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with the rapid expansion of Radio-Astronomy
since the end of the Second Viorld :ar, and especially
with recent developments in Space Communication,

in general, and Deep Space nrxploration, in particular,

i.

the problem of designing low noise receiving systems has

become more and more important. This is a very

| difficult problem which embraces a wide fleld, The
subject has, therefore, been extensively studied,

and many interesting discussions are available in the
literature. The main effort aims at improving the
overall syatem performance. In practice, however,
it has been found that the performance of a system 1s
usually well below its theoretical expectation, that
is, there is always a certain limitation in practically
realizing a theoretical design. This problem arises
from the fact that there are many important factors
which may seriously affect the performance of the
designed system, but which are not under the direct
control of the designer. Besides, the complexity of
the problem may force the designer to oversimplify
his mathematical model.
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#With the advent of paremetric amplifiers and
masers, the system performance has been greatly
improved. It is now true that, in a microwave
receiving system, the antenna has beocme the most
important source of noise, in other words, the overall
signal-to-noise ratio of the system depends primarily
on the antenna section. Unfortunately, the perfor-
mance of this particular section is rather unpre-
dictable, bhecause the antenna performance is 8o
strongly influenced by time-varying faciors such as
wind loads, thermal effectis, etc. as well as manu-
facturing tolerances. This is partiocularly true for
large antennas. In the case of sntenna arrays, the
problem is to scourately maintain the relative phase
as well as the relative magnitude of the current in
each radisting element. On the other hand, the
deciding factor which determines the ultimate quality
of a large reflector antenna is the reflector surfece
tolerance. As these errors are bound to ocour in an
unknown manner, it is therefors not possible for the
designer to estimate the exact performance of his
designed aystem. To improve to overall signal-to-nolse
ratio, he wishes t¢ increase the antenna aize.
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This, however, mesns an increase in the nusber of
radistors in the arrey or an inorease in the sise of
the reflector. As a result, it bscomes increasingly
more dirfficult to maintain the electriocal and mechanical
tolerances within satisfactory limite: Since an
inorease in tolerances also means a greater drop in the
forward gain and an inorease in sidelobe levels, it is,
therefore, important for the designer to know the
relationship between the r.m.a, tolerance and the deter-
foration of the radiation characteristios of the antenna.
Onoe such a relationship can be estsblished, the optimum
sise of the sntenna can be cbtained, The importance
of this problem has besn damonstrated by the relatively
large number of papers on the effect of random errors
in antennas which have been published in the last
fifteen years, Unfortunately, most of these papers
dealt with antenna arrays only, while reflector
antennas have been somewhat nsglected.

To the author's knowledge, there are so far oaly
a few important theoretical treatments of this subject.
They are, however, of sxoellent quality, and contribute
s great deal to the understanding of the problem. The
firet study was published by Ruse‘3926%) yn 1952, whien
was then followed by Robieux's‘??) work in 1956.
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Both Ruszse and Robieux treated the prodblem of manu-
facturing tolerances. Their results are of gonaidersble
importance. INevertheless, the limitation of their
theories is also widely recognised. 1In 1961,
Braoounll(1‘) published a quer on the toulerance thsory
of large antennss. His paper contains many new ideas,
and 1s probably the most important work of the three,
because it provides a better understanding of the
physicel nature of the problem, and atimulates further
research.

In thie volums, an attempt is made to introduce
a new gpproach to the problems The main body of the
thesis is presented in Chapter III. Apart froz a
short study of the effect of phase error on the forward
gain, a new approach to the problem of tolerances in &
paraboloidel reflector will be presented, This is
then followed by a completely new approach to the
problem of oqurnal effects on antenna radiation
patterns. Emphesis is made on the importance of this
problem in large antennas where the usual statistical
approach to the problem of manufacturing tolerances
starts to break down. A more detalled discussion 1is
presented in Chapters I and III.



An experimental model was designed, constructed
and used to verify the validity of the theoretical
etudy. Experimental results are presented in
Chapter 1V,
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Ths problem of improving ths signal-to-noise ratio
in a redio receiving system has always attracted a
eonsiderable amount of attention, and ths subject has
bean extensively discussed in the literature. In fact,

the design of low noise systems has long heen the pre-
oosupation of scientists, especially sinoe the end of
the Second World Var, with many important developments
in Radio Astronomy as well as in Space Communioation
and Deep Space Exploration.

It i» wl) known that, in the low freguency range,
the useful sensitivity of a radio receiving system may
be limited by extraneous noise generated outside the
moﬁur.(ag) Atmospheric electrioal disturbances
such as distant thunderstorms and man-made noise such
as discharges or transients in electrical machinery are
the main sources. High senasitivity receivera may,
therefore, be quite uselsss for reception of weak signals,
which may bde completely lost in the noisy basckground.
The situation, however, does gradually change as ths
frequensy is raised. At very high frequency, the
nolise caused by ionospherie reflsction booomes less
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important, and the only atmospheric electrical aiatur-
bances of importance are those within ths line-of-sight
distances, lioreover, the ordinary transients in
electrical equipment do not coantain components in the
very high frequengy apecirum. ASs a result, as the
frequency is raised, the receiver noise becomss more and
more predominant, whereas the extraneous noise becomes
less and less important. Therefore, in the microwave
rogion, the sensitivity of the receliving system is
witimately determined by the noise generated in the sarly
stages of the reeoivor.(w’) This was generally true
in the past, that is, befare the invention of parametric
emplifiers and masers. The advent of masers and para-
metric ampliriers, however, marked a new phase in the
history of radio receiving system dosign., It has now
become possible to dssign a receiver wiih negligibly
low internal noise. As a result, the sxiransous noise
picked up by the antenna oan no longer neglected. The
antenna has thus become a major noise source with its
noise temperature several times that of the smplifier.
It is then convenisent to relate the antenna temperature

to other systems' parameters as follows:
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whers Rpin is the mininum aimissible signal-to-noise
ratio, below which the signsl cannot be recovered from
the baokground of noise; Xk is the Boltzmann's constant;
B is the bandwidth; & is the signal power; 7, and Ty
are the antenna equivalent temperature anc the receiver
noise temperature respectively. To successfully exploit
the advantage offered by low noise amplifiers, it is,
thererore, important to improve the antenna radiation
charecteristics. This is Deoause the noise temperature
of the antenne is a function of its orientation, and can

be expreassed ﬂl.f0110'll(2h)

TA - 'ﬂ%,"‘f G(@qﬁ)T(OQ’))dQ éone (1-2)

where

@ (6 ¢) 48 the directional antenna gain function,
T (6 ¢) 18 the directional effective temperature.

It can therefore be ssen that, to reduce ths noise
power, 1t is necessary to keep all sidelobe and haoklaobe
levels as low as practicadble. The problem is, therefore,
to design antennas with high directivity and high gain.
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In prectice, narrow beam antennas can be achieved
simply by inoreasing the antenna's aperture, The need
for large antennas, that is, large in terms of wave-
lengths, has long been recognisei. In fact, ever since
the discovery by Jansky, in 1933, of the existence of
radiowave-emitting stars, 1t has been recognised that,

unless entennas of large effective gperture are available,

it is not possible to accurately locate the radio atars,
In those early days, with Radio astronomy as a rather
unimportant sub-branch of the astronomical scienge, and
with Space Communication as something unrealistic if
not fictitious, it was not Justifiasble to build large
radioc telescopes. DBesides, to obtain a resolving
power of any practical usefulness, it would be necessary
t0 build an antenna which would be too large to bs
achievable with the technical knowledge at that time,.
In fact, at 10 meter wavelength, the antenna would have
to be as larges as the sarth itself if its resolving
power 18 to be comparable to that of the human eye.

The lack of large radio telescopes before the last .ar
was largely responsible for the esarly slow rate of
growth of Radlo Astronomy. The situation, however,
was groaily improved after the viar thanks to the
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important diascovery of radio interferometeres by Australian
scientiets, \With the new device, the most crucial
problem of achieving high resolving power has been
solved. The theory of radio interferometers can be
quite complicated,(y'.') and the author has no intention
of presenting a lengthy historical review of the subject.
It is, howover, sufficlent to state here that, in its
simple form, it is theoretically possible, by uslng two
small aerisls, to achieve a resolving power of any
desired degree, aimply by increasing the base distance
between these asrials. Many important discoveries have
been made possible with the ald of the new devioe.
Nevertheleee, this system of antennas does have some
serious limitations. There are difficulties in the
measurement created by the largs base distance.
Measurements are also inherently slow. But the
groatest disadvantage is caused by the small phyaical
aperture of the individual antennes. The actual amount
of electramagnetic flux which can be intercepted by the
gystem is thersfore very smalls A8 a result, weak
signals from emell and/or remote celestial radio
sources will be completely leost in the baokground of
noise., Recent developments in Space Communication
which involves traoking of, as well as recovering,
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weak signals from relatively fast moving artificial
satellites have made large radic telescopes with flexible
scoanning facilities not only deesirsble but also
indispenssble,

From equation (1-1), it can also be seen that,
for a given receiving system, the signal power available
at the receiver's input must be adbove a certain minimum
level if the signal«to-noise ratio is to de satisfactory.
in a communication link with an artificial satelliie,
as the rangs of the vehicle increases, the receiving
power 4arops off rapidly due to space attenuation.
The maximum renge is found to be direetly proportional
to the antenna dimmeter, 1In fasct, 1%t can be -hom‘”)
that:

; Pm Gm 77 -
Rangs = DiamterJ P TR

sov (1"3)
% kTPAe (D)

where
k = Boltsmann's constant

T = effective antenna temperature

F = receiver noise figure
A g = Feceiver bandwidth

% = required signal-to-noise ratio

Py = power transmitted from space vahiocle
Gp

R

= vehicle antenna gain
= overall efficiency of the receiving system



The maximum renge can thercfore be increased by
increesing ¥p, redueing g , etc. The receiver band-
width, however, is governed Dy the rate of information
which is to be transmitted from the satellite, and,
therefore, cannot be reduced in an arbitrary manner,
An inerease in the power transmitted from the space
vehicle is not satisfactory from the sconomical point
of view, becauss this also means a much higher cost in
orbiting a heavier satellite.

Therefore, in practice, the most effective way to
improve the rangse is to inorease the antenna sige.

FACILITIES
Large antennas can be generally divided into two

main groups. In the firat group are antennas which
consist of an array of radiators - the so-called antenns
arrsys. Antsnnas, which belong to the second group,
are reflsctor antennas - a corbination of slementary or
primary radiators (or radiator) and reflectors (or
reflector).

Both reflector antennas and antenna arrays have
been extensively studied in the literature, and esch
type has its own advantages as well as disadvantages.

From the economical point of view, antenna arrays seenm

—

T



t0 be prefereble, Thie is mainly due to the fact that
with antenna arrays, electronic scanning can be easily
effected over quite a wide soan angle.(égzgﬁzsg:ggs
In the early days, antennzs arrays had been widely used
to secure high antenna gain with low sidelobe levels.
These arrays are usually of a relatively simple type,
with the main besm being steered simply by machanically
rotating the array or by varying the phase velocity in
the feeding transmission line.

tiith the modern trend of building large antennas
to obtain an extremely high directive gain, both
reflector antennas and antenna arrsys have been
constructed.

with large reflectors, howsver, thare are aiffi-
culties in designing a low=cost, completely steerable
system., Cn the other hand, large rangésof scan angle
can be achieved with antenna arrays without the need
of a aeostly mechanical drive and supporting structures.
This is achieved by electronic means asuch as frequensy
variation, phase shift soan, beam switching, etc.

Apart from the economical advantage, electronie
scanning 48 also more desirable because it can be
much more rapidly sffected. Conaider the case of a

completely stesrable reflector antenna. Ite henvy

8.



structure necesserily limite the practical scanning
rete due to its large mechanicel inertia. There may
be additional problems arising from structurael and
mechanical resonances which téend to be low in large
radio telesoopes. Admittedly, electronic scanning meay
involve both mechanioal and electrical inertias, their
effectes, however, are of minor importance because
mechanical moving parts, which may be used in eleotronic
scanning systems, are relatively small in size, They
are, therefore, not so objectionable.

