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PREFACE

Microwave reflections from arrays of resonant conduct-
ing elements have not been studied to any great extent.
The purpose of this study was to experimentally obtain the
field patterns fbr several resonant element arrays. To
help the reader understand the experimental results, part
of the paper is devoted to a theoretical analysis of re-
flecting antennas,

I would like to express my appreciation to Dr., Attie
L. Betts for his valuable assistance in all matters per-
taining to this study; to Paul A. McCollum and Edmund W,
Sehedler, Jr., for their assistance 1n assembling the
equipment used in the experimental study; and to David L.
Johnson for his careful study and constructive criticism

of the manuscript.
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INTRODUCTION

The use of microwaves in the fields of communications
and detection has become quite extensive in the past ten
years. At the present time an even more concentrated effort
is being made to extend the spplications of microwaves in
these two fields. The rapid advancements in electronics were
undoubtedly due to the second world war., Under these condi-
tions, most of the development was done under government
supervision and most of the equipment and applications were
for wer time use., However, in the last few years more atten=
tion has been turned to the use of microwaves in many civilian
fields.

This ever-increasing interest in the use of microwaves
has created more and more problems, The problems created by
ultra=high-frequency waves presented themselves much quicker
than they could be solved; even though much effort was concen-
trated on solving them. In general, techniques used in worke
ing with longer wavelengths could not be used with these very
short wavelengths. This necessitated the development of many
new techniquues, some of which are not yet completely satis-
factory.

The reflection of mlecrowaves 1s one aspect of the over-
all microwave problem which has been given a considerable amount
of attention. Since the development of television and radar,

more emphasis has been placed on the study of reflections from



dummy antennas. These antennas were needed for directing

or reflecting energy into desired patterns. The use of
ultra-high frequencies made it possible to have half-wave
antennas of a reasonable physical length., With these small=
er antennas, & study of many antenna arrays could be made.

There are many unsolved problems in connection with
microwave reflections, even though much work has been done
in the field. The object of this research was to study the
reflections from small resonant conducting elements. Most
of the study was experimental in nature; however, a brief
theoretical study is made of reflecting antennas in an elec-
tromagnetic field., There are many difficulties which arise
in both types of analysis. These difficulties will be dis=-
cussed in detail in a later section of this paper.

Before the detailed asnalysis is described, a general
discussion of the experimental study would no doubt be inform-
ative. A source of microwave power and mlcrowave receiver
were located at approximately the same point. Directly in
front of the transmitter and receiver, the small conducting
elements were mounted on a plywood frawme., Using this arrange-
ment, energy could be transmitted toward the elements, and
reflected energy from the elements could be detected by the
receiver., By evaluating the received energy, the reflecting
properties of the elements could be obtained,

There could be many variations in the number and orien-
tation of the small elements. As for the orisentation, this

study was concerned with elements polarized horizontally in



a vertical plane, The elements were rotated about a horizon-
tal axis to obtain a vertical-plane field pattern. A clearer
picture of the afrangement can be obtained from Figure 7. The
number of elements varied from nine to sixty-three depending
on the pattern,

Two basic patterns were used., One pattern consisted
of elements spaced one-half wavelength in both the horizontal
and vertical directions. The other pattern consisted of ele-
ments spaced in such a manner as to have one-half wavelength
between their centers in the horizontal direction and one-half
wavelength between elements in the vertical direction. The
frequency used was 2800 megacycles per second., At this frén
quency, a wavelength 1s 10.8 centimeter; therefore patterns

made of a large number of elements could be analyzed,



THEORETICAL ANATYSIS

The thecretical analysis of the resonant elements will
be considered before the experimental analysis to give the
reader a better understanding‘of the experimental work., It
will be helpful to know exactly how the elements act in an
electromagnetic field. There are several approaches which
could be used in analyzing these elements; therefore the
author has chosen what seems to be the most stralghtforward
approache.

