily restricted to the par-
ticular aspect of the problem describing an improved method
for determining backscattering coefficients and methods of
analysis of the recorded data. The method of measurement
will be applied to conducting spheres with equal radii
constructed from iron, aluminum and brass. The measured
values will be compared with calculated backscattering
values. An introduction to the related theory will be de-
veloped pefore explaining the particular examples in order
to present a more complete subject analysis.

Theré are not very many methods for performing exact
solutions for the scattering of electromagnetic waves and the
possiblility of extending this list is limited. Exact methods
nave been applied to configurations of finite dimensions such
as spheres, infinitely thin circular discs and prolate spher-
olds. Classical methods of approximations and variational

methods of calculations have beéh applied with limited success.

Modern radar employment demands the facility to dis-
tingu;sh between operational targets end then to analyze the
target. The analysis of the target requires that it's conduc-~
tivity and back-scattering coefficient be carefully defined.
Mie's3 contribution in 1908 involved an infinite series of

gpherical-mode functlons each of which must be represented by

an infinite series. Considering a sphere with a complex

30 o Jo BOWka.mp .




index of refraction, and since the spherical-mode functions
have amplitude coefficients determined by the houndary con-
ditions at the sphere's surface, a complete mathematical
solution becomes impractical. The complete theory of the
problem was presented by Stratton in 1941 and Goldstein in

1945. An investigation by Aden’

in 1952 further developed
and utilized a part of the solution to the problem. Many
others have contributed throughout the years, both theoreti-
cally and expérimentally, with no small difficulty in deter-
mining the reflection from a sphere.

The Problems of scattering, reflection and diffraction

of electromagnetic waves by spherical partiéies are 1ﬁportant

to the fields of physics, chemistry, meteorology and radio
engineering. FPerhaps the most important problems being those

considering a monochromatic® plane wave impinging on a homo-

geneous 1sotreoplc sphere embedded in an infinite homogeneous

medi um .

About fifty years ago when Rayleigh, Mie and Debye
made theilr formal solutions to this problem and since, when
Strat@on and others developed and showed applications for
these, the form 1s always an infinite series involving Bessel

functions of half and odd integer orders. Calculations

4p. L. Aden, "Electromagnetic Scattering from Metal and
Water Spheres", Naval Technical Report Number 106, Cruft -
laboratory, Harvard University, Cambridge, Massachusetts,
1 August 1950.

SG L] J L4 BOWk&mp .




yielding data are very laborious for some of the practical
applications. This arises from the slow convergence of the
series which requires the inclusion of a large-number of
terms. This places great importance on go.od. experimental
apparatus and techniques. An experimental method ol obtain-
ing reliable values has been a major hﬁndicap. Spheres
constructed from two different metals such as iron and alumi~
num would normally indicate indistinguishable readings for
backscattering coefficients. The system explained in this
thesls did show different values for these. For example,
spheres made of these two metals with radiil approXimately
equal to the wavelength of the impinging energy produced
values of reflected power requiring attenuator settings in
the receiver line of 28.85 db for iron and 29.16 for alumi-
num to obtain the reference level. An analysis of this differ-
ence 1is aléo the subject of this Thesis. The reduction of the
data to obtain these values was accomplished on probability
paper to obtain a preliminary check on the results. Then a
final analysis was performed by the statistical method of
Analysis of Variance.

This is the first time an arrangement has been success-
fully adapted to an image system for the purposes of making

back-scattering coefficient measurements at a K-band frequen-

cy. A method for accomplishing scattering measurements for

antennas in terms of the standing waves® in the space between

®ponald D. King, Measurements At Centimeter Wavelengths,
D. Van Nostrand Company, Inc., 1952, pe 295.




source and scatterer has been demonstrated for an image
system. This method is different from the method used
in the described experimentation, in that the measuring
apparatus is connected to a movable sampling probe placed in
the space between source and scatterer to permit a sampling
of the reflection field of the scatterer. This probe causes
field distortion and removes energy from the field. The
method described overcomes this disadvantage by using a
common modified electromagnetlc horn for transmitting and
receiving.

The term K=band is used in this thesis to mean the
particular frequency of operation of the transmitter. This
frequency was 25,162.5 megacycles per second as described in

the following chapter.



CHAPTER II

RESEARCH EQUIPMENT AND METHOD OF MEASUREMENT
Introduction to Measurement Techniques

The general problem of scattering behavior of electro-
magnetic energy from metallic and nonmetallic objects has
been investigated primarily considering radar reflection
characteristics. Using the radar set as & measuring appa-
ratus, the radar cross section, K, sometimes called the
echoing aree or back-scattering cross section, is related

to the power by the followlng equatiocn;

K - Power reflected toward the source per unit sollid angle
4m Incident power density
K _ = (4m)2 r*  Pn (2-1)
4 Ge a2 Py
where r = distance from radar to target

G © Radar Antenna gain
A= Vavelength
P, = Received Power
Pt = Trensmitted Power
The radar method of measurement has many applications

but also has serious limitations. Two limitations of most

interest are the requirements for elaborate apparatus and

the minumum renge restriction.




An equivalent transmission-linel circuit may be used
to describe some methods of accomplishing back-scattering
measurements. Where the parameters of a space transmission
line are the pgrameters of phase constant, 6::_2;% radians;
attenuation constant, ( - 1ln r nepers per meter or
K =log r decibels per meteg; and characteristic lmpedance,
Ro =37$ dhms, the system may be.rqpresented by the follow=-
ing block diagram.

Source Trans- Matching Antenna Space Term-
mission| [Network Trans- ination
System [ | mission| |Scatter-
Line er

The matching network is used to eliminate standing waves in
the absence of a scatterer. This leaves only traveling
waves 1n the space transmission line region, which are gener-
ated by the source and radiated at the antenna. The place-
ment of a scatterer in the antenna field results in the
presence of standing waves in the space between the scatterer
and the entenna and on the antenna feeder. The antenne. may
be cénsidéred from the point of view of it's transformer
action or a discontinu;ty between the attached transmission
line and free space. The Propagation of waves in the space

beyond the transition reglon between the line and free space

is described by the phase constant @ corresponding to the
velocity of light. The amplitude of the wave is inversely

proportional to the distance from the source.

The apparatus and procedure described in this paper

lDonald D. King, Measurements At Centimeter Wavelengths,

D. Van Nostrand Company, Inc., 1952, p« 291.
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were established to give maximum sensitivity and stabllity
and to produce a more precise method of measurement of
backscattering from objectis than has been developed by
previous methods. External disturbances were eliminated,
or thelr magnitudes established by performing the tests
in a room of adequate size with it's interior constructed
of io# reflection material so that uncertainties were |
fully controlled. The experimental measurement errors
were reduced to * 0.125 db compared to a reliable overall
galn measurement of 111.3 dbe.

This experimentation with the image~-plane may be ex-
tended to include backscattering values for all basic
geometric configurations from different aspects. The in-
formation gathered could be used to great advantage. One
example would be that of obtaining the backscattering from
a particular aircraft or missile. The vehicle may be reduced
to the basic geometric configurations, these in turn may

be measured on the image-plane by the technigue described in

this thesis, then the resulting measured values could be com-
bined to produce the overall backscattering values. The

mathematical approach2 to this procedure has been formulated

but the results become very extended and complicated. The
inadequate sensitivity of equipments and the methods of

measurements employed have restricted previous experimentation.

2K. M. Siegel and H: A: Alperin, Studles in Radar
Cross—-sections, Willow Run hesearch Center, Engineering
Research Institute, University of Michigan. Reports I




This system could possibly be used to obtain backscattering
values from non-rigid configurations such as a ribbon of
metal if the image-plane were inverted to permit the ribbon
to hang from it. Perhaps the measurements could be made

in a laboratory test box. This would require one of ade-
quate size and lined with an absorbent material. These are
problems of interest and perhaps will be investigated in

the near futufe. Research could be conducted on many ob-
Jects to help gain more knowledge about radar cross sections
and thelr analytical solution.

Conductivity has démons£réted it's effects when con-
sidering the surface-wave transmission characteristics of a
metal wire with finite conductivity. It was shown Dby
Sommerfeld's calculations” in 1899 that the conditions for
the mode of propagation of surface waves are satisfied by the
very slight ;etardation provided by the finite conductivity

of a metal wire. This concept may be extended to include
retardations provided by finite conductivity of metal objects

placed on the image plane and irradlated by electromagnetic
waves. The results obtained from the experimentation that
was performed utilizing a K~band source, synchrodyne principle,

horn antenna, image plane and scatterers constructed from iron,

aluminum and brass show good correlation with the theoretical
predictions. When reference is made to conductivity, concern-
ed with backscattering coefficients the term is meant to in-

clude all considerations of energy loss in relation to the

SSommerfeld, Annual Physik, p. 81, 1135, 1926«
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object under test. Factors such as phase shift, extermal
medium loss, ground plane attenuation, conductivity of the

metal and others are included.
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The Transmit-Receive Systeme.

The equipment and it's arrangement to make possible the
reflection measurements described are unique. Only with the
equipment of the prescribed sensitivity, stability, accuracy
and physical arrangement are measurements of this type possi-
ble. BSince the measured values were to be absolute and the
variations were to be small in magnitude, every precaution
had to be observed in the details of calibration to give full
control of all influencing factors. The apparatus will be
explained in p;dér to define the conditions under which the
data were observed. Figure 1 shows a block diagram of the
laboratory arrangement. This arrangement of the equipment
was made from component assemblieé available in the Antenna
laboratory of the US Air Force Cambridge‘Research Center,
Bedford Air Force Base, Massachusetts, therefore, it has no
particular<identification.

The transmitter-receiver system employed the synchro-
dyne principle of operation. Reference maj be made to the
block diagram in Figure 1 to observe frequencies from the
different stagés. The crystal-contrclled oscillator in
the exciter section supplles a stable output signal of

54787037 mc + 0.0001%. This frequency 1s multiplied in this

section to produce an output frequency of 83%.333 mc = P

to drive a SMC~1l klystron multiplier. The output Irequency
of the SMC-11 1s f; = 5000 mc * 0.0001%, which is channeled

to the receiver local oscillator and to the SAC-9 klystron

mixer stage. The synchrodyne crystal-controlled oscillator
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through amplifier stages, simultaneously supplies a 32.5000
me signal, f,, to the synchrodyne amplifier klystron, which
is of the SAC-9 type. The selective tuning of the center
and output cavities of the SAC-9 produces an output frequency
of f] + £, =5032.500 mc. This signal is applied to the in-
put of a tragsmittiﬁg multiplier klystron which produces a
Qpnfinuous output wave of f3:=5(f1-+f2) =25,162.50 mc.

This signal is applied to the hybrid junction then to the
horn antenna, where it is radiatéd. The directional coupler,
attenuator, IN-26 crystal and output meter are provided to
permit the monitoring of the output power. It 1s essential
that the power remain constante« The power output of this
system was measured to be 37.5 milliwatts for a reading on

the output neter of 200 milliamperes. The output signal is
propagated down the image plane and impinges upon the sphere

which reradiates part of the incident energy. The reflected
signal frequency is f3, the same as the output signal and

it 1s received by the horm. The reflected signal 1s coupled
from the horn to the hybrid junction, then through a double
tuner, an attenuator and another double tuner to an INij
crystal mixer stage. The two sets of dbuble tuners aré

set to'p:oduce the desired conditions and are not disturbed
throughqut the measureménts. The variable attenuator is

the one mentioned previously, used to produce a decibel read-
ing for.back-scatterad values of objects. This was carefully
callbrated with the klystron source at 25162.50 mc and the
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PRD 650~A Power Measurement Bridge. The received signal,
f2= 25,162.50 mc, is mixed with a 25,000 me signal that

is generated by the SMK-40 and by multiplication. The re-
mainder of the receiver section is a double-superheterodyne
receiver. The output of the IN-206 crystal mixer 1is f4;=f3 -
5f; =162.50 mc. This signal, f,, -is then coupled to a mixer

through the first intermediate frequency amplifier stages.
A crystal-controlled oscillator generates a frequency of 26.

5000 mc which i1s multiplied to give an input to the mixer
of 132.500 mc. The mixer output frequency becomes feg=1Ty -
f5= 30emc. The 30.0 mc frequency is coupled to a limiter

stgge through the second intermediate frequency amplifier
stages. A meter is placed in the limiter's cathode circuit

and it's scale is caldibrated to read reflected power values
in conjunction with the variable attenuator in the receiver
input line.

Power requirements were supplied by a central power
rack placed at the rear of the ground plane, (see Plate I).

All of these power supplies were carefully regulated.
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The Hybrid Junction Analysis

The Hybrid Junction, commonly called magic tee,

(Refer to Plate II), was one of the more critical components
In the equipment. Special attention had to be given to

keep it physlcally and electrically stable. Sufficient
Clamping wés provided to permit stationary placement and to
prevent ani physical deformation. The temperature of thq
dark room was kept constant preventing any expansion and
contraction of the elements due to temperature changes. The
triple tumers, with micrometer handles attached, were used

to match the impedance of the dummy load to that of the horn.
These were very critical in adjustment but remained in adjust-
ment considerably well after they had been tuned to the de-
sired positione.