Antenne arraye are ealso prefersble due to the
case with whieh one can control the sperture field
distribution. The main idea behind the philosophy of
miorowave antenne deeign is to achieve an optimunm
radietion pattern, 1.6., to obtain the highest resclving
power on the narrowest beamwidth for a given sidelobe
level. With antenna errays, this can be achieved by
using the well-~-knowa l'olph-~Chebyeschev current distri-
bution. In that cass, all sidelobes are of equal
magnitude, and, conssguéently, the main beam will be
narrower than that of a pattern with tapered sidelobss
and with the maximum sidelobe level equal to that of
the Dolph's case.
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Antenna arrays, howaver, suffer fraom many drawbacks.
o8t important of all ie prebably the drop in gain (9,31,35)
with increasing scan angle. Apart from the effect of
mutual coupling between the elementary radlators, which
will be explained later, the loss in gain is also caused
by the decrease in the effective gperture as the scan
angle increases. This makes antenna arrays unsuitable
for wida angle tracking systems.

3econdly, there is inevitably a mutual coupligg’21’22)
between the elements of the array. This mutual impedance
affect is a funotion of the sean angle and the position
of the element in the array. AB a result, distortion
of the radiation pattern might occur; 1in addition, there
18 a drop in the system gain as a result of the variation
of the driving point impedance. The mutual coupling
effect is even mors seriouz when a tapered current
distribution is used to improve the directivity of the
systen, especlally when the scan angle swings over a
large range or when the elements are not independently
red. For these reasons, when large scanning anglee
ars required, automatic impedence compensation may be
necessary.

Pinally, as the number of radiators is directly
proportional to the sguare of the linear dimension of
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the array, it may be practically unsound to dbuild a
large antennae array with a resolving power comparable
to that of a large reflector antenna.

To minimize the required number of elemsnts,
non-uniform element apaoing(36'““'“8'81’87) has been
suggested. This may represent a radical change in the
design philoscophy of antenna arrays. For a glven
antenna size and for a given number of radiating elements,
a great saving may be effected with a posasible improved
radiation characteristic. Unequally spaced arrays,
however, are still in their early developmental stage,
and little hasz bsen known of the increasingly serious
effect of mutual conpling(1} between the elements.
Another disadvantage may be caused by the faot that a
reduction in sidelobes in one region may be accompanied
by a corresponding inocrease in another region.

Ior theese reasons, a great majority of large
steerable antennas in use at present are of the
reflector type. The main obJjection here is the high
cost, especially when a large, fully ateerable aystem is
required. Admittedly, electronic scanning can also be
achieved using fixed reflector antonnals)'18'39’”3:%2:%35
the scan angle, however, 1s limited. The moat simple
type of pensil beam reflector antennas with scanning

— T T T T e
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facilities 1s pProbably a systes using a combination of a
parabolic cylindrical reflector and an antenna array
lying along the fooal line. Scanning angle of up to
30° in either direction from the forward direction has
been rcported.(72) The simplicity of the rerflector
geometry and the faot that the reflector rests stationary
while the main beam is swept from side to side made it
possible to reduce the overall cost, Scanning can
also be achieved with an antenna having a fixed
paraboloidal reflector. In this case the beam is
stesred by moving the feed in the fooal plane.‘“?)
Scanning echieved by this method cannot be effected over
a wide range of scan angle because of the iricreasing
coma and astigmatiam, Distortion of the radiation
pattern increases rapidly with increasing scan angle.

A new pystem haa also been propeosed, using a
fixed hemispherical reflector. By displacing the feed
on the focal surface, it has been claiméd that a 140°
scan—-angle range can be realizeds The system is,
however, very inefficient due to the fact that only a
small portion of the reflector 1is effectively in use at
any particular scan angle, In sddition, spurious
signal level may be quite disturbingly high.
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Up to date, however, large, fully steerabls para-
boloidal reflector antennas have beaen, by far, the most
comonly used in Spage Communication. Although the cost
of the steering system may be quite high eompared with
other systems, fully steeradble paraboloidal reflsctor
antennas have proved to be the mosat versatile instrument.
Dus to their simple gecmetry, the main eleaetrical problem
soemis to be the design of an asppropriate feed system.
From the sntenna designer's point of view, thias greatly
aimpliifies the otherwise complex prodblem, as the aise
of the feed is only a small fraction of that of ths effec

§

tive antemna sperture. A great amount of work has been
undertaken ooncerning the design of an cptimum feed.

It is, however, cutside the secops of this book to
present a comprehensive historieal review of the subject;
the readers should, if they so wish, sonsult the relevant
literature.

1.l0

It has been previously said that large steerable
antennas are required in modern communication systems.

In fact, for these very reasons, a number of large
radio telescopes were built in the last decade or 8o,
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A 148t of scme of the most important telesocpes is
shown bslow. The dats given in the list were published

by Velias. ( 86)

TYFICAL RADIC ANTLNNAS

Tolerance Frecision

Liameter
Antenna (¢) Remarks
(D),feet \\ones rmo g
Jodrell Bank 250 1e2 2500 Fully steersble
Stanford 150 0. 55 3270 Fully steersble
Greenbank 300 Cal47 7600 Transit inatru-
ment
Areocibo 1000 1.0 12000 Zenith-looking
spharical
reflsctor
Parkes-CSIRO 210 Outly 18000 Steersbls
Michigan 85 OeOl43 23600 [Fully steerable
Lebedev 72 0.025 U500 Fully steerable
Haystaok 120 Ue 020 72000 Fully steerable
in redome

The queation, however, is whether there is any
limitation to the physical sisze of the reflector. 1In
other words, it is important to find the limits, if any,
within whieh the inorease in sntenna size remains useful.

It is well known that, unless satisfeotory surface
aocouracy can be achisved, large antennas cannot ds fully

exploited. Not only is it necessary to build antennas



with & surface tolerance within the allowable limits,
but, under working conditions, the surface accuracy must
be maintsined. The main reason is that, in rerflsctor
antennas, surface irregularity gives rise to phase error,
which, in turn, ceuses a drop in the forward gain.

However, it is practicelly impossible to builld a
perfect reflector. Koreover, the antenna surface can
be subsequently appreciably dsformsd by wind loads,
gravitational forces, the sffeot of non-uniform thermal
expansion, etcs. Thesge difficulties, therefore, pose
an upper limit to the practical size of the antenna.

A quick glance at the above 1ist of some large
radio telescopes, which were built in the last decads,
clearly shows that great improvements have been achieved.
The first large, fully steerable, radio telescope was
built at Jodrell Bank, in Great Britain. Viith a
diameter of 250 feet, it has a r.m.e. surface tolerance
of 1.2 inchen. In other words, the ratio of diamster
over r.m.s. toleranve, 2, ie equal to 2,500. A feow
years later, another la:-go radio telesoope was duilt at
Parkes, Australia, with the ratic 2‘ equal to 18,000,
Later still, with the Haystack antenna, which was built
in the U.S.A., it was possible to raise the precision
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to one part in 72,000. une is therefore justified in
saying that even more acourate surface contour could be
practically achieved in the near future., One should,
however, remember that manufacturing tolerances are not
the only source of errors, and the effaect of external
load rapidly increases with increase in reflector size,
Moreover, the cost would soon become prohibitively high
as one sought to inorease the precision above a certain
level.

The designer, therefore, is not only interested in
the poasibility of achieving highly sccurate surface
contour; he alsoc wishes to be able to estsblish a
certain relationship between a given antenna surface
tolerance and the corresponding antenna performance.

As the efrect of surfece irregularities on the
antemna performance is also a function of the operating
frequsney, in practice, it means that the surface toler-
anos determines the capability of the telesoope in
functioning satisfactorily over a freguency dband.

The physical limitation of an antenna oan thaerefore
be obtained by studying the effect of surface errors on
the antenna radiation pattern,

Banically, there are two main sources of arrors,
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that is, manufacturing tolerances and external forces
such as wind loads, gravitational force, etc.

Hanufacturing tolerances are probably more impor-
tant from the designer's point of view. This i8
particularly true where relatively small sntennes, which
are produced in large gquantity, are concerned. Becnuse,
for small antennas, it is possible to provide a more
rigid support to withstand external forcea. lkioreover,
the total wind load, wind torque and gravitational force
are ralatlvely,small when the reflector size is small,
The effect of non=-uniform thermal expansion is also much
less serious.

Fram the production point of view, one is therefore
Justified to neglect all other sources of errors but
the manufecturing tolerance, and to treat the problem
from the statistical point of view.

vihen the antenna aize is largs, however, one ocan
no longer ignore the sffect of external forces. In faot,
in many cases, manufscturing errors only repreeent a
minor contribution to the overall deterioration of the
antenna radiation pattern,

Moreover, large antennas are not produced in large
quantity. They are usually of different deaigns as well,
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4As the statistical average has no real msaning when the
population is so small, a theoretical approach based on
statistios is therefore of no practical value. The
problem of manufssturing tolerance must therefore be
80lved by different methods.

However, from the point of view of a project
enginser, who ie concerned with a particular large
antenna, the most important problem is the effect of
wind loade, snow, ice, etc. on his antenna performance.
For him, manufactuwring errors are rixed, and can actually
be measured with high accuracy with the aid of modern
techniques.

The radiation pattern of the antenna can therefore
be found with the ald of an eleotronic ecomputer. He
can, if he so wishes, optimize the performance of the
antenna by minimizing the root msan squared arror.(e)

On the other hand, once the antenna is constructed,
the surface error at any point of the reflector would
change with time because of the influence of sxternal
foroess. The effect of these foreces .is: therefore very
unpredictable. It may also be quite serious. Although
it is quite impossible to estimate the change in

radiation pattern with accuracy, it 1s, however,
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desirable for the project engineer to rind some means
to eatimate the average performance of his antenna over
a certain period of time.

with the ald of statistical data concerning the
local varietion of wind velocity, and other climatic
conditions during various periocds of the year, he would
then be able to evaluate the effect of wind loade, ete.
on the deterioration of hie antenna performance.

He may also wish to study the effect of non-uniform
thermal expansion. This may be quite serious in large
antennas.

Apart from the distortion of the reflector surface
caused by local heat concentration, e.g., near the hub
where, due to the large bulk of the structure, the heat
dissipation 1s much slower than at other parts of the
antenna, there 1is also the temperature gradient which
exists between the surfaces of each panel, As a
result, local distortion of each panel may also oocur.

Attemptas have been made to minimize these external
effects by using slatted reflectors or by the adoption
of radomes. Slatted reflectors, however, cannot bhe
efficiently used at very short wavelength, because to be
aeffective in reducing the effect of wind loads, 1ioe,
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anow, eto., the sise of mesh must not be smaller than a
certain minimum size. DBy using radomes, on® can actually
provide the antenna aystem with a complete protection
from wind, snow, eto. More uniform temperature within
the radome can alsc be achieved, Joreover, although
slight distartion of the redome surface does occur, the
effect of this distortion on the radiation pattern is
negligible.

Howaver, radomes 4o not provide a perfect solution
to the prodblem. Apart from the loss of gain due to
rediation blookage by the metallic space-frame and
refleotion from the dielectric radome surface, there ia
slso a more important problem of absorption of energy
by water vapour on the radome lurrmo.(w"*?)

For this reason, it may be found that the use of
a costly radome to proteot the antenna may not de
Justified.

In this volume, attenmpts will be made to provide
a new solution to the problem of phase errors, caused
by surface irregularity, in paraboloidal reflector
antennas.

Although a goed deal of work has been done on
tolerances in antennas, it is widely reoognissd that
further research on the subjeet is very desirable.
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In the next chapter, a general historiocal review
of the problem of random errors is presented. The
aim 48 to emphasise the importance of the problem, the
inadequacy of previous treatments and the need for

further study.
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With the present state of the art, it 1is jJustifisble
to say that most of the major antenna problems have been
solved. The theory of antenna design has been 8o
thoroughly studied that a designer would have, at least
in theory, no difficulty in achieving a desired radiation
pattern by means of standard synthesis techniques.
However, practical experiences have shown that the per-
formance of an entenna is, as a rule, different from
what one might have sxpected from the theory. This is
because any departure of the antenna aystem from its
theoretical apscification will affeot its performance.
Unfortunately, it is not alwaye possible to eliminate
thess undesirable daeviatione., Apart from the fact that
the mathematical complexity of the problem may have made
i1t necessary for the designer to neglect all secondary
effects, and to idealize the whole aystem, there are
also a nunber of faotors which are not under the direet
control of the designer, and therefore cannot be
accurately taken into account in the theoretical design.

Briefly apeaking, there are two types of errors -

predictable errors and random errorse.



Prediotable errors are those whose sxact effects
can, theoretically, be estimated, but are usually
neglected due to thelir mathematical complexitye. 1o
this category belongs the error caussd by the ldeall-
sation of the physical nature of the system.