Half Wave Dipole

The resonant elements will be referred to as reflecting
antennas., A reflecting antenna is a receiving antenna with
the terminals of 1its load shortmcircuitedol The antennas to
be considered are resonant at the excitation frequency which
is impressed upon them. It will be assumed that the antenna
is excited by a plane wave, This assumption is valid, because
the study was conducted with the elements fairly distant from
the source of power,

For a more detailed study of the situation, one dipole
in an electromagnetic field will be considered, If the dipole
is excited by a plane wave, some of the wave energy will be

absorbed by the dipole and some of the energy will be scattered

ls, A. Schelkunoff and H, T. Frils, Antennas Theory and
Practice, (New York, 1952), p. 242,




by the dipole. The scattered energy mey also be considered as
energy which was absorbed and reradiated by the dipole. Howe
ever, when absorbed energy 1is referred to in this paper, it
willl mean energy which is lost due to I2R loss in the antennae.
Since the antenna is resonant, it should act like a reso-

2 To

nant electrical circuit if a circult analogy is used.
use this type of analogy, the antenna must have capacitance,
inductance, and resistance. To attain these three properties,
it could be assumed that the element has capacitance between
its ends, and inductance and resistance in the lead between its
ends., At resonance the amplitude of the dipole oscillation is
a maximum, and 1ts impedance 1s nearly all resistive,

Some of the power intercepted by the dipole is scattered,
and some is absorbed, depending on the relative magnitudes of
the radiation and ohmic resistances., At this point, it would
probably be helpful to explain these resistances., The ohmic
resistanée is simply the resistance of the material from
which the antenna is constructed, The radiation resistance
igs defined as the average radiated power divided by the square
of the effective value of current in the antenna,3 The total
resistance of the antenna is the sum of the radiation resist-
ance and the ohmic resistance,

The energy relationships of the dipole antenna are very

interesting. The incident wave acts as an emf applied to

zJo C. Slater, Microwave Transmission (New York, 19L2),
Po 230,

3H, H, Skilling, Fundamentals of Electric Waves (New
York, 1948), p. 179,




the antenna, causing a power input of 1/2 i2(Ro+Rr) to the
antenna.h Of this power 1/2 iZRO is the absorbed powefs and
1/2 iZRr is the reradiated power. 1In the above expressions

Ry 1s the ohmic resistance, Ry 1s the radiation resistance,
and 1 1s the maximum value of current in the antenna., If

the antenna were a receiving antenna, the absorbed power
would be the useful power, In this case the ohmic resist-
ance would be the resistance of the transmission line con-
nected to the antenna plus the antenna copper resistance.

For maximum absorbed power the line should be matched to the
radiation resistance, since the antenna copper resistance is
negligible, For a matched condition half of the power would
be absorbed and half would be reradiated. However, in the
case of the reflecting antenna, the load terminals are short-
circuited, This makes the line resistance become zero; leave
ing only the very small antenna copper resistance to absorb
power., In most reflecting antennas the antenna copper resist-
ance is very small; therefore very little of the total power
is absorbed., This is & very desirable quality of a reflecting
antennsa, since its main function is to reradiate power,

The energy flow in the space around a reflecting antenna
will now be briefly discussed., Assume that a plane wave is
falling on & reflecting antenna such that'Poyntingﬁs vector
is perpendicular to the antenna axis. The antenna is set inte

electrical oscillation and reradiates energy. The energy re-

L, c. Slater, Microwave Transmission, p. 238.




radiated from the antenna is in the form of a spherical wave,
Poynting'!s vector for the spherical wave will be perpendicu-~
lar to the surface of a sphere surrounding the antenna,
Poynting's vector for the combined field will be a quadratic
made up of three types of terms. One type of term will have
E and E of the plane wave appearing in it. Another type of
term will contain E and E of the sperical wave., The last
type of term will contain cross combinations of plane and
spherical wave terms, Terms containing E of the plane wave
snd T of the spherical wave would be of the third type.>