The condition for balance of the hybrid is that the
side arm terminations be equal. If unbalanced operation is
desired the degree of match obtained is of great importance-‘
In this research the condition of umbalance with a matched
standard is utilized. The attenuation” between the two side
arms is

A= 20 log;g P, - 6 db =10 logyg _%g_ (2-2)
This corresponds to a power level in the detector arm of P 2 p 4
(incident power in generator arm), producing conditions
particularly suitable for small reflection determination.
These relations apply to input and output when the hybrid

4Donald D. King, pp. 229-230.
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appears matched looking into any arm with the three remain-
ing arms properly matched. Stub tuners with micrometer
handles attached were used to facilitate precise tuning. A
useful fact in securing proper adjustment is that the magic
tee unbalance signal is insensitive to the phase of the
reflections.

The magic tee, when carefully tuned, presents the fre-
quency dependence of the wunknown reflection coefficient, also
1t presents precise reflection data.

The magic tee was constructed by combining E-type and

H-type Jjuctions, as shown in Figure 2. The illustration

Figure 2. The magic tee.

shows that the maglic tee had two input signals applied to 1t.
The oscillator signal generated by the SMK-40 klystron
multliplier tube was fed into arm D, and the echo signals from

the horn antenna were fed into arm A. The principle of
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operation may be explained by considering the H-type and E-

type Junctions separately then superimposing the two in
combination.

The H-type T-Junction

The H=type Tfjunction5 shown in Figure 3, 1s con=-
structed by Jjoining rectangular waveguides with an arm

(labelled D) connected along the narrow dimension of the

main waveguide. The H-type Jjunction is so called because

the arm of the jJunction extends from the main waveguide in

the plane in which the H lines lie in the main waveguilde,
with the resultant shape forming a T.

Figure 3 The H-type T-Junction.

Figure 4 1s a top view representation of an H-type T-

Junction, showing a signal being fed into arm A. The figure

SJohn E. Marchesano, "Hybrid Juactions", Philco Tech
Rep Division Bulletin, Volume 5, Number 5, September and Oct-
ober 1955, Philadelphia, Pennsylvania, pp. 2-11l.
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shows the tails of the E field arrows as crosses, with lines
Joining the points of the equipotential lines. The energy
moves normally along the main wavegulde until it approaches
the Junction. At the jwction, the E field will have to
Change in order to conform to the discontinuity. The
potential difference between the upper and the lower walls
of the main waveguide at the A entrance end causes a poten-
tial difference to exist at the entrances to B and D. This
condition results in the presence of an E field in both of
these arms, and energy will move out of them without change

of phase.

i e e e e i S I I e e R
A e A He N K M K K AR A R K K K N— B
_ — >
input R e e e e i v it e b outp ut
signal signal
K K X %, X e

K K KK K K{*++++-

Y x ko4
LR I B
RREE

Figure 4. E fields in an H-type T-junction
with a signal fed into arm A.
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Flgure 5 1s a pictorial representation of the contour de-
scribed.by the E field as it progresses through the junction.
Note that the condition of zero E field at the surface of the
narrow guide walls is always met. The E-type and the H-type
Junctions are symmetrical, the same conditions apply for

both if the signal is fed into arm B. If the energy is fed

into arm D, in=-phase outputs are obtained from arms A and B.
These facts may be stated as follows; When a signal 1s fed
into any arm of an H~type T-junction, outputs will be obtain-
ed from the remaining two arms and the outputs will be in

phase with the input signal.

Figure 5. Pictorial representation of the
i surface described by the E field
in Figure 4.
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The E~type T=Junction

The E=-type T-Jjunction, shown in Figure 6, is construct=-
ed by Jolning rectangular waveguides with an arm (labelled C)
connected across the wide dimension of the main waveguide.
The E-typeé T-Jjuwnction is so called because the arm of the
Junction extends from the main waveguide in the same direc-
tlon as the E lines in the waveguide, with the resultant

shepe forming a T.

Figure 6. The E~type T=-Jjunction.

Flgure T 18 a cutaway front view of the E~type T-
Jjuction shown in Figure 6. The drawing shows a signal
being fed into arm A. The energy travels normally along the
wavegulide wuntil 1t approaches the junction, where the fields
must change to conform to the discontinulty. Arrows are
used to show the direction and distortion of the E field,
the direction of the arrowe being from a positive to a nega-~

tive potential.
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Qutput
Signal

1 2
A
A B
input — > ———s output
signal ' signal
5

Figure 7. E Fields in an E-type T-junction.
When the E field arrives at point 1, a positive charge will
exist there. This charge induces, electrostatically, a
negative charge at point 2, and an E field will exist be-
tween the two points as shown in the illustration. The in-
duced negative charge at point 2 will, in turn, induce a
positive charge on the wall below it, causing an E field
between points 2 énd 3, a8 indicated. - This new E field
now proceeds out through B and C. Note that the E field did
not change polarity in going from arm A to arm C, but that
1t did change polarlty in going from arm A to arm B. Thus
the following conclusion with reference to Figure 7 may be
stated: IWhen a slgnal is fed into arm A of an E-type T-
Juction, the output from arm B will be 180° out-of-phase
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with the input signal, and the output from arm ¢ will be in-

phase with the input signal.
Operation of the Magic Tee

Consider the operation of the magic tee when a signal
is fed into D, as shown in Figure 8. From the operation of
the H-type T-Jjunction, 1t cen be seen that signals will
travel out through arms A and B in phase. However, no sig-
nal will travel out through arm C, because there 1s no po-
tential difference at the input to arm C. The reason for
this lack of potential can be found by referring to Figure 8.

First, however, & brief explanation of the figure is in
order. When a signal is applied to arm D, an E field will
appear across this arm, and it's components will have differ-
ent mégnitudes as shown by the associated vectors labelled 1.
If one visualizes this E field progressing to the junction,
and then out through arms A and B, a solid volume will be
described as shown in Figure 5 for the H-type T-junction.
However, instead of showing the volume, slices of it have
been drawn only at important points to indicate the shape
of the field at those points. The large arrows indicate
the direction in which the energy flows -4n passing through
the Junction. With this in mind, consider the slices

labelled 2 and 3. Because of the symmetry of the maglc tee,
the energy will divide equally into arms A and B, and the

E fields on both sides of arm C will be identical in shapes
Since the potentials on both sides of arm C are the same, no

potential difference will be impressed at the input of this
arm, and no signal will travel out through arm C.
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C
the B
inpé&efSer tuning stub

and dummy
load

output to - input of the
the modified SME-40 kly-
horn antenna stron amplifier

Figure 8. E fields in a maglic tee with
a signal fed into arm D.

The bending of the arrows is due to the fringing effect at
the opening of the arm. E field slices 4 and 6 indicate the
shape the field takes as it goes around the corners of the
Juction. E field slices 5 and 7 shaw the field returned to

it's normal shape as it is propagated out through arms A and B.
The result of applying a signal to arm D may be stated as

follows: When an input signal is applied to arm D of a

magic tee, the outputs from arms A and B will be in-phase with

the input signal, and no output will be obtained from arm C.
Finally, consider the operation of the magic tee when

a sighal is applied either to arm A or B. Because of the

symmetry of the magic tee, the operation will be the same for
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application to either arm. Assuming that the signal is
applied to arm A, as indicated in Figure 9, it will be

found that outputs will be obtained from arms C and D, but
not from B. The reason for this may be determined by re-
ferring to Figure 9 and recalling the rules for the opera-
tion of basic T-juwctionse. In order to determine the result-
ing outputs, it will first be assumed that arm D is not
present, making the magic tee a simple E—t&pe Jumection. It
is knoﬁn thaﬁ‘the output from arm C will be in-phase with the
inpqt slgnal, whereas the output from arm B will be displaced
180°. Next assume that arm C is not present, making the
magic tee a simple H-type T=Junction. It is known that the

outputs from arms B and D will be in phase with the inmput
signal. Now, when the resulting fields are combined in the

magic tee, it can be seen that the two component fields in
arm B are opposite in phase, causing a cancellation of the
signal and zero output from arm B. These facts may be stated
as follows: When a signal is applied either to arm A or arm B
of a magic tee, outputs that are in-phase with the input sig-
nal will be obtained from arms C and D, but no output will be
realized from the remaining arm.

The above explanatioh applies to the operation of the
maglc tee for the application in this research, since the
osclllator signal was applied to arm D and the reflection

signals recelved by the modified pyramidal horn antenna

were applied to arm A.
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A 1n§‘ ut to the

input of the
modified hom
antenna ;

resulting field due
to the E-type junc-
tion

resulting field
due to H-type
mction

tuning stub B
with high tuning stub
attenuation and dummy load

FPigure 9. E fields in a magic tee with
a signal fed into arm A.
The term magic tee is applied to the hybrid junction
having very valuable properties from it's four outputs. Using
the illustration in Figure 10, an analytical development will

be done, on the basls of these properties.

output & y
nunber 3 L<: g
the receiver K\<1/,s

£
X output number 4
output number 1 the generator

the horn antenna

Figure 10. The magic tee with axes
established and connections
indicated.
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The important properties of symmetry and transmission
of waves through the mégic tee are considerations that apply
to the epplication in these measurements. The wave from
the klystron multiplier was traveling into output 4. It's

electric field was along the Vvertical in the y~direction as
shown. Symmetrically we have coupling into outputs 1 and 2

but none in output 3. By matching outputs 1 and 2 an equal
power division results and no power flows out of output 3.
Equal reflected waves are produced by outputs 1 and 2 since
they are terminated in equal impedances. These combine and
flow out of output 4.

Consider the magic tee from the analysis of standing

waves of different symmetries. According to the method of

Slater® there is no migque way to determine reference
planes. Arbitrarly choose symmetrically placed plenes in
outputs 1 and 2 and set up two anti-symmetrical and two
symmetrical standing waves. One of each of these standing
waves will have V=0 and the others I = 0 at the reference
planes in outputs 1 and 2.

Choose the reference plane in output 4 such that it
has zero voltage across it when the symmetric function has
zero voltage across the planes in outputs 1 and 2. Choose

the reference plane in output 3 so that it has zero voltage

6John C. Blater, Microwave Electronics, D. Van
Nostrand Cos., Inc., New York, 1950, pp. 62~168.
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across it when the anti-symmetric function has zero voltage
across the reference planes in outputs 1 and 2.

Use a first subscript to represent the output to
be considered. Use a second subscript to denote the anti-
symmetric solutions by 1 and 2 for the case of zero voltaée
at the plane 1 and 2, and denote the symmetric solutions by

These

3 and 4 for the case of zero current on these planes.
condltlons produce the following relations;
Vll = V2l= V31= VLl_l: O, Ill = —I2l, I1+1= 0 (2“3)
vV = —V V =0 ‘ I = I :I =
12 22, 2 12 22" "42 0 (2-4)
vV =V =V =V =0 - =0 e
137 '23 "33 43 Ti5 Loz, 133 =0 (2-5)
V = . = = - = -
14 = Vou, Vg =0, I, I, =15, =0 (2-6)

Voltages and currents at the different reference planes be-

come

Vg =0y Vs, Vy = CaVyuy (2-8)
I, = - -

1 =0113; + O3 T4 I, ==CyIj; + G5 I, (279)
I =0y I+ Gy Iy Iy = O3 Iy 4Gy Iy, (2-10)

where C represents a constants.

Using these, set up the equations

— = S i = +
—
Vs Vzo Co Vi Vi & Vi I\Y)
fho o Tww S5 Tuy Taw o Tuy Taa(T1 o+l (2-12)
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Assumling the four outputs to have equal characteristic im-

pedances, let

v ®o T L1
1
iz
-'VE— Z, =Y2 (2-14)
I3 L .
I
4 _ ”
_vzf g =Y, (2-16)
- Joy = I35 2 ‘ (2=17)
V3o
"y = Tas (2-18)
Viay ©
I \'i
=_ 21 12
I V'
0(4 = _ 43 14 (2"'20)
Vay 133
and we get
! Y. V., -y, V
= - - 11 2 2
*3 Joz X3 ( T ) (2-21)
\ Y. vV Y, v
Y, = -Jby -0(4 1 "3 P 5 A
2.—
Vi + Vs 7 (2-22)

~

Solving for the ratio Vj in each equation, the results from
the equation for YB_vz become

Vi (Y5 400y 4K Y1) =V, (Y5 + Jog  +K5Y,)

Vi (Y + db5 451 (2-23)
Vo Y5 4+ Jbsy +d3 Y3




. &

and from the equation for X,
V(X + Jb, #0GQY1) = =V, (Y, + Jby +0GY,)

E - - Y4 + Jbl-l- +d4 Ye (2-24)
V2 Y4 + Jby +C(4 b 4 ]
Now
T, + bz +ols L1 = Y, + Jby +oCy X
and
TY, + (Y3 + Jb3) (Y4 4 Jby)
o3 Xy
1 (Y + Y) ‘Y3 + jbi Yz + Jb}_|_= 0 5-p
G { =3 * — & (2-25)

which is an equation of the admittgpces for the magic teee.

The condition holding for the transmission character-
istics of this experimentation was ¥; = ¥Y,. From the
admittance equation this gives

Y 35 Y Y b
C{l“‘ 3+ ) [1+ 4+‘“D 0 (2-26)

In this equation the second factor is zero since energy

was fed into output 4, meaning no energy feeds to output 3.