Random arrors, as suggested by their nsme, ocoocur
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in an unpredictable manner. They are the type of errors

vhich accidentally ocour Auring the manufasture, oon-
struction and operation of the antenna.

In the case of antenne arrays, random errors are
caused by the inability to generate and mamintain an
exact phase and magnitude relationship bstween the
currents of individual elements.

For reflector antennas, errors are mainly caused by
surface irregularities. In fact, they are the only type

of errors which will bde dealt with in this volume.
Experisnces with optical instruments have shown
that, srrors of this type cause alight disturbance of
the wave-front. As a result, & drop in the intensity
in the forward 4direction may de expected. The reason
is that the resultant field is actually the sum of
contribution from various sources, or ourrent elements,
of the reflector whose phase relationship is governed
by the gesometry of the reflsctor. That is, surface
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irregularity gives rise to phase error.

As an illustration, consider the came in which the
actual surface has been displaced, in the normal direction,
away from the theoretical surface. Fige. 1 shows that,
for a displacement error d, the total path difference is

D =ad (cosl + co¥ + tand . (sin® - einy )]

(XXX ] (2"1)
where
d = displacemsent error
0 = angle of incidence
¥ = angle of reflection.
If 0 =¢ , D becomes
D=d [oos0 + coef ]
= 2 d cosl
and the corresponding phase error is then
A %—- b E—%—g cosd ssee (2-‘2)

In the cese of a paraboloidel reflector antenna,
the phase centre of the feed of which coincides with the
foous, all elementary fielde are in phase in the forward
direction.

This, however, is no longer true if phase errors
are present, For this reason, partially destructive
interference will occur. As a result, there must be a
@rop in the forward gain. Fhase errors also affect the

Ea—. oo e e
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pointing scouracy as well as sidelobe and bagklobe levels
of the antenna radiation pattern.

The problem of random phass errors is, by no means,
a very new problem. In fact, many people have under-
taken research on ths effect of the error on the
performance ¢f the antenna system, However, a camplete
solution to the problem is not yet found. Further
research on the aubject is therefore very desirable.

Although this volume deals mainly with para—
boloidal reflector antennas, a short survey of the
general problem of random phase srrors in antennss is
desiradble. An asttempt will be made to justify the
reason for dealing with paradboloidal reflector antenna
only.

210 R i P E _ERRORS EINNA ARRAYS

In the late 'forties, considerable effort has been
directed toward the design of linear arrays with a low
sidelobe level,

Dolph.(ao) in his olassical paper, showed that the
properties of the Teschebyscheff polynomials may be
utilized to obtain any degree of sidelobe suppression,
that is, the sidelobe level can theoretically be kept as

low as desired.



26

However, it was soon realized that satisfactory
resulte can be obtained only if the current distribution
in the array can be acourately maintained. The effect
of random phase errors on a Dolph's pattern has, there-
fore, aroused wide interest among sciontists, because,
in practice, it hae been found that errors always occur,
Their importance increases as the sise of the array
inoreanses, |

The most important oontridbutions to the under-
standing of ths problem were those by Baillin and
shritek, %) ang eepecially by Ruse.(5969) 14 was
found that, as the sidelcbe levels are more strongly
hauppronaed, an increasing precision on the feeding of
the arrsy must also be required.

It therefore appears that there is a possibility
of overdesigning an array to obtain the desired eide-
lobe suppressicn. That ie, we design for a larger
suppression of sidelgde levels than is desired to
compsensate for the increase in sidelobe levels caused
by errors. |

It was Aahmoad(s) who attempted to find the optimum
amount of overdesign in order to obtain a minimum mean

sidelobe in the presence of errors,



The problem of designing an optimum antenns arrey

was studied later by Gilbert and Horgan.(zn

It was said sbove that Rusze's paper contributed
greatly to the understanding of the subject. In his
paper, howsver, Ruse restrieted his investigation to
the case of squal magnitudes of all error currents and
equal probaebility for all phases of an error current.
As & result, the practical usefulneas of his theory is
quite limited,

It was Rondine111'%®) who £inally extendea ana
improved Ruse's theory. His work can be divided into
three main parts:

(1) Maximum sidelobe level within a apecified

oons about the main besm.

(2) saximun sidelobe level in the remainder of

| the half space outside the specified cone.

(3) Besm pointing accuracy.

RWlli's work was later on complemsnted by
that of Lketrom.(2>)

27.

It can, therefure, be seen that antenna arrays have

received a great amount of attention. Adequate infor-
mation is, therefore, available for the purpose of
optimizing the design and construction of an antenna

array system.



28.

Larges reflector antennas, on the other hand,
have not received aufrficient attention. As a greoat
number of them are now in use, it is therefore desirable
that the problem of antenna surface irregularities be
further inveatigated.

2¢2¢ [ P 8 REFLE R

The firat serious study of the erfeot of random
phase errors in refleator antennas was made by Ruze at
¥.I.Te where he undertock research leading towards his
Ph.D. degree.

Ruze's paper wae mainly concerned with manufacturing
tolerances., Regognizing the random nature of the
problem, he investigated the effect of these errors on
the antenna rediation charaoteristics from the statistical
point of view.

Ruze made it clear that we can speak only sabout
what happene on an "average" over a large number of
seeningly identical antenna, and how the probability of
a given result varies from this system average. His
magniricent piece of work is not only elegant but alse
inspiring.

Ruze showed6?) that the fleld strength of a
~ continuous aperture in the far field region is given by
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L (o, e a[ J(2) exp [J E.R] exp 13 6(2)] a 5
ence (2"3)

where, ae shown in Fig. ¢,

1; = position vector

£-4T g |

k = unit vector in the direction (@0, 2)

exp (J 4‘(:3)] = error fesotor

The power pattern is, therefors, ths product of
E (6,0) end 1t8 camplex conjugate:

P (o 2 "/.{ J(R)J* (R') exp (J K+ (R=R')]
exp [J 4‘(5) -J &(g')] A5 dS' eeee (2a4)

As the phase errors vary in a random manner,
exp [J6(R) - §6(R")] 48 not known, 1e0., P ( 0, 0)
cannot be estimated.

On the other hand, the msan power

Flo o=/ 7 ® 3 @) e (35 (58]
oxp [J4(R) -~ J J(RT)J a5 as8" +eee (2-5)

can be found if exp [J A(R) ~ § XR'J], the mean value
of ths error fsotor, can be evaluated.

Ruse's problem, therefore, resolves irCsolving
the above equation of m.

In this equation | 6‘(1}.) -~ &R')] represents the
phase difference between two points corresponding to
the position vectars R axd §' respectively.
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In the case of disorete antenna arrsys, the phase
error of the owrrent in cne element may be assumed to be
independent of those in adjacent elements, In such a
case, if the phase error is normally distributed, so is
the phase difference y = 4 1= 6y where 4, 18 the
phase corresponding to the 1“‘ element of the array.

If 1t were aleo assumed thateadli 4, has the same
variance ?2, the variance of y would simply be equal
to'(-:_rzj = 2?. and the mean valus of exp (J y] is
given by:

1

X ) v
exp y) = e 3V === |y
o %]
g b *%ﬁ'ﬁ
or exp (J ¥) =Ilexp (-5@} _ esee (2=6)

In the case of dcontinuous aperture antsnnas,
however, the phase orror at any point of the aperture
wlill be closely related to that at any other point not
too far away from it. GSince the reflector surface
consiste of a nunber of panels rigldly attached to the
backing structure, ths surface error at a point of any
particular panel would depend not only on the local
distortion of the panel, but also on the displacement
of the pansl dGue to baoking structure distortion.
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48 8 result, the phase error at that point is related
to thoss of other points of the same pansl as well as
of nelghbouring panels.

The complexity of the antenna structure makee it
impoesible to determine the exast relationship between
thess phase errors. (Un the other hand, it ie evidently
invalid to assume that these phase errors are independent
of one another.

The nature of the correlation, however, would
affect both the strength and the directional character-
istics of ths radiation power.

A8 a first spproximation, Ruze aseumed that the
phaae difference atill retains a Gaussian distribution.
This ias debatable bocause of the interdependense or
phagse errorsa,

As a second epproximation, Ruze assumed that the
mean square phase difference is of the following form:

T =21 -em (- ) reee (227)

.

where
= R = R'" = the distance between the two

points concerned.
C was defined by Zugse as the “oorrelation interval®,

1.8., "that distance 'on average' where the errors become

sssentially independent”.
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With these assumptions, Ruze was able to derive an
approximate expre'aaion f'or the normalized power patterns

£(0,8) = €o (6,0) + )\QVG.J‘ exp [--.1-;‘--2—.:,
ssee (2’8)
where

€0(6 ¢ ) = the normalised power pattern in the
absence of errors

2

, L ) d 55
Ve = == & = the normal gain.

bo = N fI% (2) a sy

The spurious radiation is thereforse approximately
proporticnal to the mean square phase error as woll as
the square of the "correlation interval'.

Ruse's concept of correlation interval ahowed
that he thoroughly grasped the physical importance of
the interdependence of. the phase errors at different
points of Ithc refleator.

Ruse's pioneering paper has been widely scclaimed,
and his theoretical treatment has proved to be highly
valuabls. However, as a purely theoretical trsatment
of the subject of random phase errors, Ruze's paper has
soms limitations. His aseurption that C is sonstant
throughout also makes his theory impractical. Further
research on this problem is therefore desirable.



In 1956, another important paper was published
by Robieux(57) who presented a somewhat different way
of studying the effect of manufecturing tolerances on
ths antenna performance.

According to Robieux, the surface irregularity
of an antenna can be characterized by two parameters:
the manufacturing tolerance and the radiue of correlation.

To solve the problem, Robieux divides the surface
into squares whose side is egqual to the radius of
osorrelation. Each elementary field is represented
by & vector & of modulue a and of phase vk It 1e
important to note here that this vector is not the
spatial representation of the radiated field, but a
vegtorial representation of its amplitude and phase.

In the absence of errors, the resultant field in

any given direotion is given by:
A= A eJQ a 5 ak QJ ‘lﬁk ssee (2"9)

whare A axd ¢ are the magnitude and the phase of the
resultant field respectively.
thn'errors are present, the new resultant field
becomes:
]

A' tnA. OJQ = z&l{:e

a~y

3( “gk_ + o k) ev e (2-"0)

where the effect of the errors on the amplitude of the
slementary fields has been neglected.



The corresponding power is therefore given by:

R T G L N Y L N b
or A.2* Ag + uz .k?-fk lill (wk i Q) seve (2-11)

Robieux's method is quite straightforward. PFrom
his thecrstical treatment, the following conclusicns can
be drawmt

(1) If the radius of sorrelation is emaller than
75. the antenna will behave as if 1t were perfeet; but
if the radius of correlation is greater than%. the
sffect of the surface errors may be gquite considerable.
These conclusions had been simply stated without any
mathematioal backing. It is important to compare thsse
with thasc of Brecewell. The epparent discrepansy may
be caused Dy Rodbieux's definition of radius of correlation.

(2) There exists a 1limit to the maximum gain which
can be attained by increasing the antenna dimensions.
This 1limit d‘opcnd.l only on the precision with whish the
antenna can be made, In other words, if the manu-
faoturing tolerance is a linear funstion of the antemna
dismaeter, the maxizmum gain ocannot be increased by
inoreasing the sise of ths antenns.
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(3) The statistiecal average of the loss in the
forward gain ia appreximately proportional to the mean
square error. It is, howver, independent of the radius
of carrelation end the inclination of the ideal surface.
On the other hand, the fluctuation of the gain about
its aversge value is an inereasing funotion of theu‘
factors.

Robieux's paper was very well presented, and
certainly an improvement over Ruse's theory. It also
offers a more practical method of solving the problem.
Nevertheleas, Roebieux's approsch to the problem is
basioally the same as that by Ruse. Again, the radius
of correlation is assumed to be oconstant throughout,
and the whole theory is based on this assumption.

After Robieux's paper, the difficult problem of
random phase errors in reflector antennas had been
negleoted, until 1961 when Brecewell(!!) puvitened
paper on the tolerance theory of large antenmnas. Both
systenatic and random errors were treated, with aome
emphasis on the effect of these errors on parsboloidal
reflector antemas. He pointed out the faet that, with
large antennes, it is not yet possidle to messure the
radiation pattern. As a result, it is desiradble
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that the theory of antenmna tolerances should be pursued.

Like Robisux, Bracewell found that the deterior-
ation of the radistion characteristics of an antenna
depends on the mean sguare errors a8 well as the
two-dimensional auto-correlation function of the surface
deviatione.