Now if each term in Poynting's vector is integrated
around a closed surface enclosing‘the antenna, some interest-
ing facts will be revealed, The integration of the plane-
wave terms will be zero, because as much energy 1s entering
the surface as is leaving the surface., The integration of the
spherical-wave terms will show a net outward flow of energy
which is equal to the reradiated power, The only terms left
are the mixed terms which on integration show a net inward
flow of power, This net inward flow 1s the energy dissipated
as heat in the antenna, and is a very small quantity for re-
flecting antennas., The energy flow around a reflecting an-
tenna has been discussed briefly in the two preceding para-
graphs, For a thorough development of the energy flow refer

to Microwave Transmission by J. C. Slater,

Thus far a general analysis has been made for a single

5Ibide, po 237



dipole; however, for most antenna work specific quantities .
must be known., For this reason several relations for an-
tenna calculations will be discussed,6 The impedance of a
half-wave reflecting antenna will be considered first. Since
the antenna is resonant, there are no reactive terms, there=-
fore the impedance is entirely resistive. The total resist-
ance of the antenna is given by

R = Ry + R,
where R, 1s the ohmic resistance, and Ry is the radiation re=-
sistance, For a reflecting antenna the ohmic resistance can

be neglected, leaving only the radiation resistance which is

Rp = 7/6 W

where!P.is the permeability of free space, and & is the per-

given by

mittivity of free space,
The power absorbed by the half-wave reflecting antennsa

can be calculated by the following expressions:

P =P, + Py
- 2 - g2
‘POQ VROW s Pr'” VRI’
2 (Rg#Rp) 2 2(Rg*Rp) 2

where P is the total absorbed power, P, 1s the power dissi-
pated in heat, P, is the reradiated power, V = E,d, d 1s
the length of the antenna and E, is the electric field in=-

tensity over the distance d,

5Tp1d., p. 243,



Two relations which are often useful are the effective

absorption areas., For a general antenna these areas are

A = ngo J}#@

7
(Iow=-1/Cw)2 + (Ro+Rr)2

A, = der JJL@

(Lo-1/C0)2 + (Ry+Rp)2

given by

where A, is the effective absorption area for power lost in
heat, and A, is the effective area for reradilated powéro
The preceding expressions would of course become simpler for
a resonant antenna. The reactive terms would drop out,vand
d would bescome N2,

Another expression which is wuseful in anbtenna calcula-
tions is the expression for the Q of the antenna, This

expression is

Qﬁ ol
4R,

where L is the inductance of the antenna.,

Most of the relationships needed for analyzing a reflect=-
ing antenna are given above; however, there is one other
thing which might be mentioned. In the preceding material
it was mentioned that the ohmic resistance is negligible for
g reflecting antenna, and it 1s negligible in most cases,
Howeverg in order to give a complete analysis of the antenna
it will be mentioned further, Since the frequencies are in
the UHF region, the ohmic resistance must be calculated by
skin-effect relations. These relations will not be given

here; however, they can be found in most books on antennas
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or electromagnetic waves.

Antenna Arrays

In the preceding discussion only one slement was con-
sidered. To give a better understanding of antenna arrays,
more than one element will be considered in the following
discussion., Suppose that we have two reflecting antennas a
distance d apart and perpendicular to the plane of the paper.

Figure 1 shows this arrangement,

d / ®

»
® O

Figure 1

It will be assumed that the currents in each antenna
are the same in both phase and magnitude. For this case the
fleld intensity at some distant point C will be proportional
to

2 cos (g% cos 8).!

If d is %/2 and 8 is zero then the field intensity
vanishes. In other words the field intensity along the line
joining the two elements is zero, When € is 7/2 or 90° and

d is 2/2 then the field intensity becomes a maximum of 2,

7S. A, Schelkunoff and H, T, Friis, Antennas Theory and
Practice, p. 30. '
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This 1is a rather condensed development; however, it shows that
the fileld at a distant point from two radiating antennas is
dependent on the difference in phase of the two antenna waves.8