Forrthis

¥ o+ X, + ‘Jbi}:

= 0

Yy = Jby +0CuY (2-27)
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This shows the admittance to be independent of YE' Since the
output lines were tuned to make b3 equal b, equal zero and
makeX s equalX, equal 1, we have -Y, =Y,. This indicates
1f terminals 1 and 2 are a perfect match, ¥;= Y, = 1 and there
ccecurs a match looking in at output 3. This follows since

outputs 1 and 2 show equal impedances and therefore the total

power is divided between them equally, leaving no power for
output 3. There is no effect of the admittance in output 3
on the admittance as seen in output 4.

The condition holding for the reception characteristics
is

Y3 + Jb3 _ YLI_ + jb1+
Tz . X (2-28)

From the admittance equation we can get

Y, + b, Y, o+ by,
Xz 4 X5 * Yp) =0 (2-29)

Output 1 is the horm connection and the terminal for

input power. If in the derivatiocn all terms of Yz 4+ Jbz are

_ =3 ‘
replaced by Y3 and all terms of Y, + Jby are replac@éd by

Y, the result will be complete S;Eggtry between the two sets
of 6utpg£s.

Power having been chosen as the factor of most impor-
tanée in these measurements, the power flow relations may be
considered according to the following,

P l2 2

b

Gz |V

3

V|
o |V,

Gy

4

Vi Py = Gs

&

2: (2"30)

P2 =G2 1\[2 PZ{.
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From the admittance relationships a value for the ratio
g;' was determined and in like manner the following re=-
2
latione would hold,

V3o (V1 - Vp Vyy (V1 + Vo
= " e ¥
Vio (j \> 4= Ty 5 (2-31)
The quantities Vzp and Vy,u may be evaluated by

V12 714
consldering the fact that the total power flow from all the

outputs must equal zeroc.
Re;ﬁ Ca Vka Cp Ikb = R,eZb‘ Ca Cbzklvka Igp =0
a

(2-32)
where a and b are the series 1 to 4 and k the outputs 1 to 4,
and the following must hold
E Ve ka =0 for the above to be true using arbitrary
T a -
values for the C's. The only case where this needs to hold
is for a#Db. The combinations of a and b that are not
trivial are
2113 Vipg + I3y Vs, =0 (2=331
combining these with
Tos - v . -1 v
- 31 12 .4 o, = 43 14
V32 I,ll ' VM-I- I13
the result 1s

v 2 v [ 2
32 = and V44 = oKn * (2=35)
Vip oG 14 4

Now with the relationships of Vi V2, V3 and V4

the equations for the respective powers become

2
B_OC_;__J_‘OQ + T

P) = 1 (2-36)




Y; + Jb 2
3 3
P2 = G2 _—355—__- + Yl
G _ 2
Bye 2|2~ 1
> i
= Gy I3 + Jb !2
FuTa, 2("—&3—%”& + Y2|

(2-37)

(2-38)

(2-39)

This form is convenient to use when power is fed into the

output arm 4 of the magic tee.

equations for the powers are
- 2
P, =6 zi;t_192.+yl
6(3 ;
- t 2
Py = Gl‘ 33L1—23§-+Y1|
s
p_= 03 2
ooy W X =0
+ Yl
Using the real part of the equation
=Y, = oy 05 Y

the expression for the conductance is

=Gy =K Gy

which produces

P, =1
fz = &
P; =0
P, = -2

For the case of Yl==Y2<the

(2=40)

(2=41)

(2-42)

(2=43)

(=44 )

This shows the power flowing into output 4 is equally
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divided between outputs 1 and 2 and gives no power to
output 3. BSince this verifies the statement concerning
symmetry and power relations, the conditions assumed for

the transmission and reception characteristics are valid.
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The Modified Pyramidal Horn Antenna

The horn used in this research was adapted for
ground plane use by reducing it's effective aperture to
one-half the size that would be used for free space condi-
tions without the ground plane, (see Plate III). This means
the horn has 1t's aperture reduced electromagnetically 3 db
down from that of a full-sized pyramidal horn when working
ln free spacé. The principle of images was verified in the
gain meas urements. Figure 1lla illustrates the full-sized
free 5péce horn and it's dimensions. Figure 11lb shows the
modified pyramidal horn adapted for ground plane employment
and it's valueses The full-sized pyramidal horn was modified
by cutting away the lower horn flare such that the section of
waveguide was in line with the bottom of the horn. Thus the

lower wall of the waveguide and the bottom of the horn are in

the same plane.

a. Full-sized pyramidal horn. be. Modified pyramidal homrn.

Figure 1l. The pyramidal horn antenna.




Plate III.

The modified pyramidal horn
mounted on the image plane.




38

Radiation patterms in either the E-plane or the H-plane
for pyramidal horns show these planes to present practically
no dependence on the flare angle imposed in the other plane.
This means these patterns closely resemble the E-plane and
H-plane patterns of the sectoral hornsT . Appropriate choice
of flare angles produces near matched impedance of horn to
free space and results in nearly complete suppression of
standing waves® along with increased radiated energy. With
this choice of flare angles the equiphase surface at the mouth
of the horn is essentially a plane. This produces a radi-
ation that is exactly the éame as that of a rectangular wave-
gulde with the same dimensions as that of the horn aperture9.
This approximation holds up to flare angles of about 50°. The
shape of the beam in any of the planes 1s dependent on the
mode of the wave being fed into it and on the width of the

mouth in that plane. Assuming a plane wave front exists at
the horn aperture and the TE,;p field is the unique distri-

bution pregent, the angle between nullsl© in the E-plane is
€ =2 sin-1 A (2-45)

b
and the angle between nulls in the H-plane is

0 =2 éin"l SN
_ 2a

(2-46)

7Sa.mual Silver, Microwave Antenna Theory and Design,
MIT Radiation Iaboratory Series, Volume 12, McGraw-Hill
Book Company, Inc., New York, 1951, pps 588-589.

8
Re I. Sarbacher and W. A. Edson, Hyper and Ultra—High

Frequency Engineering, 8th Printing, Jo Wiley and Sons, Ince.,
New York, 1950, p. EEB-

9Ib1d-, Pe 406.

10
Reich, Ordung, Krauss, Skalink, Microwave Theory and
Technigues, D. Van Nostrand Company, Ince., 1953, pe 427
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where a and b are the horn aperture dimensions as
shown in Figure 11 and A is the wavelength of the signal.
Although the pyramidal horn gives only moderate direc-
tivity when compared to more elaborate radiating elements
it proved very satisfactory for this applicaticn. The
dimensions are not very critical, it is simple to construct
and the frequency bandwidth is large. The throat dimensions
and cutoff frequency of the waveguide determine the lowest
frequency of operation while the appearance of higher modes
and the resulting deterioration of the radiation pattern
determine the highest frequency. Normally there is little
Change over a bandwidth of ten per cent for directivity and
power gain, although both are functions of frequency.
Referring to Figure 11b and Figure 12, the values
for the dimensions of the modified pyramidal horn are;
W = 0.420 inches, D= 0.170 inches, a = 2.000 inches, b'=0.750
inches, ', =2.75 inches, 'y =266 inches, h, = 2.625
inches, §=31.65°, @ = 21.70°, A = 0.4693 inches.

— b —

Figure 12. Modified pyramidal horn dimensious.
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It can be seen that the dimensions used are well within
the required limits to produce é horn that satisfies the re-
quirements of this instrumentation. The literaturell’le’IB’l4
lists the design data and curves to obtain optimum design
horns. The optimum design horn provides maximum gain for a
fixed horn length with an apparent source of radiation located
back of the throat as indicated in Figure 12.

The'wave tends'to assume a spherical shape as it enters
the throat of the horm. The portion of the spherical wave
appearing at the horn aperture is limited to a small solid
anglel5 and hence ﬁéy be considered essentially plane if the
diqensioné of L, and Py, are kept to values that are but a
littlé laréer than hy, and hj, respectively. If the rela-
tioné exist, ,0_8_ - h2- < % aridﬂ.b -h = % , the desired
conditlons are met. The approximate expression for the

qua.ntity_la - h, is

2
2

la - hp=—2 (2-47)
2

and that for f, - h, is '
12
- h. R —
Ly T (2-48)

Radii llﬂilmuﬁ E. iggrﬁnk, "Design of Optimum Horns for
angular Waveg e Electronic Desi Vol. 12, No. 11
Nov. 1954, p. 18. ’ _ &= » e ’

12
Sergel A. Schelkunoff, Electromagnetic Waves, D. Van
Nostrand Company, Inc., New York, 1955, pDe 363-365

13s11ver, p. 413.

1
4George Ce« Southworth, Principles and Applications of

Wavz§;1de Transmissions, D. Van Nostrand Company, Inc., 1950,
p. [ ]

15 :
Donald G. Fink, Radar Engine
MeGraw-H111 Book compénmc.—,sﬁ-lre?fi—gs.’ 2%1.‘8’6 Edition,
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These arise from the relationship for the separation of an

arc and it's chord. The sine of the flare angles become

limited to
sin ¢ _ a _ _A (2-49)
2 2@; a
sin _© _ b _ e (2-50)
2 2f
The quantities a sin ¢ and b sin © should not exceed the
’ 2 2

operating wavelength. The equations for these also imply
that the beamwidths % and %, respectively, expressed in
radians, must be smaller than the sine of the flare angle.
For an optimum pyramidal hornl6, such that minimum beamwidth
with a minimum side-lobe level for a given length, may be
produced, the relationships in Figure 12 may be used. These
demonstrate further the restrictions that are imposed. The
difference in path length for a wave reaching the aperture
at the side of the horn and one reaching the aperture at
the horn exis is indicated by the lengthA. (niformity of
the field over the entire aperture is limited to values of
Aequal to a small fraction of a wavelength. Considering
the narrowing of beamwidth with increasing values of ¢ and
a, ¢ may take values up to ones that make the ratio Hgg_
2+4b
differ appreclably from unity, which would result in a
n&ﬁ-uniform distribution of the field across the aperture.
If Ay is selected to represent the maximum value, resulting
from_the largest flare angle at which maximum directivity
occurs, the following relations will hold.

16John De. Kraus, Antennas, McGraw-Hill Book Company,
InCo, 1950, Pe 473.
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- 2 -
hy = (2-51)

and g = 2cos”t hp
hovh (2-52)

Similar relationships may be shown for the flare angle ©.

Following this design criteria, the higher modes of
transmission in the horn must be suppressed when the most
miform aperture 1llumination exists. This can be con-
trolled by proper selection of waveguide dimensions at the
throat of the homm.

Expressing the full-sized pyramidal horn in terms of
the gains of E-plane and H-plane sectoral horns the follow=-

ing developmen’c.l?'l‘3 may be applied to horn designe. Using

the Fresnel integrals

c(x) / EngE) dq | (2-53)
d
- 8(x)= / sin (ﬂQ?} dg (2-54)

the E-plane sectoral horn gain is

cp= S4aly |c2 o , 82 P (2-55)
™ Ab 7\b AXp

and the H-pla.ne sectoral horn gain is

Gy = 4‘;22 {[C(u) - c(v)] [S (u) - s(v-):le}(z-%)

17schelkunoff, Chapter IX.
18Silve::', pe. 587.
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where

d =l —m" B.—
an v V’é‘ e ?\a'—

The resulting gain for the pyramidal horn becomes

G =35 6\-,0 GQ (—g-—- G@ . (2-57)

The modified pyramidal horn physically met all of the

requirements with respect to dimensions (Figure 12)e. The
lower plate of the horn was beveled at the apertﬁre to
assure a close fit on the surface of the ground plane and
to provide a smooth transition from horn to image plane.
For purposes of calculations and data analysis it is
desirable to know the gain of the horn. The transmission
and reception of the radiated energy may be calculated
using.;he radiated pattern on an absolute basisi9. This can
be done by assuming a standard wmiform radiator such that
the effective gain for the antenna is defined as the following.
For the transmitting gain;
Ggt 18 the quantity thaﬁ expresses the power per
it solid angle in the direction of maximum radi-
ated power in terms of the power delivered to the

homm.

19g11ver, p. 580.
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For the receiving gain;
— - is the quantity that expresses the maximum
power delivefed to a load matohed to the waveguide
of assumed zero loss when the power per wuit solid
angle incident on the horn aperture is known.

The effective gain accounts for losses resulting from
heating in the horn and those due to reflections resulting
from'a mismatched horn. The Gg will be identical for the
horn whether it be used for transmitting or receiving since
the losses can be assumed to be the same. Gg was determined
for a full sized pyramidal horn with the dimensions shown
in Figure 12. This was done by comparing it to a galn stand-
ard on reception. The experimental setup utilized is shown
in Flgure 13.

The field across the pattern mount was assumed to be

wmiform, this provides conditions for an accurate galin

Trans- ﬁ
mitter “[::}-—-I‘~"{::}Jhg—— Receiver

Power
moniter Recorder

Figure 13. Setup for the determination of the
gain of the horn antenna.
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comparison. The horn was rotated in azimuth and elevation

to give an indication of maximum received power, P,, and

this power was recorded on the pattern indicator tape.