Howsver, by using the Fourier Transform, Brscewell
was eble to show, in a rigorous manner, that "eny
structure in the apsrture finsr than the free-spacse
wavelength, must be left out of account in considering
the radtated rield", because it givea rise to an
evanescent field onlys

The effeot of errors on the radiation was treated
in some detail. DBracewell showed that errors cause &
redistribution of radiated energy. Clowly varying
errors will affect the beamwidth and beamshape, whereas
more rapidly varying errors will produce side radiation
away from the main Lean.

Although it is a relatively short paper, Bracewell's
work embraces a very wide field, and contains many new,
important idees. It 1a, therafores, rather unfortunate
that a more detailed study in the line ’lngaosted by
Bracewell is as yet not available.
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Before oclosing this seotion, it is worthwhile
mentioning that, apart from thase excellsnt works by
Ruse, Robieux and Bracewsll, thers is anothsr less
importans study by Cheng.('5)  In nis shert paper whieh
was published in 1955, Cheng studied the effect of phase
errors from another peint of view. His estimate of
the upper limits to the maximum frestional reductioa in
gein and the changs in half besmwidth respectively 1s
based on the maximum phase error. As a result, his
mathematical solution can be obtained without difficulsy.
The usefulness of his results, however, is very limited,
because estimates dased on the maxioum phase error do
not$ give a good indication of the aotual performanse of
the antenna.

From the above discussions, it can De seen that,
although sxoellent itheoretical treatments of the sudbjeot
of phase errors in paradoloidal reflegtor antennas are
available, the problem has by no means been solved,
Further resoarch on the subject is, thersfore, desirable.
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In this chapter, the main body of the thesis is
preseanted. Only the effect of phase errors, which are
caused by surface distortion, on the radiation pattern
of paraboloidal reflector antemnas will be considered.

This chapter will be divided into fowur main
sections.

In the rfirst section, a short discussion of the
various methods of finding the far field radiation pattern
18 pressnted. The aim is to facilitate the general
understanding of the fellowing sections.

In the second seotion, an attempt is made to esti-
nate the loss 1in the forward gain caused by a given set
of errorss This is important because it is desirable
to be able to assess how much improvement can be achieved
when effort is made to reduce the r.m.s. arror over the
antenna aperture.

The third section attempts to introduce a new
method of approach to the more difficult problem of
oanufasturing toleranoces. It has been said, in
Chapter 11, that this problem has been previocusly
treated by many suthors. lowever, the material $o be
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prosented in this section is basically new. Its method
makes it possidle to simplify the mathematical problem,
and to relax the mechanical tolerance imposed on the
construction of tlw backing struocture.

A cempletely new eapprosch to the problem of random
phase errors in large antennas is presented in the last
section. It attempts to solve the difficult prodblem
of surfase distortion caused by external effects, such
as wind loads, gravitational ferces, etce A more
complete discussion of the problem will be given in that

section.

3.1.1. JIntreduation
This seetion is added for the benefit of

readers who are not gquite familiar with the methods used
in deriving the radiation pattern of a paraboleidal
reflector antenns. A very comprehensive treatmsnt of
the subjeot can be found in Silver's boggszm "Miorowave
Anterma Theory and Design".

There is no novelty in this section, and ths dbasic
material presented hsre can also be obtained elaswhere,
exvept, perhaps, in a different form.



Lo.

Generally speaking, there are two main methods of
finding the radiation pattern of a reflsctor antemna,
the induced current method and the aperture method.

In the induced current method, currents execited
by the electromagnetic field of the sxsciter on the surface
of the reflector are first calculated. To do this, it
is commonly assumed that the surface density of the
electric current is
I, = 2{(axH) eses (3-1)

H, = magnetic vestor of the incident wave

n = unit vector normal to the surface,

In other words, the current distribution oan be
obtained from the tangential componsnt of the ineident
magnetio field. The resultant field pattern is then
obtained by superimposing the incident and the scattered
field from the reflectors The latter is obtained from
the induced ourrents.

The usefulness of this method is, therefore,
dependent on the validity of equation (3-1), whiech is
sxact only in the case of an ideally conducting, infinite,
plane reflecting surfacs.

Por pareboloidal reflectors, however, the above
expression fer the surfagos current density is no longer
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scourate. Nevertheless, for reflector surfaces with
large radii of curvature, equation (3-1) does represent
a very good approximation.

In the second method, the aperture method, ths
field in the reflector aperture is first caloulated by
using the law of geametrioasl optics, i.e., the angle of
inoidence is equal to the angls of refleotion. This
method is based on the Huygens-Kirchhoff prinoiple;
the radiation pattern is determimed from the field
distribution over the aperture plane.

Basically, the aperture method is also an approxi-
mate method, 26) us the law of reflection 1s, strictly
speaking, only exact for electrommgnetic wave incidence
on an infinitely large ideally oconducting surface.
Howsver, for reflectors having large radii of curvature,
the optical law of reflection can be applied with
sufficient aoccuracy to their ourvilinear surface.

One should also mention the diffracted ray
tcchniqul"s's“) which have deen used lately to study
the radiation at large angles away from the axis of a
parabolic antennae.

However, the first two methods are still by far
the most commonly used in solving diffraction problems,
despite the fact that they 4o not lead to complestely
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ooncordent results, except in the limit of zero wave-
length when both methods give accurate results. The
discrepancy lies in the fact that one has the field at
the reflector as the starting point, while the other
uses the field in the sperture.

Dus to the absence of a rigorous solution to the
problem, it has not been possible to estimate theoretically
the error of calculation in either case. They, however,
lead to the same results concerning the mainlobe, the
sidelcbes near to it, and the antenna gain. For this
reason, the two methode are employed in antenna theory
as being of equal value,

However, in ths case of phase orrars caused by
surface distortion, the induced current method is found
to be more desiradble, Since the errors take place at
the surface of the reflector instead of in the sperture
Plane, the inducsd current method gives a more ascurate
estinate of the errors affect.

Por this reason, the induoed current method will
be used throughout this ohapter.

3e1s2. 1he Lrror-Free Radigtion Fettern

It has been said before that the resultant
field pattern can be obtained by superimposing the
scattered field from the reflector and the inctident
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field coming directly from the source, In the case of
a paraboloidal reflector antenna having its feed horn
located at the frocal point, the direct contribution of
the feed to the resultant field in the half space in
front of the reflector is negligibly smmll, It 1is
therefore customary to idealigze the problem and assume
that the actual shape of the radiation pattern is solely
determined by the scattered ficld from the refleotor.

The calculation of the scattered fisld from a
reflector has been treeted by silver. Sinos the current
distribution is discontinuous acroes the boundary, being
zoero over the ahadow area, a line distridutien of
charge along the boundary line is introduced so that the
equation of continuity is everywhere satisfied.

e shall restrict the analysis to time-periodic
fields. In this ease, the linear charge density along

the boundary 153(66)
2 2
e "wp it ~wmoh 2398 =8

vhere

= undt vector along the boundary curve
Hy = magnetic vector of the inoident wave
= magnetic vector of the reflected wave

= angular frequenay.
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The overall scattered rield is therefore the sum
of contridutions of three source distributions: the
surface currents over the illuninated area, the surface
ocharges over the sams area, and the line distridution of
charge along the boundary.

Sinos the current and charge distributions satisfy
the equation of continuity, the field can be expresaed in
termas of integrals involving the currenss slones, Silver
then went on to prove that the componsnts of the
scatisred rield from a given reflector S. in the far-
sone m‘ 67)

w
By = - 475 exp (-3xR) fﬂo {ax By - [(nxHq)eRy] By}

oxp (Jkp « BRy) a8

eese  (3-3)
and

Hy = (':')i (Rq xBy) sooe  (3=l4)
where
u = magnetic industive cmpecity
¢ = ¢leotric induotive capacity

kﬂhu 27
A | wavelength

and, as shown in Fig. 3

E, = unit vester from the origin to the field
point, the distance between them being R,




Fig. 3
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Py = unit vector in the direction from the

origin to the element of surface 4 S,
n = unit vector normal to the surface,

8= poq = vector from the origin to the
surface slement 4 S.

Now, consider the case of a point source feod.
Let the feed be located at the origin O in Fig. 3.
It will be assumed that within the cone of illumination
falling on the reflector, the incident wavefronts differ
negligibly from spheres about the point O, Let prore
be spherical coordinates of any point on the reflector.
The components of the incident field from the feed to
the reflector is then

B Cevow) =3 297 groe 6 0]
8y (9o ) exp (<3kp)  eeee (3-5)
and
B (S Carnmy) veee (3-6)
where
Ge(o ¢ ) = gain funciion of the feed,
P = total radiated power from the feed,

83 (0 ¢ ) = unit vector defining the polarisation
of the incident electric field.
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From these two equations, we have
1 i P :
5"3:11 = ';- [(‘:u&‘) o Gp (8s¢ ):I [5u(e1xg1)]
exp ( =Jjkp) sese (3=7)
By substituting the expression for (nx Hy) from

equation (3-7) into equation (3-3), the scattered

electric field becomes

R T (-ij)[(—ﬁ-) z -?_P?J% I eees (3-8)

where
I=f [G‘f(al¢).]i

(Bx 81"?.,1) exp [~Jk (p‘p1

sR4)] A8 ei.. (3-9)

Equations (3-8) and (3-9) show that the scattered
field has no radial field component.

The radiation pattern of a parabololdel reflector
antenna can now be ealculated. Although an ideal
point-source cannot be achieved in practice, a radiating
system can be approximated by a point-source if the re-
flector is at a sufficiently large distance away from
the feed. This condition can be practically satisfied
in microwave antennas. For this reason, in the
calculation of the radiation pattern of a paraboloidal

reflector antenna, a point-source is assumed to be
located at the foecal point.
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To solve the problem, a new system of reference
axes, a8 shown in Fig. 4, is used. Silver has lhmm(éa)
that the components of the elsctiric radiation field of

the reflector are

Pooig b ol
"o 22 e ol
E¢ N ‘ ‘# ds ep o8 (3‘10)

where the vector I, expresssd in terms of the reflected
field is

&, vo
z é[o _[o Se(Em) [nx(33%01)] r° siny sec L
r

.exp{-.‘lkp (1 + co89 cos¥ -~ sind sin¥

oco.( E"" ¢ )]} a df ssece (3—11)

where, aes shown in Fig. 4

Ry, 9 4¢ = coordinates of a field point in the
far sons

Fs £ 3»Y = coordinates of a point on the
reflscotor surface

iz = unit vector in the g direction

=~

84 = unit veotor defining the polarisation of
the reflected wave.

Since
Pl g = famaad By = Beged X

= &n0:1) 3‘.’ -“._:;81
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the vector 1 can be resclved into s transverse component

parallel to the x~y plane,

Ie _f:r[:o = (f A1 r = 12_*:

..l{ - 3k [OOI]] l‘a sinY ”cxz‘ ay deoooo (3‘12)

and a longitudinal componsnt
x Vo (6 (£,Y) ¥
= —L——'_]- * - '4.'.
R -1qf° L - (n.9) "p[ Jk L ]}

o siny aec'-r!- QY df eese (3=-13)

However, when surface distortion ococurs, these equation
no longer hold.

In the following sections, the problem of phase
errors caused by the reflector surface distortion will

be presented.

A theoretical study of this problem has been

published by the author in the I.:t.l.E. Transsotions on
Antennas and Propagation. In this section, the main
part of this Communication will be reproduced, with a
more detailed discussion.
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3e2.1+ JIntroduotion
With new developments in space exploration

programme, which accentuates a more active role orf
manned space vehicles, there arises & very important
problem of maintaining continuous and reliable contasct
between the space vehicle and ground bases.

This requires a highly accurate antenna surface.

However, it is well known that the reliebility of
a radio link depends largely on the capability of the
antenna to0 maintain ites surface acouracy while under
the influenge of envirommental conditions. In fact,
variations in surface rem.s. orror caused by thermal
expansion, wind loads, etc. pose an upper limit to
the precisicn with which one can profitably construct
the refleotor surface of large antennas.

Therefore, in most cases, the surface r.m.s. error,
at any particular instant, is not mown. As a result,
there is no way ©of knowing the exact loss in the forward
gain.

In some particular ocases, however, the severity
of envirommental conditions made it necessary to provide
the antenna system with some special form of protection
80 that the antenna can function well under all weather
conditions.