Suppose that we now consider two antennas with currents
that are not in phase. For this case direction from the an-
tennas, phase of the antenna currents, and separation of the
antennas must all be considered, This can become rather com=
plicated unless simple arrangements are considered., For
example consider the antennas in Figure 1, and suppcse their
currents are 180° out of phase. If the distance d is >/2 then
the Padiatibn pattern will be opposite to the previous example,
Maximum radiation would be along the line ZE, and zero radia-=
tion would be at 90° to the line AB,

One more ﬁhiﬁg should be considered before the discussion
on antenna arrays is closed. This factor is the effective
point of radiation of an antenna array., If two elements are
considered, the radiation at a distant point looks as though
it is coming from half way between the two elements.? In fact,
for any antenna array, an effective point of radiation can be
obtained, If the array is symmetrical and the elements are
all excited the same then the center of the array can usually

be considered the effective point of radiatione.

81bid., p. 31.
9Ibid., p. 31,
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EXPERIMENTAL DETERMINATION OF FIELD PATTERNS

The reflection or scattering of electromagnetic waves
from resonant antennas can be calculated provided the number
and arrangement of antennas does not become too complicated.
When the number becomes large and the arrangement becomes
complicated the calculations also become very complicated,
FPor this reason an experimental approach was used to deter-
mine the field patterns for the complicated element arrange-
ments. The experimental approach was much easier, and it also
provided information on the diffulties encountered in making
such experimental measurements.

Equipment

The equipment usedvfor making the field pattern studies
was, for the most part, conventional 3,000 megacycle equip-
ment., For the purpose of explanation it can be divided into
three groups: the transmitter, the receiver, and the appara-=
tus used for mounting the elements. In the following three
paragraphs the functions of each of the three groups will be
explained., A better undérstanding of the equipment can be
obtained from the pictures in Figures 2, 3, L, 5, and 6,

The transmitter used to produce the initial power was a
lighthouse tube oscillator operating at a frequency of 2,800
megacycles. The carrier was pulse-modulated at a repetition
fréquency of 240 p.p.s. This made it possible to use several

stages of audio amplification in the receiver. To obtain
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the desired directivity a parabolic antenna was used, About

5 milliwatts, & rather small amount of power, was radiated by
the transmitter antenns; however, this was sufficient to ob=

tain field patferns.

The receiver quite naturally was of the superheterodyne
type. It was made from the track receiver of radar set SCR-
55, A parabolic antenna was again used to obtain the neces-
sary gain., A crystal mixer was used due to 1ts good noise
qualities, which is an important factor at frequencies in the
39000 megacycle per second region., To obtain the necessary am-
plification several stages of intermediaste-frequency amplifi-
cation and several stages of audio-frequency amplification were
used, An arrangement was made so that large signals would not
saturate the IF amplifiers. A usable output was obtained on a
vacuum-tube voltmeter connected to an audioc detector., Balanc-
ing circuits were also incorporated in the receiver to balance
out the effects of undesirable signals,

The most difficult part of the equipment to decide on
was the apparatus used for holding the elements. For this
application a piece of 22" by 22" by 5/8" plywood was used,
The frame for the plywood was also constructed of wood. The
plywood was mounted in the frame so it could be rotated about
g horizontal axis through its center. The frame was mounted
on & table to give it a large sturdy base., Wooden construc-
tion was used to prevent as much reflection as possible from
the holding apparatus. The measurements were made out of
doors, therefore a sturdy construction was necessary to keep

the wind from moving the elements,.
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Arrangement of Experimental Equipment and Elements

The location of the experimental equipment presented
several problems. The biggest problem was undesirable re-
flection from objects other than the elements, The re-
flection from the holding apparatus alone was quite large;
therefore all other undesirable reflections had to be kept
to a minimum. There are a great many things which can cause
these reflections. Any metal object in the immediate vicin-
ity of the experimental set-up can be very undesirable,
Metal, however, is not the only thing which can cause reflec-
tioné at 2,800 megacycles, Any object which is large com=-
pared to a wavelength cen cause these undesirable reflectionse
To minimize these reflections the experimental work for this
thesis was done out of doors, This location, however, was
far from perfect due to the ground-~reflected wave, The effect
of ground reflection will be mentioned again in a later sec-
tion of this paper.