This horn was removed from the mownt and the standard horn
was used to replace it. The standard horn was rotated in
azimuth and elevation to produce a maximum power reading, Pg,
which was also recorded on the same power indicator tape.
Siﬁce the gain of the standard horn is known, the gain of.the
pyrémidal horn, by comparison, is also known. These values
were read from the calibration chart accompanying the stand-
ard horn and the calibration equipment. The effective gain
of this horn can be calculated from Gy, =.%g§_ Gge The stand-
ard horn was now replaced with the modified pyramidal horm
of the dimensions shown in Figure 12. This horn was rotated
in azimuth and elevation to produce a maXximum power reading. j
This value was recorded on the same tape with the other two

patterns. This reading was also converted to gain, using

the aforementioned calibration chart, and the result compar-

ed with that of the full-sized pyramidal horn of similar

dimensions. The standard horn exhibited a gain of 17 db,

the full-sized pyramidal horn showed a gain of 20.3 db and

the modified pyramidal horn indicated a gain of 17.3 db.

Radiation patterns that were recorded for the three horns used

to obtain data for the gain measurements are shown in Fig-

ure 14. These patterns are of the horizontal plane with

the vertical plane peaked for maximum energy received.
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horns used in the gain measurement.
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Certain precautions were observed while making these
measurements. These were the followinge.

a. The matched gain standard was directive and had
a galn comparable to that of the other two homrns.

be Field distribution was assumed to be umiforme.

¢e The transmitter power was monitored to assure
constant radiated energy.

" d. The same detection system was used for all three
horms.

e. The detection system was matched to the transmis-
gion line.

f. All readings were reduced to square law values at
the detection system.

The values of the gains measured are the results of the
directive properties of the horns due to the concentration
of energy in the direction of the apertures.

The values from Figure 14 show the modified pyramidal
horn adapted for ground-plane employment to produce a gain
that is 3 db down from that produced by the full-sized
pyramidal horn when operating in free space conditions. When
mowmnted on the ground plane, the modified pyramidal horn, under
the conditions of this experimentation would exhibit a gain
equal to the full-sized modifled pyrémidal horn operating in

free space.
Image Plane

The image plane has been used in various arrangements

1n backscattering measurements, scale-model work and in
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alrborme antenna problems. The existance of a plane of
symmetry permits the use of the equivalent image system,
which replaces one-half of the component under investiga-
tion. The plane of symmetry should show an infinite, per-
fectly conducting surface. Aluminum and COpper2O have proven
to have conductivities such that they are satisfactory for
use as lmage planes. Moderate surface impedances may be
neglected in the low-Q system since the image surface sup-
ports traveling waves that are distributed over a large
surface area. The conditions of image plane operation may
be analyzed by observing the existance of standing waves on
the plane. Standing waves will appear at the extreme edges
of the plane, since these are discontinuities in the path
of the outgoing wave. If these standing waves are allowed
to exist during a backscattering measurement, erroneous
values will be recorded sinece these waves interact with the
object under test, causing undesirable impedance data to be
observed. Methods have been devised to overcome this un-
desirable feature of the image plane. The placement of the
hairflex used in this experimentation was selected because
of it's practicality and excellent results. This method of
reducing edge effects on a rectangular plane by placement of
hairflex is most useful. Methods to reduce these effects
that may be used also,are to avoid circular image surfaces

and increase the size of the plane to better approach the

20king, p. 253.
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infinite surface condition. Both of these were observed
and utilized. The interaction between scatterer and image
plane are controlled by the degree of coupling between them
and the equivalent Q of the scatterer. The latter is deter-
mined by the characteristics and the dimensions of the object

while the first is determined by the amount of energy direct-

ed along the plane's surface.
The image plaﬁe should be tested for performance pre-
vious to making measurements. The appearance of standing

waves over a large portion of the plane indicate undesir-

able operation. The conditions of operation of the image
plane vere determined previous to these tests. The condi-

tion of propagation with a vertical component of the E-vector

normal to the image-plane surface with a plane wave front
existing at the object under test was assumed to prevail to
a good approximation.

An approximate minimum distance, R, that a scatterer
may be placed from the horn aperture, when making a back=-
scattering measurement in the far zone, may be solved for.
R can be used to determine a minimum size image plane to em-
ploy. This solution shows the receiving horn antenna aper-

ture and it's gain to be functions of it's side dimensions.

When a minimum phase error is prescribed, a minimum range in
terms of the horm side dimensions and the scatterer dimensions

is determined. This development may be done by the following
methode.

Define the following quantities;

Sr = recelved signal strength
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Spo =transmitted signal strength
Py =received power
P, =transmitted power
K =scattering cross section of the target
Aeft =Effective area of the antenna aperture
G =Antenna Gain
R =distance of travel of the signal

Based on the concepts21 used to derive the radar equa-

tion
Sr = ,S_O.K__._
4 R2 , (2-58)
So= f0o & _ 1 R, (E xH) (2-59)
4mR2 2 |
Py = Sy Agfr (2-60)
Pp =fo0G K Agrf (2-61)
4 m R® 4 TR
Assume a square horn aperture and
Agrs =Ql 22 =E2 (2-62)
and ¢l- 2T g2 (2-63)
: N
now Py =.R? Po 4m 2 K
4mR® A 4ﬁR2
P.- Po Q¥ K P K/p\* (2-64)
4 R A= L R
where K, = K '

A

2lponald E. Kerr, Propagation of Short Radio Waves,
First Edition, McGraw-Hill Book Company, Ince., 1951, p. 29.
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The phase error, ¢, may be determined by referring to

the following diagram.

T
Al
R R
- 2
er - éé (2~65)
x =k Ll

2 2 2
patiicadead &n g ()0 n 0

Assume a scatterer placed according to the following

=
- !
//// //// -_T——
- - 2
2 _——"" @R
N L
0 +d)?
(2-c¢)
xX o
2R
A+ a)2
2x —_—

Assume 2 x - _

4
) + a 2
(H 4_%\__
R+ a)2 (2-69)
A

= R min

so that
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This is the minimum range to operate for the defined
conditions of a wmiformily illuminated square aperture for
the horn with a prescribed radar phase error of A prevailing.
The minimum range for this research differs only4slightly
from that derived above. -The conditions for far zone measure-
ments were adequately met.

The image plane used in this study was constructed
from a solid sheet of aluminum which was coated with alumi-
num lacquer possessing high conductivity, (see Plate III).
The plate insert was set and remained stationary during the
measuremente. The plane was 183.3 cm wide, 122 cm long and
0.9 cm thick, (see Plate IV). The mats used to shield ob-
Jects external to the image plane and reduce edge effects,
were loosely spun mats of animal hair with each individual
hair coated with a layer of pigmented neoprene. This ma-
terial gives legss than 0.2% reflection at the frequency used.
More details concerning this material is included in the

section "Control Features of the System".




Plate I 2
A 4V e
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Specimen for test.

The scattering objects were constructed from three
different materials with known specifications. These materi-
als consisted of the following;

Aluninum Alloy=-24ST Army Specification QQ =~A-362

Brasgs - Naval Hard Arny Specification QQ -B-636

Steel - Cold Rolled Army Specification MIL-8-7079

Samples in the form of rectangular bars approximately
4.25 inches long by 0.187 inches square were submitted to
the Electricity and Electronics Division of the National
Bureau of Standards, United States Department of Commerce in
Washington, D. C. for measurements of resistivity. These were
made for each bar at a temperature of 20.00° Centigrade. These
were dc values but values at higher frequencies may be con-
sldered to have relative quantities that are in the same pro-
portions. This fact is utilized in the analysis. The results
were determined such that they were probably accurate to one
per cent.

The results that were tabulated are contained in the
following table.

TABIE I

RESISTIVITY VALUES FOR METAILS

Sample Material Resistivity
Number Microhn-CM

1 Copper 1.72

2 Copper 1.73

5 Aluminum 571

4 Al uminum 573

> Brass 6.87

6 Brass 6 .86

N Iron 1343

8 Iron 13.3
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The geometric configurations tested were spheres, (Refer
to Plates V and VI). All dimensions were machined with toler-
ances of * 0,001 inches. The placement of the spheres on
the image plane was determined by setting them in three
different positions, each A apart in line with the horm
aperture. The position thﬁt produced the median reading

was the one used. This position did not produce the maximum

nor the minimum reading. The reading used was the resultant
reading when the outgoing wave and the image-plane edge and
others returns were in quadrature. This produced a reliable
value -to be used in the analysis. The target placement was

in all cases 67.5 cm or 67.5 cm + A
L




P - 4
Plate V.
~“Hhanaa a = o g 5 5 e £ o
Lpneres used as Spec 1€ 10 measux emencs.




Plate VI,

View of hemisphere and modified homrm
entenna on the image plane.
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Contrel Features of the System

The room used for this research was 40 feet long

and 25 feet wide. The front end of the grouwnd plane was
located about 12 feet from the back wall. It was lined

with blocks of McMillan absorbent material (see Plate VII).
Thls material produced about 4.0 per cent reflection at the
frequency used. Tests to determine the characteristics of
this material and to compare them with other materials avail-
able, were performed by the Naval Research Laboratory22, on

samples furnished by the Air Force Cambridge Research Center.

The samples wefé representative of the material used through-
out construction. They were subjected to Navy standard tests.
These blocks were approximately 12" x 18" x T". They were
formed from a Pase made of a layer of pigmented halr plus a
thibk center section of pigmented foam plastic with a top
surface made of cones. The cones were covered by a section
of polyfoam to give a flat outer surface. The polyfoam was
coated with a thin layer of white paint.

Navy specifications for broadband absorbent material
for darkroom use calls for a reflection of less than two per
cent in power at all points and an average reflection of

less than one percent in power for the frequency band speci-

fied. The reflection was measured for angles of incidence

nearly normal to the sample surface and in order to give a

22"Tests of Absorbent Material'", Naval Research Labora-
tory Problem Number R11=-4; Report on, Forwarding of, Naval
Research lLaboratory Washington, D. Ce, 24 June 1954.
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standard condition, measurements were made with the absorbers
backed by a metal surface. In the band of interest in
this eXpérimentation, 3000 to 60,000 megacycles per second,
a double horn set-up for free space measurements was used.
The samples used failed to meet the Navy specifications,
but gave best results in the K-band region. The results are
shown in Figure 15, page 59. It was determined that at the
low frequencies large reflections arose from discontinuities
in the samples and from insufficient attenuation. At the
very high frequencies surface reflections from the paint
layer were too high. |

Figure 15 also shows the performance of representative
1,000 megacycles per second and higher frequency absorbent
material manufactured according to Navy specifications and
design. This material was a loosely spun mat of animal hair
with each individual hair coated with a layer of pigmented
neoprene. The overall thickness was 4 3/4 inches. This
hairflex material is used to reduce edge effects and equip-
ment reflections as shown in Plate ViI- It is the mater-

lal referred to in the section on the image plane.
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Calibration of the System
Referring to Plate IV the procedure used to make static
measurements was the followings:
l. The system had power applied for about one hour
before attempting any tuning.
2. The receiver controls were set and were not changed
from these settings throughout the period of measurements.
3. The attenuator that was used in conjunction with
the directional coupler was set and remained in this position.
4. Changes in the output power level of the klystrons

were made by changing the beam voltages.

5« The crystal current of the mixer stage was set at
a convenient reading, about 200 microamperes, since the crystal
operated best at this value. This value was maintained through-
out the experiment.

6. The system was balanced to obtain an optimum read-
ing on the limiter cathode meter with no target on the ground
plane.

Te A visual check was made to see that the crystal
mixer current and power output level (indicated in milli-
amperes) were at the desired levels.

8. A target was placed in the desired position.

9. Attenuation was put in the receiver line to bring
the éignal to a convenient point on the meter in the cathode
of the limiter. This meter was calibrated in milliwatts of
power. The attenuator reading and the limiter cathode meter
reading were recorded.

10. Readings for the same target were made a sufficlent
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number (at least ten) of times to assure the desired
accurac& as indicated by repetitions in readings.

The scattering and absorption parameters of an object
in an elecﬁromagnetic field involve the concept.s23 of total
-8cattered power and total absorbed powers.

Total scattering power is

Pg = Qg 1 ¢ (2-71)

Total absorbed power is

Pg, = Qg 1 o (2-72)
Total power removed from the incident wave is
Pt = Pg + Py | (2-73)
Where 4 1s the power density incident upon the object

Qs 1s the total scattering cross section

and Qg 1is the total absorbed cross section.
Back-scattering cross section K has been defined by
the equation
K= 4m p2 a (2=74)

1
Where: r is the distance from the scatterer at which g is
evaluated .
g 1s the far zone scattered field power density in
the direction of the transmitter.
and 1 1s the plane wave power density incident upon
the scatterer.

Equation (2-=74) defines the ability of a scatterer to rerediate

25pe L. Aden, "Electromagnetic Scattering from Metal
Spheres and Water Spheres", Cruft Laboratory, Harvard Uni-
versity, Cambridge, Massachusetts. Naval Technical Report
NO » 106.
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energy in the direction of the source. This cross section
for a given object is dependent upon the polarization, wave=-
length, angle of incidence of the impinging radiation, and
the material, shape and dimensions of the scattering object.
Power values are involved in the quantities to be determined
and the powers indicated would be convenient values to use

in a solution, therefore, measurements of these were made.