For this reason, somstimes, radomss have been
adopteds The main disadvantages are radiation bloeckage,
due to the metallie space-frame of the radome, and the
loss due to refrlection from the dielectric radome surface.
However, with a proper design of radome space~frame as
well as a proper choice of membrane materisl, thess losses
can be greatly minimized. It has been olahndwﬁ) that
an overall leoes of adbout 0.5“‘ ocan be achisved.

Up to date, the use of radome, although far from
being portcot,“o’&') seems to provide the best solution.

Because of ite geomsiry, the stationary radome is
mich less meeted by external effects than the unpro-
tected, camplex system of steerable antenna. iNoreover,
a more uniform tenmperature distribution within the
radome oan be expected.

A3 a result, spart from the marufacsturing errors,

the only important faotor influsncing the shape of the
reflegtor surface is the gravitaticnal effeet. With
modern methods, it is possible to compute the surface
FeMeRe Orror as a function of the antenna bearings.
The results e¢an then be stored in a special purpose
computor which asutomatically prints out the surface
PeMsBe Orror when the input is fed with information
concerning the antenna bdearings data.

B At e
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It can therefore be seoen why, in some cases, it
is importent, for a project engineer working in the field,
that some msans of predicting the exact loss of gein in
the forward direction as a function of the swface r.m.s.
error must be available.

3.242. A Simple Solutlon

Since only the forward gain is treated,

the antenna can be replaced by a circular aperture.

Let 0 and ¢ be the polar coordinates of a point
on the aperture whose center coincides with the origin.
If the illumination ies unifarm across the whole aperture,
the field strength in the forward dirscotion in the

far-zone region ia

1 r2rx
E, = Constent /;) L exp (3¢ )P G ao eose (3=14)

where
¢ = phase error at the point (p,0).

The normaliszsed powsr is therefore equal to

2

1
Py = =3
N w

[: Lwexp [3¢ 1p ap a0

"~

/. L"’m [i¢ Jpap de

j: ‘/;arpdp ap | eees (3=15)




In practice, however, ¢4 is usually small. We
have then

oxp (391 (1 -9;2; + 3 sese (3+16)
This implies that
$ » t-{ sose (3=17)
3
or ¢<~»}6 redians.

- 1—%—03@")2
2
”?’ = 1"'[?"‘(3-)] sees (3-18)
where ¢ - and § are the mesn value of ¢° ana 4,

respectively.
Now, the mean square phase asviation is given by

['[7 s -7
/:fo PR &

42 (9-9)2.
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- - s iui
F - 7 + ¢ ~2¢ .4
= ¢ - (-;m)2 XX Y] (3-19)
PN s 1 --;? esee (3-‘30)

In other words, the loss in normalised power is
ogual to the mean asquare phase deviation.

3e2¢3« An lmproved Method of Approach
The shove result has been directly derived

from optiocal cases. Its practical usefulnsass, however,
is rather limited, because eguation (3-20) has bdeen
derived by assuming that the qi;rtm is uniformly
1lluminated. In practice, this is not the case.
It is, therefore, desirable to find a more genseral
epproash to the problem, with no preconceived assumptions
conosrning the error magnitude and the form of the
smplituode illumination function.

Let us assume a cylindrical aymmetry for the
radiation pattern, and compute the radiation field in
the plane whers ¢= —3-. The only field in this plane
is E, which 1s given in equation (3-10)¢ However,
since the sealer produst i¢ . g‘ is slways sero, only
the I, camponent of the vector I is required.
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Therefore, the error-free radiation £i¢ld in the forward
direction 1s obtained by putting 6 = o in the expression
m‘f¢ « That is, from equations (3~-10) and (3=12),

w8 have

a Yo e
B, = Gonatantf f (6 (£,7)] r otn¥ ar a
0 [~}

2p 2p P
but P = = —rT" 1
1 « cosy 2 cos . - cos 2

where p = fosal length = constant
ar Yo ¥, 1
Eg=C fo fo (@ (£,7)]* tan > 4 a¢
where C is a constant.

When errors do occur, w have

& Yo i | .X
E,=C fo 'L (6 (o7 )] exp [Jop]tan-'z-
ar & veso (3=21)

where ¢ is the phase error at the poiant (r,£,Y) on
the reflector.

If the actual radiation pattern were plotted, we
would find that the symmetry of the pattern no longer
existes beoause of ths errors. For this reason, if we
imegine that the reflector is rotated about the axis
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of the antenna, while the feed horn is kept fixed, we'll
find that the field strength at any point in the
Fraunhofer region will change. There is ons exception,
however; that is, the fisld strength in the forward
direction is not disturded in eny way by this rotation,
as it 1s in the direction of the axis of rotation.

This 18, in fect, true irrespective of the actual shape
of the radiation pattern.

Since we only effect ths rotation in our mind,
the error pattern i» not arffected by gravitational or
any other effectss On the other hand, the phase error
associated with any fixed point of the ideal reflector
would change with the rotation.

Therefore, if we changed the magnitude of the
angle of rotation in a random manner, we would succeed
in achisving a random variation of phasc errors.

The prodlem can therefore be treated as a
atatistical problem,

It 4s important to note that, when the average
radiation pattern is computed in this way, the asoctual
fisld strength in any direction is different fram its
average valus. On the other hand, the average rfield
strength in the forward direoction is e¢xactly equal to



ite actual value, which does not change during the
process of rotation.
Therefore, the actual £ield strangth in the forward

direction, for a given error pattern, is

'l :
Pact. = Fave. = ¢ | | [0 (7)) (cong + 3 atng)

tm% ay df sess (3‘22)

where
(cosg + J sing ) = average value of (cosg + J sing )

Let ¢ Dbe the magnitude of the surface error at
a partioular point (o, E»Y¥)e If N\ ia the operating
wavelength, the cerresponding phase error is

’ = '2%‘ € 2 con "Ia" XYY X) (3‘23)

By assuming that ¢ is nomally distributed with
soro mean, it can be seen that the same thing can be
said of ¢ , the standard deviation of which is given by

7Y :
$s.0. = X~ ¢ oo L cove (3=2h)
whero o 1s the standard deviation of ¢ .

It can also be shown ’cmt(”)

e as S s

(008 ¢ + 1 sin ¢) = cos¢ + 4 sing
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with
2
sing m’[“ sin g ewl_ ¢ﬂ-d-] d¢ = 0

and

/211' % pede L°°'¢ o [—- a.d.J =
= @Xp L~ -2-:‘9'_} eone (3"’25)

By substituting the expressions for 1n¢ and
cosg  into equation (3-16), we have

Boct. = Eave. = GL&"L (e (§'7)]* exp [...ﬁ.'..’.‘!‘

tan-'g- ar a&

ar 2
o [T e (e e [.ELg-j....z
m% ay d§ coene (3-26)

Equation (3-26) shows that the loss in the astual
gain inoreases repidly with inoreasing , . In practice,
thie also means that it may be desirable to optimise
the antennsa performsnce by reducing tha r.m.s. oerror.
This problem has been studied by Barondess and Utku.(é)
They developed a computer progrsmme to campute, from the
errors at a munber of observed points, the new



orientation of the best fit paraboloild, the optinum
variation of the fooal length and the componente of the
rigid body motion required to give the minimum root mean
aquareierror. This computer programme was later modified
and improved by R.J. Jirka and M.S5. Katow.

3030

3.3.1. Introduetion

The problem of manufasturing toleranse in
paredoleidal refiector sntennas has been studied in
great detail by Ruse, Robieux, and also by Bracewell,.
Their works have been previcusly discussed in this volume.

In this section, a new method of spproash is
pressnted. This method makes it possible to simplify
the mathematioal soclution, and $o relax the mechaniocal
tolerance imposed on the construction of the dbacking
structure.

The idea is to use precisely formed triangular
pansls, whose cormers are attached to a rigid framework,
to build the parsadoloid surface. With present advanced
methods in airerafrt manufacturing industries, it is
possible to produce these pansls with highly sccurate
curvatwes. For this reason, the surface of the
reflector ocan be acourately constructed without the



need of a highly accurate supporting framework, beocause
the surface acouracy oan be ashieved by ocorrectly adjust-
ing the corner height by optical means. Noreover, as

the size of the panels is mmall compared to the diameter
of the antenna, they can be precisely made with relatively
low cost.

In prectice, however, ingerrect settings do ooour.
This gives rise to phase arrors, and oauses a dsterior-
ation of the antenna performance.

In this seotion, an attempt is made to present a
mathematical treatmsnt of the problem of random phase
errors for this partiocular type of reflector,

Now, although it is true that the departure of the
sotual radiation pattern of an antenns, teken at random,
from ite theoretical pattern 1s a function of the
correlation interval, the same conslusion doss not apply
to the average radiation pattern. Robieux has proved
that, for redii of correlation large compared to the
wavelength of the operating frequency, the average
radiation pattern is independent of the magnitude of
the radius of correlation.

In this case, &8s panelas are triangular in shape,
when errors are amall compared to the panel linear



dimension, no distortion of panels will occur as a result
of setting errors. On the other hand, the reflector
surface is distorted due to the displacement of pansls.

This particular problem of phase arrors can there-
fore be treated without the need of explicitly defining
the correlation interval, because the radius ef
correlation, in this case, is undoubtedly large com-
pared to the wavelength.

The statistical average of ths field pattern will
be somputed in place of the more coaventional power
pattern., Sinee we gre only concernad with the average
loas in the forward gain and the relative incorease in
sidelobe levels, the two methods are of equal valus.

The power pattern, however, cannot be evaluated without
explicitly specifying thes radius of correlation.
deslides, 1t is definitely much simpler to compute the
field pattarn.

3.3.2 Formulation of the Problem

From the above discussions, it can be seen
that, in this case, the only type of error, which would
significantly affect the antenna radiation pattern, 1ie
the setting error, that is, the differance, measured
along the normal, betwsan the actual height of a corner
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and its ideal height above the backing structure.

Lat ¢,, be the error attheithcormrortm

1]
32 panel.

Due to the randam nature of the problem, €13
is not precisely known. For this reason it is not possible
to estimate the exact radiation pattern of the antenna.

It is, however, possible to cbtain the atatistical
averagé pattern as a function of the standard deviation
of the error.

It can be seen that G may assume elther positive
or negative values. DBesides, as both positive and
negativa errors are likely to ocour, it is quite probable
that the average value of ¢ 13 is zero. The magnitude

of is also likely to be small.

€ 3

For these reascna, one is Justified in assuming
that the random variable ¢ 13 is normally distributed,
and has a zero mean,

AB ‘13 is small compared to the linear dimension
of the panels, setting errors only cause panol displace~
ment, but no distortion occurs.

How, the error-free transverae components of the
scattered rfleld in the i 'raunhofer region were given by

equations (3-10) to (3-13).
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Since {‘ is always orthogonal to 1', the unit

factor in the direction of the axis of ihe paraboloid,

‘1_‘ is always equal to zero.

For this reason, when & p is evaluated, the componsnt

E' of the vector 1 can be omitted.

the scalar product 3¢ .

In this volums, wa zhall assums a cylindrical
aymnetry of the radiation pattern, and proceed to find
the radistion pattern in the H-plane only. In this
plane, the field has only an & oconponent which 1is
cbtained by putting ¢ = ¥ m¢equation (3-12).

That 1is

1 P i
E¢ = -%3‘-‘50:;; [« JkR] . {[:’e—]i "2-3;?'}‘: I, =CI,

cose (3-27)
with
I, «f (YO . 7 )
¢ /o fo [@p (29, )]" com g exp [ - Jkr(1 + cosy cou
- sin, sing sinc )1 . r° 3111.\,“0!- 4 4
sees (3-28)

See Fig. 4 rar reference.
When errors 4o occar, ;‘r-;¢ takes a new form

E¢ = c I; oas e (3-29)

% o (G (e ) I
o LG i

I; =J[° f: —-S—fﬁ_—- cos ¥~ exp {-= Jkr

(1 + coq, coag ~ sin, sing ninf )]
s GXp [JA ] 1'2 l.‘l_n.f 280 g" dT df seoe (3-30)
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where & 1is the phase error contributed by the elemsntery
area at the point (r, £, Y ) of the reflector.

Vie have neglected the effect of the error on the
amplitude of the elementary fisld.

From equation (3«30), it can be seen that, to
obtain the pattern of =¢ , one must also know the valus
of A,

The problem, therefore, resclves into finding A
in terms of ¢ 13°

To do this, let's choose a panel at random. As
the panel 1s not distorted by the corner errors, rela-
tivclto the panel, thes position of the plane triangle,
formed by the apexea of the panel, 1s therefore fixed.
For this reason, the normal displacement at any point on
the panel will be exactly the same as that of the
corresponding point on the plane triangle, irrespective
of the curvature of the panel.