The arrangement of the equipment was not the best
realizable; however, it was the best which could be obtained
under the circumstances. The transmitter and receiver were
located at the same point. The transmitter antenna was
mounted sbove and slightly in front of the receiving antenna,
Both antennas were located approximately five feet above the
ground. With this arrangement the receiving antenna did not
pick up too much energy directly from the transmitting an-
tenna. The plywood frame used for mounting the elements was
located 10 feet and 7 inches in front of the transmitting

antenna, Due to the interference caused by the ground-
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reflected wave, 1t was necessary to keep this distance con-
stant throughout the entire experiment.

Two arrangements of the elements were used, First, the
elements were arranged with & 1/2 wavelength spacing in both
the horizontal and vertical directions. Figure 7 (a) shows
this arrangement, For this arrangement four patterns were
useds The first pattern contalned 9 elements, the second
contained 15 elements, the third contained 35 elements, and
the last pattern contained L5 elements. For the second
arrangement the elements were arranged with a 1/2 wavelength
spacing between thelr centers in the horizontal direction and
a 1/2 wavelength spacing between elements in the vertical
direction., This arrangement is shown in Pigure 7 (b). Six
patterns were made for thisvarrangemento The number of ele-
ments used for each pattern was the same as for the first
arrangement except that 25 and 63 element patterns were used

for the second arrangement.

Me, Vo,
oy Ry

} Ve :::_:,3 e,

FPigure 7
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For all arrangements the elements were mounted symmet-
rically about the horizontal axis of the plywood frame. With
this symmetrical arrangement measurements were only taken
from 0° to 90%, since rotation from 0° to -90° would give the
same measurements. This, of course, neglects the effect of
ground reflection,

Experimental Data and Curves

The field-pattern data were obtained by rotating the ply-
wood frame around its horizontal axis, Voltage readings were
made at the output of the receiver for different angles of
rotation about the horizontal axis. Readings were made in
20 steps from 0° to 10° and in 5° steps from 10° to 90°,

The 0° reading was the reading taken when the plywood plane
was perpendicular to the ground. All of the element arrange-
ments had a very sharp lobe at 093 therefore it was decided
to make the readings in 2° steps in that area.

Each reading contained both the reflection from the
elements and the reflection from the holding apparatus. To
find the reflection from the elements alone, data runs with-
out the elements were made both before and after the runs
with the elements., The readings made without the elements
were then subtracted from the readings made with the elements
to obtain the data for the elements alone. These data are
given in Tables 1 through 5.

Radiation-pattern curves were obtained from the data in
Tables 1 through 5. These curves are plotted in Figures 8

through 19, The arrangement and number of elements are in=-
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TABIE 1

PERIMENTAL DATA FOR ELEMENT SPACING OF

ONE-HALF WAVE LENGTH HORIZONTALLY AND VERTICALLY

9 Elements
3 Hor, x 3 Ver,

15 Elements
5 Hor. x 3 Ver,

Board

SQTOA JIoATEO8Y
gquUeWeTH GT .

S1TOA JOAT®00Y
paeog + °*TH.GT

SNTOA JIDATOD9Y
S1USUWeTH 6

S1TOA JOATS00Y
pxeogd + °I% 6

S1TOA I9ATO08Y
UoT100TIoY

seeIfa(
8TIUY U0IFRIOY

N0 O -INININO O O OINO OWN\INO NN O
Ao Tda N ANNAOON OO N ND
¢ 6 © © & 0 © 6 v & o o 6 o © 6 o © o6
~HrtTOOO0OO0OO0OOOOOOOOOOOOOOOO0