Absolute values of microwave power are difficult to
determine. A measuring set was selected as a reference
or standard to calibrate all components and measure powers

desired. The PRD Type 650-A Universal Power Bridge was
gselected for this purpose. This instrument directly in-

dicates the equivalent power in milliwatts that a bolo=-
meter elemént absorbs when microwave power is incident upon
it. This instrument and the K-band source wére used to cali-
brate the attenuators used in the system. When making a
reading of the output power, the PRD 650-A was coupled to

the transmitter output line with a Sperry Model 412 direc=-
tional coupler, which is of the branch guide type giving a
high degree of coupling. This provided a facllity to monitor

the output power for a constant value.

The gain of the overall system was calibrated to be
117.2 decibels with a 37.5 milliwatt transmitter output
power. The receiving system was adjusted to produce a read=-
ing of 0.200 millamperes on the limiter's cathode meter in-
dicating thies to be the balance point. The magic tee produced
g loss of 3 decibels on transmission and another 3 decibel

loss on receiving, therefore the total usable gain for the
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overall system is reduced to 111.2 decibels.
To 1llustrate the method of using the calibration, we
may use the following information.
l. It was desired to keep the reading above the
noise range, including the leakage signal of the
system, therefore, the desired backscattering value
in decibels was read from the scale of the cali-
brated attenuator at the 0.6 milliampere level
on the limiter's cathode meter.
2. The total power level that was possible to be
read was one that was down 91.5 decibels from the
transmitter output power of 37.5 milliwattss This
results from 117.2 db - 6 =111.2 db. logjQ %%f%ﬁ =
25.7 db and 117.2 db = 25.7 db = 91.5 dbe
3. Using the following information the reading was

accomplished.

K Horn output Power,
% Pt = 0-100 MW »

i a = reflection coefficient = db G’;)

Total db that

was possible to v T
a = arget reflected
be read 91.5 db Bowan
Total db to

the balance
point = 1115 db

f

b = Calibrated attenuator setting in db.

|

Calibration level on the
cathode meter =0.600 ma.

Balance point of the re-
ceiver at the noise
level= 0200 ma.
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a+ b = =91.5db
gt (2-75)
Py,
K= Pr= X'
db(K') = db (P,) - db (Py) (2~76)

The attenuator used in conjumection with the reflection
coefficient readings had a calibration in db that was linear
over the range of interest. This curve of db versus scale

reading is shown in Figure 16, page 67.
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CHAPTER III
ANALYSIS AND RESULTS OF MEASUREMENTS

Introduction

It has been shownl that for the case of refraction in
a conducting medium when the conductivity increases, due to
an increase in frequency, the planes of constant phase align
themselves parallel to the planes of constant amplitude. The
proﬁagation is into the conductor in a direction normal to
the surface.

The depth of penetration may be measured by the factor

- 2

where § is the depth of penetration, W is the angular

frequency,}Al is the permeability and (¢ ; 1s the conductlvity.
This equation relates the distance within a conductor of a
point at which the amplitude of the electric vector is equal
to 1 or 36.79 per cent of it's value at the surface, to the
freZuency, permeability and cdnductivity. The phase lag 18
180 degrees at this distance. An increase in permeability,
conductivity or frequency gives a decrease in the depth of
penetration. Skin effect appears as a phenomenon showing a
tendancy for concentration of currents on the surfaces of

conductors nearest to the producing field sources. When a

lJulius Adams Stratton, Electromagnetic Theory, First
Edition, Second Impression, McGraw-Hill Book Company, IncCe,
New York 1941, pe 504.
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high frequency source produces an electric field, E, in the
proximity of a conductor, the applied E causes current to
flow in the conductor. This current flow causes a magnetic
field, H, to be produced at right angles to the E field. The
magnetlc field varies causing an electric field, E;, to be
induced in a direction opposite to E. The farther into the
conductor this phenomenon is observed the smaller the net
field present to cause flow of current and consequently the
greater the observed skin effect. These considerations

may be used to help develop the theory of waves with the
accompanying phase delays in the conductor of finite con-
ductivity. Charges and currents experiencing time varia-
tions cause fields which have corresponding variations and
result in phase delays permitting electromagnetic effects

to be treated as wave phenomenon. The observed effects of
the changes between the points of locations of the fields and
the currents and charges travel outward from the latter with
finite velocity according to the conductor's configura-
tioﬁ_and dielectric constant and the surrounding medium's
permeabllity. A change in electric field produces a change
in magnetic field in the dielectric medium. Any medium

with finite permeability will show an electric field pro-
duced when an existing magnetic field changes. In the case
considered the electromagnetic horn's energy is a source of
waves that are transmitted down the-image plane and impinge
upon the spherical conductor. The conductivity of the con-~
ductor causes the wave energy that passes into the conductor

to be attenuated at a given rate while an impedance mismatch
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at the discontinuities between the air medium and the con-
ductor causes some of the energy to be reflected.

Although the above concepts2 are, in general, made for
plane solids it may be extended to conductors of other
shapes so long as the value of § calculated is much smaller
than any curvatures of the surfaces.

The results of analytical developments3 show that the
reflection coefficients of the metals are practically in-
dependent of the angle of incidence and differ slightly from
unity at the highest radio frequencies. The reflection co-
efficients may be defined as the ratio of the energy flows
in the incident and reflected waves.

Hagen and Rubena4

verified in the infrared region of
the spectrum that at normal incidence the following formula
is valid for the reflection coefficient as long as the
concern is only with metals at wavelengths between 1072
centimeters and 3 x 103 cycles per second. This is the

case of macroscoplc electromagnetic theory:

R=1 - 4.00 x 1074 V[f Kn1 Kep (3-2)
0 1

where; f 1s the frequency in cycles per second.

Kﬁl is the magnetic permeability, M1 Mg,

M2 _/Uo

H

of the conductor

2gimon Ramo and John R. Whinnery, Fields and Waves
in Modern Radio, John Wiley and Sons, Ince, New York, 1953,
PP 201}'—210- .

3stratton, p. 508.

4Hagen and Rubens, Annual Physik, 11, 1903, p. 873«
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Koo 18 the specific inductive capacity, (ep/g,)s of
the dielectric.

For the air-metal surfaces used in this investigation Kkii=1,

K92==l and the foliowing tabulated results may be obtained
for the metals tested at a frequency of 25,162.5 mc.

TABLE II

VALUES OF REFLECTION COEFFICIENTS FOR THE METALS

METAL CONDUCTIVITY REFIECTION CO=-
= EFFICIENT
(Calculated from inverse 4
of Resistivity, p. 47 ) R=1 -4.22 x 104/ f
01
Aluminum 1.75 x 109 mhos per cm 0.998501
Brass 1.46 x 10° mhos per cm 0.998249
Iron C.752 x 1° mhos per cm 0.997557

These calculated values of the reflection coefficients
indicate the effects of the metals' conductivities upon their

ability to reflect incident electromagnetic energy.
Sumnmary of a Mathematical Derivation of Radar Cross—-Section.

The case at hand involving a good conductor may be
considered from the application of Maxwell's Eguations.

These may be stated in differential equation form as

v - D =29 (3-3)

V - B=0 (3-4)

v x E= :%g_ (3-5)
x H=

T+ g%}_ (3-6)

where V is the Del operator, @ 1s the density of charge,
D is the electric displacement, B, is the magnetic induction,
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E is the value of the electric field and H is the value of
the magnetic field.
Ohms law for a conductor is

T =CE (3~7)

where Tis the vector current density,

and ¢~ 1s the conductivity.
Substituting equation (3-7) in equation (3-6)

VxH=0E + glg (3-8)
Since the divergence cof the curl is equal to zero, by taking
the divergence of both sides of equation (3-8)

VeV xH= 0= . 7 D+ vV-D),.
t
From equation (3-3)
VD=0
and =
40 +%Qt" 0 - (3-9)
The solution® of this differential equation is
- 0 (t/e -10
e =p,° ) (3-10)

where € is the dielectric constant.

This indicates that charge density existing in a good conduct-
or must decay exponentially with time.

In this development it is desirable to consider the
electric and magnetic fields existing in the imperfect con-
ductor as waves. Assuming sinusoidal time variations for
the transmitted energy,the following equations may be written
from equations (3-5) and (3-6) respectively,

V x E= -jwpnH (3-11)

V x H= (g +JWE) E = Jw€[1+ @ }E (3-12)
Jwe

SRamo and_Whinnery, p. 234.
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which treats the conductor as a dielectric with a complex

dielectric constant of EC==[1-+ jgif]. For the case of the
wmlform plane wave of sinusoidal form represented by the
time function eJdWt, positively and negatively traveling

wave components may be formulated.

E, = E oJWt= 8) 4 g1 gjw(t+ 2) (3-13)
or

E, =E e~Jk8 + g1 gJka (3~14)
where

k = _L%_.==ujwﬂj§— meters™t, % is the direction of

travel and v ie the velocity of light.

k is the phase change per unit length for each component
and for a given frequency may be considered as a constant
of the medium.

The propagation constant, § , for a wmiform plane wave

now becomes

¥ =Jkc = jw [u€.
F=ok+38 = iw \/,ue [1+ e | (3-15)

= w LT+ e — 1 (3-16)
B= [HE[f 1+ wre ”““1] ' (3-17)

o~F8 = X2 -8

and

These equations show attenuation due to a loss of energy from
current flow in the imperfect conductor.

The ratio of electric to magnetic field for the uniform
plane wave 1s complex which shows there exists a phase dif-
ference between them. This ratio is called the intrinsic

lmpedance and 1is

- (& =

€ (1tj00e
The reflection coefficient, ﬁ, when considering the
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passage of a wave from a perfect dielectric onto a conduct-
ing medium i1s a complex value. It indicates the incident

and reflected waves differ in phase as,

e - s
The resuf@ on}his analysis shows the magnitude of the

reflection coefficient differs from unity because some of
the incident energy i1s transmitted into the conductor, and
there i1s a phase shift of incident to reflected energy upon
reflection from the conductor.

The principle methods of attack for the mathematical
solution of scattering by finite bodies have been discussed
and summarized by Mentzner®. These include: the exact
solutions which may yield for the diffracted field an abri-
trarily high accuracy, which may result from the classical

solutions, integral equation formulation and application of

Green's Function subject to boundary conditions; approximate

solutions which may result from methods such as geocmetrical
opties, physical optice, application of Babinet's Principle
and the variational principles.

Successful theoretical treatment has been applied to
the sphere by a number of authors for the general aud spe-
cific cases. The summary of a development to be shown here
follows the methods illustrated by Kerr! as suﬁmarized from

Stratton's8 elaboration.

. 6J. R. Mentzer, Scattering and Diffraction of Radio
Waves, Pergamon Press, london and- New York, 1955.

Thonala E. Kerr, Propagation of Short Radio Waves,
McGraw-Hi1l Book Compeny, Ince, First Edition, 1951, Pe 445.

astratton, pe 563,




f o
The radar cross section broperties and their relastions

to the properties of the target are to be considered when a
plane wave front exists at the target and free space is the
medlum existing extermal to the sphere. Consider the closed
domalin of an isotropic, homogeneous medium free of sources
with any one of the field vectors E, B, D, and H satisfying
the differential equation

LA e == S (3-20)
Since this equation exhibits linearity, the vector C may be
assumed to have the time factof e~ JWt, 72 operatiné.on C

81VGS _ o _ o _
72T =VT¥:T -V x Tx¢C (3-21)

and letting k2 = € uw? 4+ JO M | the result is
VVT -¥x7TxCT+k2Cc=20 (3-22)
Resolving C into the rectangular components X, y, and &

produces the three independent equations

T2 0y + X2 C = O (3-23)
7oy, + k2oy = 0 (3-24)
Vec, + x2c, = O (3-25)

let a solution of the above be a scaler function Y and
a represent a unit length constant vector, to get the equa-

tion

T2V +x2Y -0 | (3-26)
with the three independent vettor solutions of

L=VY - (3-27)

M=VYxR-= %\7 x N (3-28)

N=1 7V x ¥ (3-29)
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where R =T, R 1s the position vector from the spherical
Coordinates R, ©, ¢. VWhen C=1, M, or N, equation (3-21)
1s satisfied by equations (3-27), (3-28) and (3-29) sub-

Ject to equation (3-26).

Fields E and H may be represented by the vectors M
and N since each is proportional to the curl of the other.
Slnce we have charge-free density that is everywhere zero

in the homogeneo us, isotropic medium with conductivity ¢ ,

E =l 7§ x5 (3-30)

k2

T = 1 ~2 o
H T V x E (3-31)

Assume the vector potential can be expanded in charecteris-

tic vector function form of

where e b_, and ¢_ are functions of the current distri-
n n

bution.