As a result, if the reference axes are 50 chosen
that, when there is no error, the base triangle of the
panel coincides with the (ox, oy) plane, the £ coordinate
of any point on the displaced plane triangle will
represent the normal dieplacement as the correesponding
point on the panel.

As shown in Flilg. 5, by choosing the centroid as



the origin of the sxes, the coordinates of the corners
of the displaced panel are:

Xy = ~b ; Xy = 4b 3 x5 = 0
3’1"’43 Izn—dz y3=2d
.1361‘ ‘2‘623 53! 63
-...(3—31)
where
elncomrmoratthei‘hcmr

<b = base length of the plane triangle

3d = height of the triangle, and orthogonal
to the base 2b.

The normal displacement 3 at any point (x, y)
of the panel from its ideal position is therefore given
by the following egquations
x y z 1

1

xi = 0 [ X XX ] (3-32)
X Y2 ) 1
X3 Y3 :3 1
By substituting the expressions for x,, ¥y, s from
equation (3-31) into equation (3-32), we have

6bas=- g (3xa + yb~2ba ) + €2 (3xa - yb+ 2va)
+ € (2yb +2bd) sasss (3-33)

Therefore, o or s, is a linear function of g

As g varies in a random mannsr, s0 does ¢
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It has also been shown in statistios that, if

€49 €59 eeces €, aTE independent, normally distributed

varisbles, any linear function of the form
Bo ¥ 69 84 + 6p By # cevee + € By
is itself normal. lorecover, its mean m is
Bx= 8, + 8 By + 8 My 4 ecece + J M,

=8+ Taym cese (3=34)
and the varience o—a, or the aquare of the standard
deviation, 1s

2= 5.2012 c.ria enee (3=35)

where
a; = coanstants
ni = mean of €4
o4 = standard deviation of €4

Since the errors at the corners are obviously
independent of one another, ¢ is therefors also normally

distributed with sero msan, and with a variance equal to

2
pa“m [(m+m-2ba)2+(3dx-by+zbd)2

+ (250 + 2‘bd)2]
2

= '3_6%2? (18 a%x? + 6 p°y® + 12 b2a%)
coss (3=36)
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For an equilateral triangle, b =dv 3 . In that

case we have
, 2
P 2 = EIEE (xz + yz + 2 da) evee (3"37)

It has also been shown in equation (2-2) that,
for a displeacement error ¢, the corresponding phase
error is

P8 .
> e[(mo + 008 ¥ ) + tang (Sin 6 '“in'#):l

As a first approximation, 0 =y . The phase
error is then

iht 020“‘%‘”"{1‘5 M.la" se0e (3-38)

where 0 , or ¥ , has been replased by %, the inoident
angle of the radiation relative to the normal.

The phase error is, therafore, alsc normally
distributed with sero mean. Ita standard deviation ie
then Ly X

T = 5P so8 =5 eece (3=39)

So far, we have only considersd the normal displace-
ment of the elementary srea "da". To be rigorous, one
should also take into account the rotation of "da",
because, due to setiing errors, "de" is not only normally
displaced dbut also elightly tilted from its original

orientation.
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Thie rotation can be aplit into two angular
rotations about two mutually orthogonal axes which are
also orthogonal to the nommal. It ie shown in Appendix 1
that these angles are very small and ars of the order of
<. where a 1s the linser dimension of the triangular
panel. These rotations have, therefore, negligible
effect on the radiation pattern. Thsy are, therefore,
omitted in the computation of Eq; o

Ve are now in a position to study ths effect of

themorqnﬁ.¢.

Ze3e3e

Before attempting to svaluate the average
value of E 6’ whose value for any set of errors is given
by equations (3-29) and (3-30), it is desiradle to study
the problem of averaging the field strength from another

point of view.
It has been shown by Robieux that, in the absence
of errors, the resultant field in any direction is

vhereas, when errors do occour, the new resultant field

becomes
A' = A'ed®’ o E‘kod(yki'.k)
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These are equations (2-9) and (2-10) in Chapter II
of this volume. They are here graphiceally presented in
Fige 6.

Although Robleux did not go on evaluating the
average field strength, it can be easily sesn that ths

average value of A' taken over a set of n patterns is

A =3 S a2k I peg * =g)
~HVe ntﬁftgntﬁiﬁ Bsg © 1

sees (3=40)
But, as the average of the sum of vectors is
equal to the sum of thelr aversge, we have

kK 4 n
A

ave ® 3 a I " M yea* wdd s )

In other words, the average field strength in any
direction is egqual to the resultant of the average of
the elemsntary fields.

For this reason, to obtain the average rield
strength X ¢’ we can first proceed to find the average
elemsntary fleld d4E.

Now, if dE, is the error-free elementary field,
we then have

E = ag, eda
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wvhere A is the phase error caused by incorrect corner
heights. It has been shown that A is =slso normally
distributed with sero mean, and with a atandard deviation

equal to G —rgo'_r

Hence, the frequency function is

R 7Az qu\.1 (3-42)
;le‘i}‘ IP 2 : [ X ¥
and the stetistical averags of 4t is
2
iy 1 A
Eg = P [" 2 _T!]M
soesa (H})

If the mean error ia not squal to zero, equation
(3-43) becomes

aEg = 71,?[:4 Eg exp () exp [-—(-ff-§f]

aA

where m 1is the mean error.
As 48, is independent of A, it can be taken cut
of the integration sign.

It is elso shown by Cramer''7) that
2

1 o z
-—T;—[w exp[+JA-';£'z]&A=OIP[-"§‘]
eese (H“)

The ssme result can alsc be cbtained Dy using a

more coaventional method.



Equations (3-43) and (3-44) give

2
ﬂ;adﬂoﬂlﬁ[--%'] ecee (3=45)

Therefore, the statistical average radiation
pattern of the antenna is

, 1., 2
h¢ ave. = ‘r&:’_[dc It exp [“Eﬁ'ﬁ] dA eeee (Hs)

where, as shown in equation (3=30)

=r&'

Yo [G_L(Fly)]i =
_Io fo - con-g-oxp[ Jkr

Iy

(1 + cosg ocosy - sin, sing sing)]
s OXp [’A]rz Binf m%d.r df

That 1is,

|

& ;0 Z
E¢ ‘“'-cfo j‘o'r LGf(f_pT)J col-lzf-exp[—;lkr

(1 + cos yp cos, - 6in, s8in, eing)]

8 2 2
- oxp [~ —“'—f—coaz %] r2 siny, @8ec -ri-
A
d'f d&- csse (3-}47)

-2
where -"2'- has been replaced by its value given in

equation (3-39).

The average radiation pattern as a function of the
root mean squared setiing error can therefare be found
by solving equation (3-47).
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3e3e4e Comments
It 1s a wall known fact that, for esch

primary pattern, there 13 a certain angular iperturo,
or ratio of dismeter to foeal length, for which the gain
factor is maximum.

If the feed pattern is of the fornm

G(’f) b Gocoah‘f

it has been shown by Silver that the gain factor is
maxirmm, if the anguler aperture y, is about 55°

In this section, however, one 1is not particularly
interested in optimizing the gain faotor. It is
therefore assumed that y, = 60°, and

G (£,y) = G, cos 'y seee (3-48)

Witk these asaumptions, the average radiation
pattern has been obtained with the ald of an electronic
computer. The results are diseussed below.

(1) The average loss of the forward gain, as shown
in FPig. 7, increases rapidly with increasing root mean
squared eorner error. This 18 to be expected, since the
effect of the errors is to cause the slementary fields
t0o be slightly out of phase with one another in the forward
direstion. For this reason, a partially destructive
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interference, and therefore a loss of power, must be
expected. A fuller discussion will de presented in
Chapter IV when theoretical results and experimental
ones ars compared.

(2) The statistical-aversge field pattera does
have true nulls as shown in Fig. 8.

This seams to be incorrect, because, due to
phase errors, the phase of each elementary field will
be modified. As a result, the resultant field strength
in any direction is no longer real. In other wards,
the field strength is now the resultant of two terme in
qQuadrature, which are not likely to be sero at the asame
direetion. The nulls are, therefore, invarisbly filled
in. Thie is also supported by practiocal experiences.

Howsver, one should remember that it i3 not
the actual, or measured radiation pattern of any
particular sntenna which is dealt with in this volums.
One 1i» here studying the statistical-average field
pattern. loreover, it was assumsd that the mean error
is zero. For this reason, nulls do exist.

On the other hand, if the sverage powsr were
computed, all the nulls would be filled in. This is

also contrary to practice, bvecause, when a radiation
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pattern is measured, a sharp dip between two lobes often
occurs o Again, the reason for this discrepancy is
that the average pattern does not predict the astual
power level in any direoction, but its level “on averags".

The rfact that the average radiation pattern is
different, depending on whether the field strength or
the power is considered, can be easily demonstrated.
This is shown in Appendix Il where an explanatiaon of the
existence of the rmlle is also given.

lowever, the presense of the mulls, or their
complete absence for that mattier, should cause no concern,
becauses it is of no real importance. OUne is not inter-
easted in finding to what extent each mull is filled in;
one is only concernsd with ths loss of the gain in the
forwverd direction, and the relative increase in sidelobe
levels.

(3) 34idelobe levelp

The variation of the radiation pattern as a

functicn of the r.m.s. orror is graphically presented in
ige 8. 1t can be seen from this figurs, that the
predicted increase in sidelobe levels seams to be rmach
smaller than one would expect in practice.

There are scme reasons why this is so.
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In practics, due to the blockege of radiation by
the fesad system and other factors, one would naturally
expsct a higher sideloba level.

More important, however, is ths fact that ome is
here dealing with the average radiation pattern. As a
result, the symmetry of the pattern is preserved. In
practice, however, this may not be the case, and it is
quite often found that, due to errors, the aymmetry of
the pattern 1s greetly upset. If the pattern in ome
of the Principai-i’'lene were plotted, one would find that
the first sidelobs on one side of the main lobe may be
considersdly higher than its counterpert at the other side.
In such cases, the increase in the firat sidelobe lasvel
would seem to be much higher than the average ons.
Apart from this, it is quite logical that sometimes the
aversge value be less than a particular value taken at
random. Their diﬁ'ersnce, of course, depends on the
width of the distribution curve, or the spread of the
individual value about the average value.

Besides, the radiation pattern of an antenna is
usually measured by rotating the turn-table about a fixed
vertical axis. Ths antenna is placed on top of the
tadble, with its aperture plane lying in the vertical
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Plane. For this reason, one is actually measuring the
cross-section betwoen the 3-dimensional radiation pattern
and the horizontal plans.

However, it is quite possible that, due to errors,
the horizontal plane does not pass through the middle of
the main lobe. Ags a result, there ia a much greater
apparent drop in the intensity of the main lobe, while
the sidelobe level is only slightly affected. In fact,
it should not be affected at all if the cylindrical
symmetry of the 3-dimensional radiation pattern were
preserved.

This 1s even more serious when the beamwidth of
the pattern is narrow, because even a small misallgreent
of a fraction of a degree could cause an apprecisble
oerror in determining the relative increase in sidelodbe
levels.

The theoretical treatment presented in this section
is experimsntally verified by teats carried out on a
four-foot paraboloidal model antenna which was built at
the University of iAdelaide. A fuller Jdescription of
the model, and discussions on the experimental results
will be presented in Chepter IV.



In the previous section, a new method of
approash to the problem of manufacturing tolersncee has
been pressnted.

However, this classical msthod of studying the
effect of manuf'ecturing tolerances, using a statistical
approach, has only limited sppliecation. As the sisze of
the antenna increases, the theory tends to break down,
beocause the average radiation pattern loses its meaning,
unless the population is justiifisbly large, i.6., unless
one is considering the impractical prodblem of mass
producing large antennas.

Therefore, to know “what happens on an 'average'
over a large number of sesmingly idsntical antermas"
is hy no means sufficient.

When large antennas sare ensountered, one mmst,
thsrefore, spproach the problem of phase errors from a
different point of view.