INLNO OWN~O0OINININO O 000 OO0 OINO O
/0870//0501/0 - D OO =0 OO 701
. e o o o e o

22

.}I_.321111111111111111

OHDOHDSBOO
774&&332
o

OCMOLNLNOWNOINO QO O OO INININO O O
156966867?6767?6557999

e & 6 © o & & & @ © © o ° & °© © 6 © o ©

\4321111111111111111111

OCCOQONOOND O OINO ONINNXD W O
o R VAT eV e TaVE NG R Ta NG B NG INo N SN R Ha R EeR Fa R Ta R Ea R Ko
(-} L] ] -] (-} o ° @ -] [ -] € & -] -] - © e © o L4 -]
AT A e R N e e R e N R e e e R I e W E e P



21

TABLE 2

EXPERIMENTAL DATA FOR ELEMENT SPACING OF

LENGTH HORIZONTALLY AND VERTICALLY

ONE-HALF WAVE
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TABIE 3

EXPERIMENTAL DATA FOR ELEMENT SPACING

OF ONE-HALF WAVE VERTICALLY AND ONE-HALF
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TABLE i

EXPERIMENTAL DATA FOR ELEMENT SPACING

OF ONE-~-HALF WAVE VERTICALLY AND ONE-HALF

WAVE BETWEEN CENTERS HORIZONTALLY

35 Elements
5 Hor, x 3 Ver.,

25 Elements

3 Hor, x 3 Ver,
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TABLE 5

EXPERTIMENTAL DATA FOR ELEMENT SPACING

OF ONE-HALF WAVE VERTICALLY AND ONE-HALF

WAVE BETWEEN CENTERS HORIZONTALLY

63 Elements
5 Hor., x 3 Ver,

L5 Elements

3 Hor, x 3 Ver,
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dicated on each curve., A little explanation would probably

be helpful in understanding exactly what the curvee showe. In
the first place the curves are a plot of a voltage value ver-
sus angle of rotatlon of the element.patterns. Since the
pattern was rotated about a horizontal axis the curves are a
vertical-plane radiation pattern. They show the angle at
which the greatest amount of power is reradiated and the rela-
tive emounts of reradiation for the other angles.

Experimental Difficulties

There were several difficulties encountered in obtaining
the experimental data, some of which have already been men-
tioned. Considering the frequency used it i1s not hard to see
why most of the following difficulties were encountered. One
of the biggest difficulties which has already been discussed
was undesired reflections. Some of this undesired reflection
was ground reflection which could not be avoided. Since ground
reflection was present, it interfered with the direct wave,
This interference caused a periodiec fading and reinforcing
of the direct wave. Whether the direct wave was opposed or
aided depended on whether the ground-reflected wave was out
of phase or in phase with the direct wave at the receiving
antenna. From this it can be seen that the amount of energy
received and consequently reradiated was dependent on where
the elements were with respect to the transmitting antenna,
To overcome this difficulty all of the measurements were made
with the elements at exactly the same point with respect to

the transmitting antenna. As long as this distance remained
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constant, accurate relative field patterns could be obtained,
Keeping the distance constant between elements and an-
tenna was another difficulty. Since a wavelength was 10
centimeters a very small movement changed the amount of re-
flected energy. To try to keep this error small, sturdy

construction of supports was used,
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CONCLUSTIONS

Discussion of HResults

The primary objective of this study was to determine
the fileld patterns of reflecting antenna arrays. The curves
which were explained in a previous section show these patterns
for several arrays. From a directivity standpoint it iérreln
atively easy to understand what the curves mean, The thing
which is often difficult to explain is why an array gives a
particular type of curve. In the following section a brief
explanation of the arrays and thelr radiation patterns will be
discussed.

It must be remembered that the curves are vertical-plane
radiation patterns and that the elements were horizontally
polarized, For all types of antenna arrays the radiation in
a certain direction is a function of the phase of the enérgy
from each element. If the phase of the energy is the same
in each element, then the distance between elements is an im-
portant factor, Both of these factors were important in this
experimente.