VM=V *N = 0 can be shown to hold since M and N
are solencidal and E and H may be expressed as

E= -2 (ag By + 0, ) (3-33)

T o= K T i -

B o= gaim2 . (e My + 0, W) (3-34)

cos m "
\Pg’m a=sin® ¢ Pq (cos &) =y (kR) (3-35)

Eguation (3-35) can be shown to be solutions of the scalar wave
. equation where pﬁ (cos ©) are the Legendre polynomials and

a8, (kR) are spherical Bessel functions determined Dy the range
of R being considered. Solutions that are even or odd in ¢

are described by e and O respectively.
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The Bessel function of the first king may be used

where the field remains finite. This applies inside the

sphere of radius e, that is R = a, and is

(kR) =&, (kR) - ,/2 T~ Jn+3 (kR) (3-36 )

The Hankel function of the second kind may be used

outside the sphere, R=a, where the field is a traveling

wave and egppears as
w 0R) 20, )T mRL am) (st

and writing M= 7 Wt ang T = 7% 6 remove the time

factor, then substitute equation (3-35) into equations (3-28)
and (3-29), the result becomes

- =T m m sin
mgm 0 = <+ ie m 5n (kR) pn (COS G)Cos'n ﬁ
- "1'¢ 8  (kR) d pﬂ (cos 8) ggg ng (3-38)
d e +
n __-j: n(n+l) (kR) m ( e cos 111,0
“epnT T TRR— %y by (cos €)gip

+I6 ﬁ_a%_[ﬁ% (kR)] Q_Pﬂ_(_cﬂéc 2 mg

de

7 sSin
+ig ERSIA G~ cicrii [R ®n (kn)]p%(cot’: 6kos™ (3-39)

The form of the incident plane wave to be represented,

if the 2 - axis 1s the positive direction of propagation, is
(‘E>= - (go) e~ JRoos @ .
H o,
where £2=R cos O and a represents a wnit vector with com-
ponents along the x- and y- axes.
Vector functions may be used to express the plane wave

traveling along the & -axis through free space and polarized
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on the x~-axis. This is the plane wave incident on the sphere

and is to be denoted by using superscript i. The following

form, uaing‘ﬂb =120™ ohms, satisfies these conditions.
E' =1

Ix B eJWi-ke)
Ei =E eJwt E (_j)n 2+ 1 - .
9 n=l n{n+l) (Fo1n + Jnein) (3-41)

g - I, rETq" oJ (Wt-ks )
O

wl - - I . 5 _
H 72 edut > (=3P S (Hoin = $Mgin) (3-42)

n=1 2R -+

Using the prime to indicate differentiation with respect to
the argument kR the following quantities are obtained.

cos

ol =+ g Eﬁqn(kﬂ)pr; (cos ©)gin®

- dp.!
- Tpqatit) Lhloos ©) 4un (3-43)

ne, = I, Eigﬁ%%lﬁ}n(kﬁ)pﬂ (cos €)512 g

on cos

+1ig [5R tn(kr)]" dPn (cos ©) gin
kR ae co8s p

i'Ig [,qun(kR)] Pn(cos @) cos i (3-44)
. in © sin

The energy division at the sphere consists of reradiat-
ed. energy in the form of a scattered field and energy dissi-
pated in the form of heat inside the sphere. The determina-
tion of these has been the basis for much investigation and
has become one of the most important problems of electro-
dynamics. If we let s denote the scattered field and t the
transmitted, the scattered field will have a solution in-
volving Hankel functions of the second order, hé2). It

behaves as a spherical wave for large R and the transmitted
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field will Involve radial Bessel functions of the first

order. Denoting these changes in equations (3-43) and (3-44)
by m (2) and n (2)

n Agn and assume the Propagation constant, ki, of

the 2'n
sphere to be k. —lADE}gLEJ_— ju%ﬁd—l, the scattered field

(R > a) and the transmitted field (R = a) becoue,

o0
E° = F olwt (-1 2n + ]
o o T OB (i w2 s ni2) )

H® = = e Jwt °0 (- 3)0 2n 4 1 (
: To n=1 2 nﬁ1+1) bs-—z)

- 188 582/) (3-16)

od
BV =g et D . (_y;P il al Hop + jbt ﬁe@ (3-47)

o n=1 n(n+1)
2 "

When equations (3-41) and (3-42) describe the incident wave,
the bowmndary conditlons for continuity of E and H tagential
components at the sphere's surface (R=a) are

x Ev (3-49)

-— _i " —
I,x (B2 + E°) =1
P X (Bt + B%) = i, x H® (3-50)

The expansion coefficients aj, bf, an, n’ may be re-
presented by two pairs of inhomogeneous equationse. an, bg,
represent the external field and are the ones to be consider-

ed. The size of the sphere may be defined as

= Cca — 27 a
& A
where ¢ is the constant 27 and a is the radius.

A\
Further assume [l = Mo and a complex refractive index of

'ﬂc to be
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L e At

The resulting expansion9 may be eXpressed as

%
1}

"n.g C}“n{ﬂ:m?(g; }3' =G (MNcP) !?E&nm) l‘ (3-5% )
ﬂc %’ﬂ(fb?) [Phﬂz (9)}-h1§12) (@) [Tl:?%(n’:e?}!

The development to this point shows the incident wave
excites partial oscillations in the sphere with a,, being the
amplitudes of those of the magnetic type and b, being the
amplitudes of those of the electric type. A resonance con-
dition may be coserved whenever the impressed frequency
approaches a characteristic frequency (),g of the free
oscillations. |

Using the concept of total radiation being the sum of
the primary and secondary fields at any point outside the
sphere, 1t may be formulated as the following-

E= E + Ep (3-54)

B B + Hp | (3-55)

Integrating the Poynting vector over the surface of the

I

scattering sphere may be done by developing the radial com-

ponent of the total complex flow vector to produce the net

QKGI’I‘, P 448,
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cutfiow of energy »

S8g=2% Re (Ex H ) = % Re (EH - Eju¥) (3-56)
8p= 3 Re[(i% Hy" - £y HE' )+ (B8 HY - E3 HJ)

+ (&L Hg}* - E;Z H8* , EB H;:,* - EJ Hgﬂ (3~57)

where # ig used to indicate conjugate multiplication.
If P, 1s the power loss in the dielectric of the sphere, -Pg4
will represent the net outflowe. he net outflow of energy
in the incldent wave as found by integrating the first temm
of equation (3-57) is zero. The total power of the incident
wave that is scattered, Pg, is a positive value that can be
obtained by integrating the second term of equation (3-5T7).
The third term represents the sum of the absorbed and scatter-

ed energies and may be denoted as Py.
__ 1 AL AL g%, o8 pi¥* _ oSpi%
Pt =Pa +PS—‘--§- Reﬁ/ (LeHﬁ E% H6+Ee H¢ ¢HG )
(o]
R2 sin © de d@. (3-58)

This integration may be performed at very large R,

using equations (3-38) and (3-39), the necessary orthogonal
relations of the Legendre functions and the following %, (kR)

asymptotic -expansions.

%(kﬁ)xk; cos (kR - E.;r_l. m) (3-59)
n{2)(kr) ~ 211 omIkR (3-€0)

The result for Pt becomes

— K2

1lo o Re Z (2n+1)(a + D %) (3-61)
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The commonly called radar cross~section given by the
term, iRe(E§ HF" - Eg HE¥), in the equation for 8y, may e
computed for large R and & = T, to be

2 o0

- E 2
% (M) 2Tloo(kR)2 [E (=1 )% (oed ) ag - bg)}

- (3-62)

This summary of the referenced works has been done to
demonstrate the rigor and possible difficulties involved in
obtaining numerical answers for the desired values. This
places a premium on good equipments and techniques adapt-

able for producing reliable values.
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Reduction and Analysis of the Observed Data

Statistical methodologyl® will be utilized to inter-
prete the data, employing developed theory and devised
methods with adequate statements on their limitations. The
mathematics employed is arithmetic supplemented with symbols
to provide an intelligible exposition.

The development of this bit of scientific knowledge
has the standing question always applied to exXxperimental
techniques. Are the techniques adequate to furnish the de-
manded precision of results, and in what respects need they
be improved? In which does the most hopeful point of attack
lie, in thellaboratory methods or in the experimental materi-
al?

To better define the problem and the procedure used,

a few pertinent statements will be very helpful. The
possession or lack of an attribute will distinguish two
classes of individuals making up the populations. In this
particular case the attribute is the distinquished differences
in the backscattering values for the spheres constructed from
the different metals. The record of sampling consists of the
numbers of individuals found to have or lack the attribute
umder investigation. The aim is to determine the population
parameter that lies within the stated interval. Any probabil-

ity involved is the probability that the sample drawn has lead

loGeorge W. Snedecor, Statistical Methods, Fourth
Printing, The Iowa State College Press, Ames lowa, 1950
pp . 60"’65-
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to the correct conclusion. 1In this practice of sampling
1t 1s assumed that for each sample the population parameter
lies within the 0.95 confidence interval for that sample.
This means an average of 95 per one hundred of the assertions
are correct. The experimentation is performed on the basis
that the sampling is completely randomized. The estimates
ln this work are unbiased and conslistent, which means the
expected value is the population parameter and this parameter
tends toward the true value as the size of sample increases.

The estimates, confidence statements and test of hypoth-
esls are sufficient to summarize the information in the data.
The facts of the sampling will be reported along with the re-
lation of the findings to the problem set up, to permit mak-
ing decisions and drawing conclusions. The data is presented
in tabular form to display all of the desired information
about the statistics of the investigation. The sampled pop-
ulaticn 1is specified by the description of the circumstances
surrounding the experiment as explained in the sectlon en=-
titled Control Features of the System. Assuming the sample
is a source of information that has been randomly drawn, the
result will be to have the unbiased estimate, the confidence
interval and the test of the sampler's hypothesis, which
will provide a complete analysls and evaluation.

In the analysis of variance of the completely random-
ized experiment, using the infinite theory concept, n-—>o0
the following relationships may be stated.

l. The sample values are; Xj, Xp, X3 eecee Xp-
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2. The arithmetic mean; X = %I 2 e
3-’ Corrected sum of >squar'es of deviation from the mean;
Y2 = Y2 - (Tx)2 S - 32

n

4. Correction factor as a term subtracted from Zx2

D2
to give the deviation, c.f. = M ,

n
L el 1 =
5. Estimate of Variance; 8, == 1 Zé{i - :@2‘
6. The Standard Deviation of Means; s X = 8 ‘)E
n
7. Distribution of t, n-1t0.05; values were taken

from the t-tables for the type 1 error with the probability
that we reject the hypothesis is 0.05 or one out 6f twénty.
8. F is used to show the usage of the F-test and the
required F tables. The F-test suffices for the multiple
nange test when there are only two treatments.
9. Fiducial limits;

a. Ql

X -

n-1%0.05% %

b.lz' X +n-,lt0.058§

10. The Probability Level is indicated as PrL values.
The population mea.n,/u,, lies between the confidence limits
L1 and £,, and the probability of belng mislead by the

gsampling is only 0.05.
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The QObserved Data and Methods of Reductiorn .

The following tables summarize the experimentation,

data reduction and analysis. The data compaerd is for

spheres constructed of iron (Fe), aluminum (Al), and Brass

(Br) with radii of 0.492 inches.

TABILE III. OBSERVED DATA

RECORDED FROM THE EXPERIMENTATION
Cbservation Number Iron(Fe) Aluminum(Al) Brass(Br)
Group 1
1 13%36.0 139 .0 142.0
2 140.0 1%6.0 142.0
3 140.0 140.0 143.0
4 141.0 140.0 14%4.0
5 140.0 138.0 143 .0
6 137.0 140.0 145.0
7 138.0 139.0 143.0
8 136.0 142.0 143.0
9 135.0 1%39.0 143 .0
10 137.0 139.0 14%.0
Group 2
1%k, 14C.0 142.
é 1%4.% 143 .0 144 .0
3 135.0 140.0 144.0
4 140.0 142.5 142.5
5 143 .0 142.0 142.5
6 143%.0 136.0 140.5
7 143.0 139.0 140.0
8 136 .5 142.0 138.0
9 137 .0 1%36.0 1%6 .5
10 13640 126.5 136.0
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TABLE IV CONDENSED COMPUTATIONS

GROUP 1
Iron (fe) Aluninum(Al ) Brass (Br)
x4 1380.0 1392.0 1431 .0

n 10. 10. 10.

X 138.00 139 .20 14%.10
Txi 190480. 193788. 204783 .

I% o 190440.0 193766 .4 204776.1
Ski-3F 40, 21.6 6.9
8% 4,44 2.40 0.77

Bx 2.11 1.55 .88

- 0.21 0.16 0.09
n-1%0.05 2.262 2.262 2.262
n-1%0.058% 0.48 - 0.36 .20

2 137.52 13%8.84 142.90

2L 138.48 139 .56 143 .30

GROUP 2
Iron (Fe) Aluninum(Al) Brass (Br)

X 1382.0 1397 .0 1406.5
Zhi 310. 10. 10.