Firstly, for large satemnas, although the problem
of manufacturing orrors still exists, it is no longer
the most important prodlem. In fact, once the antenna
is conatructed, its swrface curvatuwres can still change
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consideradly Decauss of the influsnce of gravitational
forces, wind loads, non-uniform thermal expansion, etc.
These extarnal effscts, although they do exist, are of
no real inportance when the antenna size is =small. The
reason is that their intenaity depends greatly on the
Physical sise of the reflsctor as well as its supporting
structures Vhen the reflector is small, the weak
influence of external foreces can be effectively elimi-
nated by properly designing e more rigid frasmework.
When the antenna siszs increases, however, the effect of
external forces inoreases rapidly. In fact, it _poses
an upper limit to the practical size of the antenna.

SBecondly, all the largest existing antemas are
different from one another, not only in size, but also
in design and construction method. Moreovaer, this
situation is not likely to change in the near future.
For this reason, it is gquite probable that one 18 in
possession of a unigqus antenna, and the ¢laasical method
of studying mamfasturing errors no longsr appliss.

One is here faoing a conpletely new problem.

The manufscturing error, for this unique antems,
is a constant at any point on the refleetor. Moreover,

with modern techniques, it is also possible to measure
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the manufacturing error pattern with high accuracy. The
actual loss of the gain fn the forward direction osn,
therafore, bs obtained by using the method deseribed in
sectien J.2. of this volume. One may also optimisze the
gain by minimixing the r.m.s. error by using the method
suggested by Barcondess and Utku.

However, an accurate estimate of the actual gain
of the antenna at any particular time thereafier cannot
be made. The reasen is, that under the unpredictabdly
varying influence of external foroes, the error pattern
will no longer be the same.

For this reason, when large sntennas are concerned,
a more practical prodblem is to find what happens on the
average, over a period of time, to a given antenna which
is under the influence of time-varying factors. In
other wards, one is interestsd in estimating the average
performance of the antennsa, over a period of time, as a
function of wind conditions, etgc.

This is particularly important in planning long
term projects. It aleo helpe in analyzing results
taken over a nmder of observations such as in Radio
Astronomy.

Admittedly, this is a very difficult problem which
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requires not only an sixact knowledge of the distribution
of external forces, but also the possibility of estimating
the rem.s8. orror of the surface framework under the com-
bined effect of external forces over a certain period of
time. 1If these conditions can be patisfied, the errar
distribution at any point on the reflecting surface of

the antenna can be obtalned, that is, the problem ia
solved.

The diastribution of wind velocity, etc. can be
usually odbtained fram data collectad for meteorological
purposes. However, the combined effect of external
forces on the antenna structurs cannot be easily estimasted.
It also depends on the structural deaign of the particular
antermna in quesation.

However, there are available many excellent papers
which have been: published by Klein,(38) Bri11a,(13)
sazuxiewioz 5?) and others. (49»56,71,80,19,28,29,42,89)
Frovided . complete information concerning the structural
dssign of the antenna is avallsgble, with the aid of
those methods, s numerical analysis of the deflection
of the antenna siructure, under the sffect of wvarious
combinations of external forces, can therefore be made.
Por this reason, the r.m.s. error at any point of the



distorted surface can be obtained. Anothsar papsr of
importance, which desls with the technigue of studying
the complex struncture of large antennas using simplified
mathematical models, was published by Veaver. ')

It can, therefore, be seen that, although there
are many ways of caleulating the distortion of a panel
when the forces acting on it ere known, numerical
solutions to the panel distortion are of no dlrect
interest here, becsuss, in this section, one does not
study the performance of a particular antenna. The aim,
however, 1s to formlate a general mathematical solution
to the problem, to provide a dasis from which a more
practical study of a particular antenna can be derived.

The practical problem is, therefore, to conbine
the theoretical study presented here and the above-
mentioned numerical .methods to obtain the desired results.

Te reduce the mathematical complexity of the problem,
only some typical factors, such as wind loade, thermal
effects, and gravitational forces, will be taken into

acgount.

3.be2. Formulation of the Froblem
In the previous section, it has been found
that, to estimate the average performance of the antenna,
ons sust be able to o btain the error distribution at
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every point on the reflector.

To do this, ons would have to establish a relation-
ship between the distortion of any panel and the magnitude
of the forces scting on it. Although the somplex structure
of the anteana makes it diffieult to correctly estimate
the foroe distridbution, 1t cen, however, be clearly seen
that the distortion of the reflector is mainly caused by
the deflection of the whole antenns structure under the
oaibined effect of externsl forces. Reflector distortion
can also arise from the localised distortion of each panel.
As an illustration, take the simple case of a flat flag,
the corners of which are tied to two flexible poles, two
on eash pole. Under the effect of wind loads, there will
be two sources which cause the deformation of the flag's
surface. The firat is the bending of the poles under the
loads transmitted from the flag's surfece to ths poles;
the second is the chengs of the contour of the flag's
surface due to the direct wind's effect on it. It is
intereating to note that these two surface deformation
components can exist independently of one another. If
the poles are extremely stiff, the first source can de
campletely eliminated. On the other hand, if the flag
were replaced by a thick metallic plate, there may be



only the pole's bending. The actual shape of the flag
surface therefore depends on both its own flexibility and
the rigidity of the poles. The seme thing applies to a
panel which is attached to the antenna {framework. i»s a
result, to study the reflector distortion, ane could divide
the errars into two main groupa.

Firet, there are errors which ars caused by the
direct effect of external forces on each individual panel.
Ineluded in this category is the buckling of the pansl
caused by a temperature gradlent existing across the panel
thickness and/or the direot effect of wind loads.

In the second group are errors caused by the deflsesction
of the framework under the combined effect of external
forces.

For a properly designed antenns structure, these
errors are usually small compared to the panel linear
dimension. It is therefare Justified to assume that the
prineiple of superimposition applies, and to separatsly
study the distortion components caused by sach individual
source.

To calculate the surface deflection, howsver, the
shape of the panels must be kunown. In prastice, it may
be found that the innermost ring is made of squilaterally
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triangulsr panels, while ocuter rings consist of trap-
as0idal panels. If the size of the panel is not too
large, they can be spproximated by plane rectangular
plates. Any error which may oscur as a result of this
esswiption is of secondary importance only.

Strictly speaking, to obtain an sccurate estimste
of the panel distortion, actual boundary conditions of
the panels must be salso epecified. In practice, however,
a panel 1s nejither purely simply supported, nor having ite
edge bullt in. Neverthsless, because the panel dis-
tortion ia small, no appreciasble error will occcur if one
type of boundary condition is assumed throughout. In
the following discussions, simply supported panels will
be assumed.

Ao LDIRECT EPFECTS

It has been pointed out before that, because of the
relatively small magnitude of the overall surface deflec~
tion, the principle of superimposition can be applied.

AS a result, when the direct effects of external forces
on a panel are studied, the backing siructure deflection
can be amitted. The problem is therefore to find the
distortion of a flat, simply supported panel under
separate effecta of wind loade and thermal gradient



which exist: ecross the thickness of the panel.

As the sagging of a panel under its own weight is
gbviously very small, gravisational effects will be cmiited
in this part. The sffect of looal heat concentration is
also not included here because of the smallneas of tha
panel size.

The pansl, however, may be slightly dlapleced
relatively to its neighbours as a result of the bending
of parts of the backing structure Wed by local thermal
expansions Thes effect of heat concentration, Gege., at
the hub of the antenna, should therefore be included in
part B, where the combined effect on the whole fremswork
is studied.

(1) ¥ind doads

Only the normal component of the wind is of
interest in this part. The problem ls, therefore, to
find the deflection of the pancl under normel loading
conditions.

The differentlial equation of the deflection
surface is

S Y 2 2 sl q
‘-g?-‘-q‘ 2“;;5—3?;7*-:;?;'," = enes (3-49)
where

Q = g(x,¥) = load intensity at the point (x,y)

D = flexural rigidity of the panel
w = w(x,y) = normal deflection at the point (x,y).
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Although, for large reflectors, the wind velocity mey
vary considerably over the antenna aperture, q(x;y) can be
assumed constant because of the relatively small aize of
each panel.

It has been shown by Timoshenko et al‘’?) that, far
a constant or uniformly distributed load, the deflection
surface of a simply supported rectangular plate has the

following expression
S‘ > 16 ¢ sin — 'i“ =
. fim 6 | me ne 2
m=1 ’3’50u0 n=1 ,3,5... T D m —-2 + —-Z_J

w1=

This series converges quickly. One can therefore

write — -
oz 1;% fn3:1§7£ eess (3-50)
D‘? MR
where

q, = intensity of the uniformly distributed load

a, b = linear dimensions of the panel.

The relative position of the panel with respect to
the reference axes is shown in Fig. 9.
When the panel is trisngular in shsps, 1t has been

shown by Timushenko gt g;(76) that

La®
ﬁhaIiiixﬁ -3 x-a(s®+ yz).;-——.w

3

ceas (3=51)
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where, as shouwn in Fige 10, a is the height of the equi-
lateral triangle.

From these eguations, it can be seen that the
distortion of each panel st any particular time is a
lineer function of the wind velocity.

The distribution of the error at any point of the
reflector surface, under the direct effect of wind loads,
is therefors dependent on the distribution of the normal
component of the wind velocity, that is, on both the wind
velocity ani the antenna orientation relative to the wind
direction.

The wind distribution would depend on the geographi-
cal characteristics of the antenna logcation.

FProm data collected Dy the 8tatistical Diviesion of
the CoSaTleRe0s,y University Grounds, Adelaide, South sus—
trallia, calm weather ie moat likely to occur. In fact,
from & 3-hourly resord of wind distribution, which has
been collected in the last fifteen years, the frequency
of occurrence of gzero-mile-per-hour velocity i1z by far
the highest, both for NHorth~South componsnt and the Zast-
west component. Fige./! shows the wind distribution in
Adelaide over a 2-year period (1950-1951).

As the normal component of the wind also depends on
the arientation of the antenna, the distribution of the



ncrmal componsnt can be approximated by a normal curve
over that periocd of time.

The wind distridution over & much shorter period,
however, may be quite different, and the sbove assumption
may not hold. One mast therefore changs the formule
accordingly.

For this seotion, the distribution of the normal
wind component is assumsd to be normal. As a result,

% is also normally distributed, with a standard devi-
ation given by equations (3-52) and (3~53) as follows:

For rectangular pensls, we have

16 Qog, 4, #in _"1‘_1, sin !51
" 8.ds a® <
| L -‘z*
and for trisnguler pansls
=;‘;’-’-§,‘r L3 x-aGPeA) 0-“'3; L

esee (3-53)

sewe (3—52)

" 8.4,

(2) ZIhexmal) Effegt
In practice, it is commonly found that there
exists a temperature gradient aoross the thickness of
esoh panel. In smell antemmas, this effect is not
important, because the shadow cast by the antenma
reflector is small. PFor this reason, the texperatures



at the front and back surfaces of the reflector are
practically the same. However, this 1s not true foar
large antennas where the temperature gradient mesy be gquite
considerable.

Due to0 this uneven distribution of temperature,
local distortion will occur in each panel, because the
hotter surface will expand more than other. The effect
of uneven distribution of temperature of this type on
simply supported plates has besn treated by Timoshenko
gt _3l, for both rectangular and triangular plates. It
was shown'7?) that, the normal deflection surface of a

aimply supported rectengular plate 1s

o

8c<t(1+v)hn2 > 1 atn
2 T h »=q .3’;50.0 p

cosn 22X = 2) 2
1 - s '
L. cosh mi7T Db ._J
2a

nTx

-

Aa the series converges quickly, w, can be given
approximately as

< r °m1r(y-£-)
'2- “t(13+v)h‘ ‘u__‘_x_ 1- a —l
e T comn 32

eese (3=54)
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where
B = 1,35..0 = integer

t = temporature difference between thas front and
back surface of the panel

. = cosfficient of thermal expansion
v = Poissons ratio
h = pansl thickness.

For trisngular plates, w, is epproximately s:l.m( 78)

by
'25“1;(11‘1})[-‘3 35°x-a (s +!2)+ i

ssse (3—55)

Again, v, is a linear function of t, the temperature
difference. The valus of t is very unpredictable; it
may very continuously dQuring the day and from dsy to day.
At night and when it is heavily overcast, it is negligibly
small. The polarity of t also depends on ths antenna
orientation relative to the sun.

If the antenna were required to funstion at night
only, w, can be neglected. On ths other hand, if the
antenna ie mostly operated during the day, t will vary in
a raniom Banner.