The radiation curves for the half-wave spacing of ele-
ments in both the horizontal and vertical directions will be
considered first., The curves are shown in Figures 8 through
12, All of these curves have two prominent lobes., One of
these prominent lobes 1s in the vieinity of 0°, and the
other is in the vicinity of 90°. These lobes are rather

easily explained by antenna-array theory. Consider first the



lobe at 0°, When the array is at 0° the plane wave from

the transmitter is essentlally exciting all elements the
same in both phase and magnitude. Since the phase of the
absorbed energy 1s the same for all elements, theilr reradi-
ated energy will have the same phase, Since the elements
are a half wavelength apart and their energies are in phase,
the reradiated energy will add in a direction perpendicular
to the array plane, In other words the receiver used in the
experiment was in the strongest reradiated field,

Slightly different conditions exist when the array is
at 90°, ‘In this position the plane of the array 1s parallel
to the direction of propagation of the exciting wave. Since
the element rows are spaced 1/2 wavelength apart, they are
successively excited 180° apart, With this condition exist~
ing, the meximum signhal is reradisted parallel to the element
plane toward the receiver. This accounts for the large lobe
at 90° on the curves, This lobe, however, is not as'large es
the 0° lobe., The reason for this is that the lobe is probably
wider than the 0° lobe, therefore causing more ground-
reflection interference at the receiver,

At other angles between 0° and 90° there is little radi-
ation due to destructive interference, An occasional small
lobe and sometimes a rather large lobe appear, probably due
to the geometry of the array. In other words at certain
angles a small amount of energy from all elements is in
phase, therefore causing a radiation in that direction, It
would be a very difficult graphical job to determine whether

these lobes are in their proper place, Several experimental
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runs were made under varying conditions., Even though the
data were not exactly the same, they were relatively the

same ., The lobes for the same array appecared at the same

angle for each run,.

The curves for the half-wave spacing between elements
in the vertical direction and half-wave spacing between
element centers in the horizontal direction are in most
respects the same as the previous curves., However, there is
one striking difference., This difference is that there is
very little or no reflection at 90° for this spacing. The
large lobe at 0° and the smaller lobes between 0° and 90°
can be explained by the same reasoning used for the previous
curves., At the present time no explanation except some sort
of destructive intérference can be offered for the condition
at 90°,

No correlation can be made between the relative magni-
tudes of the radiation curves for the two spacings, because
the data for both arrangements were not taken at the same
time, However, a speculation can be made about these magni-
tudes. For an array of the same number of elements in both
spacings, the reradiated energy should be approximately the
same at 0°,

Probably a word should be said about the relative magni-
tudes of the curves of the same pattern, that is, curves
for the same spacing but with a different number of elements.
From the curves it can be seen that the magnitude of the re-

flections does not increase proportionally with the number of
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elements, In fact in some cases 1t is lower for a larger
number of elements, For instance, in the first set of

curves the pattern with 35 elements has a maximum magnitude
of 1,00, while the same pattern with 15 elements has a maxi-
mum magnitude of 1.25., There could be several reasons for
this decrease, One reason might be an incorrect measurement,
Another reason might have to do with the ground-reflected
wave, The ground-reflected wave for one pattern may not have
been the same as that for another pattern., The first reason
is probably the more correct,

One very striking property of the arrays studied is the
highly directive property around 0°. At very small angles
from 0° the reflected energy becomes relatively small, The
lobes are not more than 10° wide for most patterns. As a
matter of fact, an antenna arrangement similar to the element
arrays represented by curves 1L through 19 is often used., This
arrangement 1is called the pine-tree antenna, and is used for
its highly directive qualities,t

Suggestions for Future Work

There are still many aspects of the reflection from reso-
nant conducting elements which are not kmown, Much more work
could be done 1in practically any phase of the reflection field,
For instance, it would be interesting to know how the reflec-
tions from the resonant elements compare with reflections from

flat conducting sheets of the same size, Also work could be

ls, A, Schelkunoff and H, T. Friis, Antennas Theory and
Practice (New York, 1952), p. LO.
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done on the problem of measuring the exact amount of energy
which 1s reflected under certain conditions. Conducting
elements could be compared to reflecting devices which are
not made of conducting material, All of these problems and
many more are not yet completely solved., It is hoped that
this paper will serve as a help to those doing work on these

and other problems in the field of microwave reflectionse.
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