X 138.20 139 .70 140.65
Txi 191115.50 195228.50 197901 .25
c.f, 190992.40 195160.90 197824 .23
1 =% 123.10 " 67.60 77.02
52 13.68 7.51 8.56

8% 3,70 2.7T4 2.93

5126 2152 > 562
_1t 2.0962 2.2 .

a1t 2ex 0.8k 0.61 ~ 0.66

L0 137.36 139 .09 139.99

25 139.04 140.31 141.31
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TABLE V. ANALYSIS OF VARIANCE FOR GROUP 1

So urce Degree of Sum of Mean
Freedom(df) Squares(ss) Square(ms)
Total(based
on n-1) 29 210.70
Treatments
(based on n-1) 2 142.20 73 .10
Error 27 68.50 2.54

Estimate of Standard Error of Treatment Mean, SEM::VEMS::O.504
10

TABLE VI.MULTIPLE RANGE TEST FOR GROUP 1

Metal Fe Al Br
Means 138.0 .139.2 143.1

TABLE VII. CONFIDENCE INTERVALS FOR GROUP 1

Al Br Fe
Al X +2.44; +5.36 ~2.66; +0.26
Br X X -6.56; =3.46
Fe X X X

The values of confidence intervals are based on aluminum.
For example; the first entry in the second ceolumn of Table V
is Brass minus aluminum. The confidence limits are from

-2.44 to + 5.36, etc.
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TABLE VIII. ANALYSIS OF VARIANCE FOR GROUP 2

Source Degree of Sun of Mean
Freedom(df) Squares(ss) Square(ms)
Total (based 29 298 .25
on n-1)
Treatments
(based on n-1) 2 30.52 15426
Error 27 267 .73 9.92

Estimate of Standard Errof of Treatment Mean, SEM:VEMS::O.996
10

TABLE IX. MULTIPLE RANGE TEST FOR GROUP 2

Metal Fe

Means 138.20

139.70

Al Br
140.65

TABLE X. CONFIDENCE INTERVALS FOR GROUP 2

Al
Al X
Br
e

Br Fe
-1.953+3.85 -4 .40;+41 .40
X -5.353;+0.45

X X




Source

TABIE XI. ANATYSIS OF VARIANCE

FOR COMBINED GROUPS 1 AND 2

20

Degree of Sum of Mean
Freedom(df ) Square(ss) Square(ms )
Total(based 59 514.05
on n-1)
Treatments 146.36 73.18
(based on n-1) 2
Error 54 336 .23 6.23
Estimate of Standard Error of Treatment Mean, SEM=/EMS =0.558
10
TABLE XII. MULTIPLE RANGE TEST
FOR COMBINED GROUPS 1 AND 2
Metal Fe Al Br
Means 138.1 139 .5 14149
TABIE XIII. CONFIDENCE INTERVALS
FOR COMBINED GROUPS 1 AND 2
Al Br Fe
Al +0.82;+3.98 -2.98;40.18
Br X ~5.38;~2.22
Fe X X
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It can be observed from the multiple range test that

in all cases the values of the means for iron and brass have
been derived from two distinct populations. The mean for
aluninum is always more than that for iron and less than that
for brass. This may be observed alsoc from the groupings in
the tables of multiple range tests. This analysis shows,

in addition to iron and brass belonging to different popula-
tions, a trend 1n“va1ues placed in the following order;

iron, alumninum, and brass.

A preliminary analysis was made at the time of eXperi-
mentation using the probablility paper reduction methodll.
The résults were identical with those of the above method.
This probability method and an introduction to probability
will be reviewed to show it's utility of application to this
type of reduction and to indicate the similarity in the re-
sults to that of the Analysis of Variance Method.

If a probabilistic modell? is accepted to give a
satisfactory mathematical theory of the phenomenon under in-
vestigation, the theory for making gpplications of various
kinds can be employed. The applications of probabillty
theory may be roughly classified under the headings; De-~
scription, Analysis and Prediction.

| The set of statistical data has been collected and it

1ls desired to describe the characteristic features of this

11Gaptain lavern A. Yarbrough, laboratory Instruction
Manual, ITUSAF, Revised Edition 1955, Wright-Patterson AFB,

learold Cramer, The Elements of Probability Theory,
Johm Wiley and Sons, Inc., New York, 1955.
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material as briefly and concisely as possible. The first

step will be to register the data in a convenient table, and
to work out a graphical representation of the material. Com-
pute a small number of numerical quantities, which may serve
as descriptive characteristics of the material, and which
glve in a condensed form, as much as possible of the re-
levant information contained in the data.

Assuning the statistical data can be regarded as ob-
sexved values of certain random variables then some in-
formation about the probability distributionsl3 is known
and the mathematical expressions of these probability
distributions give useful guidance in convenient tabular and
graphical arrangements. Descriptive characteristics may be
had by calculating from the data estimated values of the
parameters appearing in the expressions of the probability
distributions. Descriptive characteristics are usually em=-
ployed as a preliminary step of a statistical investigation.
This in turn is used in arriving at the final step of an
inquiry involving the analysis or the prediction.

Powerful tools for a scientific analysis of statistical
data can be realized in the concepts and methods of proba-
bility theoryl4. Usually the data observed may be regarded
as arriving at certain inferences regarding the probabllity
distribution of variables.

Prediction, in it's broadest definition, would be the

13Thomas B. Crumpler and John H. Yoe, Chemical Com-
putations and Errors, John Wiley and Sons, Ince., New York,
1950, pp. 174-196.

14Cre.mer, alle
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ultimate practical aim of science. It relates to the
abllity to answer questions, such as the following. What
can be expect to happen under certain conditions?

Description, Analysis and Prediction cannot always be
distinctly defined, for instance, the descriptive treatment
of statistical material may be inseparably connected with
the estimation or comparison of analytical nature. These
do serve to introduce a convenient method of presenting some
of the essential aspects of the applications of mathematical
probablility.

A simple, convenient and versatile method of display of
a reduction of statistical data can be found in the use of
probability graph paperl5. The following example reduction
using the data in this research, will demonstrate it's use.

Referring to Table III, Grouw 1, page 86, the ten read-
ings have been recorded in the experiment and this number of
readings has been determined to be adequate to show a desir-
able statistical display. Any number of readings could be
used; primarily enough readings are desired to give a good
display. Ordinarily this number will be approximately ten
or more. These values are tabulated according to their rank
in the set. Each rank is then assigned a percentage dependent
upon the number of times it occurs in the set and the order
of occurance. Referring to the tabulation(Table III, Group 1),
135 is the lowest ranking value in the set for the iron sphere.

It appears one time, therefore, it is assigned a proportional

15Iarbrough, pp. 58=61.




94

precentage of 9.09., The value 136 is the next ranking value.
It-occurs two times in the set, therefore, it is assigned the
proporﬁional percentage of 18.18 plus the preceding percent-
age, or a total percentage of 27.27. EKach reading is as-
8lgned a per cent value based on the desired divisions of

the abscissa. This is arrived at by dividing the abscissa
by a convehient number to produce a desirable grouping of

the distribution in the vacinity of the most probable value.
The maximum percentage calibration on the abscissa of the
probability graph paper is 99.99. Each reading in the set

is assigned it's corresponding percentage by the above
method. For this display the abscissa has been divided

into éleven divisions. Table III, Group 1 ylelds the re-
sults tabulated in Table XIV, for the iron sphere with a
radius of 0.492 inches.

Having arrived at the values stated, according to rank
and percentages, a plot of this information can be made on
probability graph paper (see Figure 17 page 99). The ordi-
nate is divided linearly into a number of increments which
permits the choice of a variety of scales. In this case the
scale has been calibrated to provide a convenient display
of the respective ranks as shown on the graph. Each rank
value is plotted as the ordinate versus 1t's corresponding
percentage as the abscissa. After these are plotted, the
best straight line is drawn through all points. At the 50

per cent calibration on the abcissa the most probable value
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can be read on the ordinate from the point of intersection
of the straight line and the 50 per cent line. In this case,
lron ylelds a reading of 137.81, as is indicated on the
graph, at the intersection of the curve for iron and the
50% calibration of the abscissa. The possibility arises
that a particular value may be widely displaced from the
straight line plot. When this occurs it can be assumed
that this value does not satisfy the statistical sample and
1t can be eliminated from the considerations. The prob-
ability graph is a most useful means of arriving at an
approximate most probable value when required to determine
a quantity from a statistical tabulation. This case occurs
often in the scientific processes of instrumentation.

If a probabilistic model is accepted to give a satis-
factory mathematical theory of the phenomenon under investiga-
tion, this theory can be used in making an application. This
method gives an approximatién that is well within the limits
of the ability of an observer to read values from plots on

the probability papere




96
TABLE XIV. IRON SPHERE WITH RADIUS = 0.492 INCHES

Value Rank Number of Occurance 'Assigned
Times Percentage
135 d b 9.09
136 2 2 27 .27
137 2 2 45.45
138 4 i 54.54
140 5 3 81.81
141 6 1 90.90

The method used to arrive at the most probable value
for iron may be used to obtain the most probable values for
aluninum and brass. Referring to Table III, Group 1, the
required readings can be made avallable to permit tabulation
ln the form of Table XIV. Tables XV and XVI are de-

rived from data for the aluminum sphere and the brass sphere,

respectively.

TABIE XV. ALUMINUM SPHERE WITH RADIUS = 0.492 INCHES

Value Rank Number of Occurance Assigned
Times Percentage

136 L 1 9.09

138 2 1 18.18

139 - 4 54.54

140 4 3 81.81

142 5 1 90.90
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TABLE XVI. BRASS SPHERE WITH RADIUS = 0.492 INCHES

Value Rank Number of Occurance Assigned
Times Percentage

142 & 1 9.09

143 2 7 T27T2

144 3 1 81.81

145 4 1 90.90

The curves for aluminum and brass are plotted in

Figure 17, page 99 along with the plot for iron for pur-
poses of comparisons. The most probable value for aluminum,
as read from the graph is 139.00 while that for brass is
143.10

The probability graph reduction of the data in Table III,
Graph 2, is plotted in Figure 18, page 100. The procedure is
identical with that used for the plots of the data on bage 99,

The results indicated iron to have the lowest most
probable value, aluminum an intermediste value and brass in-
dicated the highest most probable value. This analysls was
the same for both plots. It reduced to the same results as
that accomplished by the Analysis of Variance method. The
results of the two methods are summarized in the following

table.




98

TABLE XVII. COMPARISON OF THE
RESULTS OF DATA REDWTICN BY THE METHODS USED

Analysis of Varlance Method Probability Graph
Multiple Range Test Method
Fe Al Br Fe Al Br
Group 1 138.00 139.20 143.10 137.81 139.00 143.10

Group 2 138.20 139.70 140.65 13795 139.60 140.4%

Corresponding Values in Decibels Converted from
the above Attenuator Scale Readings using the
Graph of Figure 16, page 67.
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Analysis of the Data in Reduced Form.

The concluding analysis will be based on the data,
for spheres constructed of aluminum and 1rén. Correlation
wlth theory related to the radar equation is demonstrated
and error involved in lack of considering conductivity of
the metal is shown. Further, the results demonstrate the
merits of the equipment and technique designed for this
research.

It is not known whether the bars of brass submitted
tc the National Bureau of Standards for resistivity determina-~
tlons were representative of the material used in the con-
struction of the spheres. This occured in the shops during
the fabrication of the spheres. Due to this lack of exact
information the final comparative analysis will be done con-
sldering only the aluminum and iron spheres. Also it should
be noted that the values of conductivity for the aluminum
samples were about one-half as large as values listed for
aluminum in available teblesl®,17. This means the values for
the aluninum and brass are more closely placed than would
ordinarily be expected. This also places the conductivity
values for iron and aluminum closer together, while usually
they would be placed farther apart in value. The Analysis
of Variance method will be applied to the data of groups 1
and 2, Table III, Chapter III, to get the desired reduced

values for the iron and aluminum spheres.

16Ramo end Whinnery, p. 210.

l7Stra.t.ton, pe 605,
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TABIE XVIII. CONDENSED COMPUTATIONS
FOR IRON AND ALUMINUM, GROUP 1

Iron (Fe) Aluminum (A1)
T x4 1380. 1392,
n 10. 10.
= 138.0 139.2
Zoxt 190480. 19%.788
c.f. 190440. 193.766
xq-2 R 40. o2,
s? 4 4444 2. 4444
Sy 2.11 1.56
8x 0.667 0.494
n-1%0,05 2.262 2.262
n-lt0.0S 8x 1.509 _ 1117
2, 136 .5 138.1
22 139.5 140.3

TABLE XIX. ANALYSIS OF VARIANCE FOR GROUP 1

Source Degree cf Mean F rl
Freedom(df) Squares(ss) Square(ms)

Total 19

Treatments 1 T 2.03 0.21

Error 18 3.44

Estimate of Standard Error of Treatment Mean, SEM:/EME':O.59O

The F test suffices for the Multiple Range test when there

are only 2 treatments.

Pr { ~0.55 < U,

Mo < 2.953 } =0.05

Confidence Interval (5%) based on the difference of the means
of Aluminum minus Iron, (}AAl-}iFe) = (1.2 = 1.75).
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TABLE XX. CONDENSED COMPUTATICNS
FOR IRCN AND ALUMINUM, GROUP 2
Iron (Fe) Aluminum (Al)
P21 1282. 1397 .
n 10. 10.
X 138.2 1397
Zx; 191115.50 195228 .50
c.I. 190992 .40 195160.90
Z(X%-X 123.10 67.6
82 13.68 T.51
B8x 3.69 2.7T4
S 1.170 0.867
tO-OS 2.262 2.262
t0.0S S‘i 2'647 1-961
'E} 135 55 ' 137 .74
L5 140.85 141.66
TABIE XXI. ANALYSIS OF VARIANCE FOR GROUP 2
Source Degree of Sum of Mean F PrL
Freedom(df) Squares(ss) Square(ms)
Total 19 201.95
Treatments 1 11.25 11.25 1.06 0.29

Estimate of Standard Error of Treatment Mean, SEM=|/EMS =1.028

The F test suffices for the Multiple Range Test when there
are only 2 treatments.

Pr { 158 fly — flo. = 4.55}:0.05

Confidence interval (5%) based on the difference of the
means of Aluminum minus Iron, (U — Mpe) = (1.5 + 3.05).
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TABLE XXII. CONDENSED COMPUTATIONS
FOR COMBINED GROUPS 1 AND 2

Iron (Fe) Aluminum (Al)
22Xy 2762. 2789.
2 1%8"0 20.
L 139 .45
b5y 381595 .50 389016.50
c.l. 381432.20 388926 .05
Axi-x) 163 .30 90,45
- "8} 8459 4,76
Bx 2.931 2.182
Be 0.655 0.4878
9%0.05 2.093 2.093
oto.058x - 1.387 1.021
1 136.71 138.43
139.49 140.47

TABLE XXIII ANALYSIS OF VARIANCE
FOR COMBINED GROUPS 1 AND 2

Source Degree of Sum of Mean F PrlL
Freedom(4f) Squares(es) Square(ms)

Total 39 27198

Treatments 1 18.23 18.23 2.72 0.12

Error 38 253%.75 6.68

Estimate of Standard Error of Treatment Mean, SEM:#E%%’::O.5779

The F test suffices for the Multiple Range Test when there
are only 2 treatments.

Pr { 031 = My — Mgy = 3.01} = 0.05

Confidence Interval (5%) based on the difference of the
means of Aluminum minus Iron, (fy] “}lFe) = (1.35+*1.661).

The probability levels, PrL, indicate the degree of
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significaence of the F value obtained. The combined data of
Groupe 1 and 2 show the treatment difference to be signifi-
cant at the 88 per cent level, (1-P,l), that 1is, Pr{Fl’ls <
2.72}::0.88, where Fl,l8 means the tabular value of F for
the degrees of freedom of 1 for the numerator and 18 for the
denominator in the ratio for F. P,L shows the value at
which the statistic 1s significant. The reduction will be
based on the values for X from the combined data which are
Iron=138.10 and Aluminum =139.45. These values convert
to 2885 db for iron and 29.16 db for aluminum by using the
attenuator calibration chart, Figure 16, page 67.
Application to the Radar Equation

For the case of the imperfect conductor, electric

and magnetic fields may exist inside the conductor. An im~

8 as a dielectric with a

perfect conductor may be treatedl
compiex dielectric constant and with it's conductivity never
appearing explicitly. With these concepts in mind consider

the reduced data as related to the radar equation. The radar

equationl9 may be stated in the form,
G2 A2 K
s =P -——QA——~E
(47m)2 R
where S 1s the received power
P is the transmitted power
A 18 the wavelength

-K is the radar cross-section

R 1s the distance from the source to the target.

18Ramo and Whinnery, p. 271e
19Kerr, pe 31
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A value for the radar cross section, expressed in

decibeis, may be solved for in the following mannere.

k. B (4m)] R4
P g2 - a2 (3-65)
K (db) =10 log K = 10 log % + 30 log 4m+ 40 log R

- 20 log G - 20 log A{3-65)
10 log % + 30 log 12.5664 + 40 log 6T7. O
20 log G = 20 log 1.191

K (db)

where: =20 log G = G(transmit) + G(receive)

20.3 + 203 = 40.6 db,

R = 67 -5 cm,

and = Yo = 2:9967 x1010 ) 15 op, (3-66)
N 2.51625 x 1010 74 em

K (db) =.I5_, (db) + 64.034 db (3-67)

The calibrated attenuator value may be expressed, using

the notation of Chapter II, as

Measured Value b = Total Gain in db+% (db) (3-68)
Measured Value b = 91.5 db + g (ab)
% (db) = Measured Value b =~ 91.5 db . (3-69)

Substituting this value for % (db) into equation (3-67) gives
K (db) = b (db) - 91.5 db+ 64.034 db . (3-70)
This is a convenient expression for the radar equa-

tion as applied to this research since all of the parameters

are included in simplified form. This permits direct sub-

stitution of the measured values into the eguation to solve

for the desired values of the radar cros section, K (db),

using 1.0 cm?2 as the reference and with the limiter cathode

meter referred to 0.6'millamperes.




107

For the aluminum sphere with a radius of a = 1.25 cm.

K(db) = 29.16 db = 27.466 db=1.694 db - (3-71)
This value is indicated on the graph of Radar Cross-section
of Metal Spheres for A=1.191 cm., Figure 19, page 108.
This graph 1s a plot of redius in centimeters versus K in
square centimeters and decibels for a metal sphere with per-
fect conductivity. This curve is a plot of backscattering
values calculated by the exact solution for the case of a
metallic sphere with infinite conductivity. The aluminum
sphere has a relatively high conductivity and it's value of
K=1.694 db is a value that is‘placed in proximity to the
curve according to the conductivity of the aluminum.
| The iron sphere with a radius a=1.25 cm. gives a

different value from that of the aluminum sphere. This value

K(db) =28.85 db - 27.466 db =1.384 db . (3-72)

This value is farther displaced from the curve which
demonstrates the effects of conductivity on the backscatter-
ing cross sectlon.

Theoretical values for radar cross sections of perfect-
ly conducting spheres have been calculated2o by the exact
solution and tabulated for the range ofgzzg%g from 0.00

to 10 in steps of 0.0l to 4 decimals. The radar cross section

2OScientific Comp uting Services, Ltd. of Ministry of
Suply for R.R«D.Ee "Radar Cross Section of Conducting
Sphere", Table of @ Vs K .« Bee Appendix I.

e,
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has been considered as the ratio of the backscattering cross

section to the optical cross section, expressed as K « The
me
calculated value for p in the case considered is
= 2rna = 2&3'1416)_ L_.aiﬁ 2 = -

1.191
A corresponding value for ® = 6.594 may be obtained from the

referenced RRDE table for K , to be 0.7762.
2
Ta

K = 0.7762 x ma2 (3-74)
K = 0.7762 x 3.1416 x (1.25)2
K = 3.8072 cm?

Referring to the ordinate scales of Figure 19 the correspond-
ing db reading for K=3.8072, referred to 1 cm2 ig 5.6. This
value may be used in the equation of % (db) to get

% (Ab) = -64.034 + 5.6 = 58.434 db - (2-75)

With reference to equation (3-69) of% (db)

b(db) = 91.5 db - 8 (db)

b(db) =91.5 db - 28.434 db = 33.06 db . (3=76)

This is a calculated value based on the theory. The
values read from the attenuator after converting to decibels
on the calibration curve, Figure 16, was 29.16 db and 28.85
db. Since the theoretical basis for the calculation is the
infinitely conducting sphere, the aluminum end iron spheres
wiﬁh readings of 29.16 db and 28.85 db, respectively, differ
from the point through which the curve of Figure 19 was
plotted. A similar curve to that of Figure 19 could be
plotted for aluminum spheres and iron spheres with each

curve passing through the corresponding points illustrated
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for their values. A perfectly conducting sphere produces a
value of K=5.9db as shown on the curve. This value differs
appreciably from thcse for spheres constructed from aluminum
and iron.

The term couductivity has been used freely with re-
ference to the extent with which an object absorbs and re-
flects electrcmagnetic energy. It is known and has been
demonstrated in the section "Calibration of the System" that
the wave of energy experiences a change of phase upon contact
with the target. There has been no attempt to account for
this change of phase. The values of power recorded are com-
plex values but since only magnitudes are distinguished and
the conditions are controlled to keep the respective phasors
equal 1n value the powers may be assumed to be ones resulting
from the effects of the different materials. The effects of
sphericality of the transmitted and reflected waves have not
been considered. These topics are ones of importance and
should be good areas for investigation.

It ﬁhe analysis of backscattering is to be complete,
conductivity of the scattering object should be included.

The operation of a conventional radar is not concerned with
this type refinement but improved systems, particularly
radar confusers must have every consideration in refinements
that will contribute to their operation. Future developments
of these are dependent upon considerations such as this to

lmprove their employment and accomplish a most important Jjob

of reflectivity.



CHAPTER IV
SUMMARY AND CONCLUSIONS

An analysis of backscattering is incomplete when per-
formed without due considerations of the effects of the con-
ductivity of the target. The operation of a conventional
radar is not concermed with this type of refinement but im-
proved systems in the future, particularly radar tow targets
and confusers must have every consideration in refinements
that will contribute to an improved operation. Future de-
velopments of these ls dependent upon what might be referred
to as the fringe areas of improvision, to give the solutions
to better employment and the accomplishment of a most im-
portant Job of reflectivitye.

A consideration of this type will aid in the analysis
and evaluation of radar targets in the comparison of reflec-
tors as radar confusers (chaff, rope, etc.), to observe
surface conditions of materials and in the determination of
the characteristics of materials and combinations of mater-
lals. Information on scattering behavior is of value in inter-
preting the natural modes of oscillation on complex structures.
Essentlially, the scattered radiation is a clue to thevloCation
and magnitude of unloaded currents on metal surfaces. The
effect of coupling mechanisms such as slots on these currents
1s observed by corresponding changes in the scattering pattemm
and amplitude. Scattering measurements of this type are

indirect determinations of current distributions and are

111
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valuable where direct methods are difficult to employ.

By sultable scalingl, reflection measurements may be
conducted in a laboratory with minimum space. Making meas-
urements at long wavelengths, which may characterize a
glven system, may be restricted due to the large space re-
quired and the inability to control the environmental and
other conditions accompanying the system's characteristics.
Scaling permits reduction in dimensions such that control of
the elements effecting the accuracy of measurement may be
determined, sufficliently analyzed and properly controlled
permitting the desired overall accuracy of measurement. The
system described may be adapted for this use.

Measurements, such as the ones made in this investiga-
tion, must be carefully controlled. The equipment arrange-
ment and the technigues employed to make possible the re-
flection measurements were unique. Only with equipment of
the prescribed sensitivity, accuracy and physical arrange-
ment 1s research of this type possible.

The apparatus and procedure described in this paper
were established to give maximum sensitivity and to produce
a more precise method of measurement of backscattering from
obJects than has been developed by previous methods. Exter-
nal disturbances were eliminated, or their magnitudes es-

tablished by performing the tests in a room of adequate size

lDonald D. King, Measurements at Centimeter Wavelengths,
D. Van Nostrand Publishing Co., Inc., New York, 1952, p. 3.
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with ite interior constructed of low reflection material.
The experimental measurement errors were reduced to a
minimum.

By extending the research employing the image-plane
to include backscattering values for all basic geometric
configurations from different aspects, the information
gathered could be used to great advantage. One example
would be when backscattering from a particular aircraft
or missile is desired. The vehicle may be reduced to the
basic geometric configurations, these in turn may be meas~
ured on the image-plane by the technique described in this
paper, then the resulting measured values can be combined
to produce the overall backscattering value. The mathemati-
cal approach to this type solution has been done but the
results become very extended and complicated. The inadequate
sensitivity of equipments and the methods of measurements
employed have restricted previous experimentation. This
system could possibly be used to measure backscattering from
non-rigid configurations such as a ribbon of metal 1f the
image-plane were inverted to permit the ribbon to hang
from it. Perhaps the measurements could be made in a labora=-
tory test box. This would require one of édequate size and
lined with an absorbent material. These are problems of
interest and perhaps will be investigated in the near future.
Research could be conducted on many objects to help galn
more knowledge about radar cross sections and thelr analytical

golutions.
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APPENDIX I
RADAR CROSS SECTION OF CONDUCTING SPHERE

As compuﬁed by Scientific Computing Service, Ltd.

of Suwply, (Table of for 2ma — 0.000(0.10)
decimals, § = 2ma ), A
K K
¥ mad ® y a2 ®

0'5 0’5294 3-7 1-4543 609
0.6 1.0452 3.8 1.2419 7.0
Ou7 1.7704 %9 0.9973 Tel
0.8 2.5962 4.0 0.7854 7.2
Ce9 3.2938 4,1 0.6580 7%
1.0 3.6374 4.2 0+.6422 T olk
iy 35474 4.3 0.7350 7.5
12 3.1046 4.4 09063 7.6
13 2.4543 4.5 1.1075 7.7
l.4 1.7379 4.6 1.2844 7.8
1.5 1.0755 4.7 1.3915 Te9
1.6 C.5727 4.8 1.4031 8.0
1.7 0.3115 4.9 1.3203 8.1
1.8 0.3290 5.0 é'168% g.g
1.9 0.5936 5.1 «991 .
2.0 1.0082 5.2 0.8336 8ol
241 14446 5.3 0.7361 8.5
2‘2 1-7863 5.4 007207 806
2.3 1.9568 5.5 0.7878 8.7
2.4 19286 5.6 0.9160 88
2.5 1.7201 5.7 1.0692 8.9
2.6 1.3895 5.8 1.2057 9.0
- 1.0228 5.9 1.2903 9.1
28 OaT126 6.0 13026 9.2
249 05336 6.1 1.2424 93
3.0 0.5208 6.2 1.1279 9.4
3.1 0.6627 6.3 0.9910 9.5
X2 0.9094 6 o4 0.8677 9.6
LTS le1892 6.5 0.7896 9.7
Je4 14283 6.6 0.7753 9.8
3.5 15675 67 0.8260 9.9
2.6 1.5752 6.8 0.9258 10.0

1Ly

of Ministry
10 to 4

K
na2

1.0466
1.1577
1.2250
1.2377
1.1923
1.1024
0.9931
0.8933
0.8288
0.8151
0.8542
0.9337
1.0314
11213
1.1798
1.1926
1.1576
1.0854
0.9960
0.9132
0.8585
0.8452
0.8754
0.9399
1.0208
1.0062
l.1466
11594
1.1323
1.0735
0.9992
0.9292
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