The distribution of ¢ over a certain period of time,
therefore, depsnds on the function of the antenna, and
also on ths olimatic gcondition.
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However, when the performance of the antenna over a
long period of time is estimated, it may de assumed that
t is normally distributed. In this case w, is also
normally distributed, with a standard deviation given by
either equation (3-56) or (3-57) as follows:

For rectangular panels, we have

- g“t'ﬂh (1 +v )lban2 sm{

2.0do

Y

o ZX=2)

1 - = | case (3=56)
)
cosh 2a -

and for trianguler panels

3
ex$g.a, (1 +v) " medle 2 .2,  lLa’
'zn.d. Y ::3 3y x-a (X -r;r)-t----r-fzwi
eees (3=57)

B. EFFE QF STRUCTURE DISTORTI

Panel distorticn due to the deflection of the
reflector framowork ¢an be divided into two main groups.
The first one is manufacturing error, the second group
consists of errors caused by the combined effect of
external forces during the antenna operation.

For a given antenna, however, manufasturing errors
are of a permanent type, and will not be treated in this

essction.
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To study the effect of external forces on the back-
ing structure, one must be able to compute the siress
distribution. The complexity of the antenna atructure
makes such a theoretical study extremely difficult.

Sueh an approach is also impractical conaidering the fact
that, up to date, the structural deeigns of large antennas
are quite different from one another. However, as it was
sald before, a nunerical solution to the problem can bs
obtained with the ald of various methods, provided that
the structural characteristics of the anteana were knowne.

In this volume, however, the aim is not to investi-
gate the magnitude of the deflectlion of any given antenna,
but to study the general physical nature of the dsflection
and to formulate e mathematical solution which expresses
the average radiation pattern in terms of the re.aze.s.
error at every point of the reflector surface. It is
the task of the project engineer, who wishes to atuly
his antenna sharacteristicas, to obtain the numerical value
of the re.n.s., orror hy means of methods suggested above.

From the physical nature of the reflector, one
would expect that, for & properly designed reflector,
the surface irregularity camsed by the backing structure
deflection i not only small but also smoothly distributed
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over the whole reflector surfess. In practiocs, this is
actually the case. Although errors, ocourring at two
points widely spart, can be quite different, but when the
points concerned are in the meighbowrhood of ons anothar,
the errors are virtuslly the same in both magnitude and
polarity.

For this reason, the sorrelation interval in this
case would be gquite large compared to tha wavelength.
One can therefors assume that, due to the backing structure
deflection, any elementary area "da" cof the reflector
would be simply displaced forward by a pure translation.
Let Wy denote this displacement error. It can be seen
that v, can be either positive or nsgative. I1ta mogni-
tude as well as its pelarity changes continually with time.
If the expeoted performance of the antenna over a long
period of time were reguired, v may then be assumed to
have a normal distribution also.

3l 3 Ihe fverase Rediation Fattern
From the discussions presented in section

3slie2., On8 18 Justified to assume that the radius of
corrslation, in eash case, is large ecompared to the wave-
length of the eperating frequenay. It has also been
shown by Robleux that, in such a case, the average
radiation pattern is inssnsitive tc the radius of
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correlation. As a result, the expected radiation pattern
can be computed without the need of explicitly defining
the radius of correlation. In this section, the average
fisld pattern in ths Fraunhofer region is again computed.
The method of approach is therefore very much the same as
that used in section 3.3., except that, in this case, the
overall error at any point on the reflector is the result-
ant of three components LY Yy '3' These components
will be assumed to be independent from ons another.

Let X ., be the phese error assoclated with the displace-

1
ment W, WO then have

L7 w
Xy = —5—= oos L
X4 is therefore normally distributed, and the
probadbility that Xy will taks a valus within the interval

1 (X 4 - m)3y
‘mr- BIP[- —-?—;—1?— ax 4 vees (3-58)

whers

“1 = standard deviation of X 1
that is

Ly
“ 1 * X '18.‘1. cos ‘Iz' mone (5"59)



The subscript s.d. represents standerd deviation.
Again, we shall proceed to find the statistical
average of the elementary field 4. If dEo is the error-

free elementary field, we have
& = @By oxp (I (x4 + X+ X3)]
and the statistical average of dE under the influence of

Xj_l'
1
3 oo
& = “’“2“3(2”)2[:1:2 dEooxp{j(J"...
5 x2 * x3)1
" 2 )
.em{ —%l—u-?)—.,,(xz"g) (ng)a]*}
- B2 vy -
dx1dx2dx3 sese (3—60)

But, it has been shown in Appendix II that
9 + o0 - 2~
= dEOGIP(.‘IA)-GIDr'LA—%LEdA
T g F [ 2 T =

2
gdﬁoom{jn--%-}

e thepefore have
— o 2 2
& = dso{om (3 (my + m3 +m3)] oxp [~ & (uy *Pz*#;)ﬂ
evee (}—6")
As a result, the average field strength in ths
Fraunhofer region 1is
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B =c.f fowcosl'@xpl-ﬂkr
ave. ‘e ‘o r 2
(1 + cosy cos® - siny sin0 sin¢)]

2

. exp [J (m, +n2+l3)-i(#12+ By o+ #32)]

. exp [J A(E,v)] - r° siny sec L ar a¢

e =0 [T 0, (e on i om (- sxr ()]
ave. o 'O t '
oxp [J (eoe) =& (cee)] o 0xp i3 & (£oy)]
tm-} ay df ssee (3—62)

wvhere
¢! = 2Cp = eonstant
P = focal length

and r has been repleced by its expression

rx= 2p n—%—'_

1 + cosY cos” —

The factor exp [J & (£,Y)] has been added to the equation
to take into account the fixed srror, such as namfacturing
SITore

Bquation (3-62) therefore represents the general
axpression for the average field strengih taken over a
period of tims. Because of the presence of
exp [J (my + my; + @3)] and exp [J & (£,7)] the average
pattarn does not have true nulls.
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Equation (3-62) has been obtained by assuming that
the errors are normally distributed. This, however,
should not restrict the validity of the method of approsch
presented in this section. The assumption was made simply
for the saks of discusaion. If it were found, in practice,
that the distribution of the error is not normal, all that
is required is to replace the mathematical expressions,
which eorrespond to a normal distribution, by those which
correspond to the appropriate distribution. The ex-
pression for the average elementary-field 4E can be ro-
written, and equation (3-62) modified accordingly. In
applying this equation, one should also remember that
ms p2 and 43 may not be constant.

. Ve have tharefore presented a very gensral msthod
of approach which can be applied to any type of problem.
One advantage is that it makes it possible to study each
error component separately. It can also take into
account the case where the r.m.s. errors at different
points of the reflector are different in magnitude. In
this case, the r.m.s. error at any point (r, £, Y) can
be expressed as

pe F (T Z47)
vhere Ho is r.;m.s. orror at ths centre of the reflector,
and P (1, 5, Y) is & function of the position. If
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the error pattern also exhibits a cylindrical aymmetry,
F(r, £, Y) con be expressed in terms of Y alons.
This is a definite improvement over Ruse's and Robieux'
rethods which assume & constani re.me.8. 6ITOr.

In conelusion it can be said that this chapter has
presanted a solution to the basic probleam of phase errors
in parsbolic reflector anteanas. The method of approash
is quite flexidble and could be extendsd to other cases
wisre the geametry of the reflector is different.
However, it is difficult to experimentally verify the
validity of this theoretical treatment. Nevertheless,
an sntenna model has besn built along the lines described
in section 3.3.1. Unfortunately, due to the limited
budget which was avallable for the project, the author
wak unsble to have a surficiently accurate model bullt.
As the sotual distribution of the initial surface errors
of the model 1s unknown, it has been found very diffioult
t0o analyse the results. A more camplete discussion of
the model design and experimental results will be found
in $he next chapter.



In this chapter, ths design and construction of
the experimental model will be presented. It is then
followed by a short discussion on the method of measure-
ment, and finally by an analysis of the resulis.

heto IHE EXPRRIMENTAL MODEL

A four-foot model radio telescope was designed and
built at the University of Adelaide,

A8 the aim was to experimsntally verify the validity
of the theoretical treatment of the problem of phase
errors presented in Chapter 11I, the design of the antenna
was based on the suggestion mads in section 3.3.1.

A full desoription of the model is presented below.
Letele

In section 3.3.1., it was proposed that the
antenna reflector be bulilt by assembling a large namber
of panels whoae corners are attachad to a rigid framework.

In the model, the framswork is a s0lid brass
paraboloid. After it was moulded, ithe surface of the
casted paraboloid was accurately machined by making the
tool follow a pre-computed parabolic contour of an
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axial cross-section of the designed parsboloid. The
mashined surface was finmlly polished. The accuracy of
the final product was 10,002 inches. Xighly sccurate
surface was required because the operating frequency of the
model was nominally fized at 35,000 ™%/,

The surface of the parsboloid thus offers an ideal
reference from which the errors can be accurately measured.

Since the aim of the experiment iz to simulate the
sero-mean, normally distridbuted mamfacturing srrara, i.e.,
both positive and negative errors must be created, the
"error-free" position of the reflector surface, which ias
formed by assembling the panels, must be located further
out in the front of the reference parsboloid. As the
panels are attachsd to micrometers, which are embedded in
thirty-seven holes drilled normially to the reference
surface, the relative forward displacement may be different
for different psnsl cormners. The correct positians were
therefore computed, and the exact displacement of each
corner was found. A more detailed description of the
micrometer assenmbly will be discussed later.

There are altogether thirty-seven holes, six in
the inner ring, twelve in the middle ring, and eighteen
in the outer ringe. Thes thirty-seventh hole is cantred
at the apex of the parsboloid.



SurFace Accuracy : 0.005" \/{

o
Section AA . 0.750° Dy4g.
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100,

In the design of the casting, four bosses were also
included for the purpose of mounting the paraboloid
during the machining process as well as during the experi-
ment.

There are some fectars which favour the cholce of a
casted paradbolold over ome duilt by a spinning process.
The surface can be accurately machined, but the probdblem
of stress conceniration, and therefore distortion with
eging, can be greatly minimized by heat treatment carried
out at different stages of the process., lMoreover, the
rigldity of the paraboloid, whose surface thickness is
aebout half an inch, helps in preserving the accuracy of
the machined surface during transportation. A less rigid
surface would be too flexible to be suitable as the refer-
ence surface for the panel asssmdly of the model reflector.

However, there is also a certain disadvantage.

Apart from the relatively high coat, there is aifficulty
in accurately assembling the panels. Also, once the
panels are sssemdled, there is no possibility of correcting
any faulty joint in an inner ring without the costly
process of dismantling the panels in outer rings. In
this respect, a skeleton framework consiating of inter—
connecting beams and rods would be more suitable than a
so0lid surface as a reference for the panel assemdly.
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These difficulties and other factors contributed to the
imperfection of the final surface of the model reflector.

& sketeh of the reference parsboloid is shown in
Fiz. 12. A photograph of the parsbolold afier 1t hed
been machined is also shown in Fige 13.

et ele

SR

The panei assenbly consists of three rings
of panels whose corners are supporied by thirty-seven

S e S

micromeleor heads. (f the total numiber of Lifty-four
panels, six are located in the inner ring, eighteen in
the middle ring, and thirsy in the cuter ring. 4 sketeh
of the assenibly is shown in Pig. 14. It can Ge seen that,
gxocept at ths rin of iths reflector where the micrometers
support either two or three corner:s ssch, each micro-
umeter supports six corners belonging to six different
panels. Tils fecilitetes the conirol of ths arviiicial
error distribution.

tino2 each panel must ve displsced back and forth
éuring the sxperiment to simulaite, say, menufacturing
errors wiich occour in » batoh of anitennas of the same
design, ths edges ol the panels must be slightly separ-
ated from one another to ensure Ifrictioniess motion of
panels. kven slight friction in the motion could
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break the tip of the micrometer head supporiing the
panels. The gaps hetween panels, however, cause dis~
tortion of the radiation pattern due to reflection of
radiation from (he polished surisce of the basking para-
voloide Eetesllic tape is, therefore, usea to cover the
unwanted geps. .Llikhough ths use of mwiallin teps causes
small surface error, it greatly relaxes the tolerance
imposed on the shape of each psnel. This considersbly
reduces the menutacturing cost, vecause ths only problem
in the pansl production is caused by the tolerance
ilmposed on the panhel curvaturc.

Legh panel is mads oul of & copper plate. It is
first cut to size snd then pressed to the correct curve~
turee This process is found ito be more satisfasctory
than cutting pansls out of a reeiy spinned reflector.
#ith the latter method, individual panel distortion msy
geour, and it may be required that the panel te pressed
again to its original slmpe. esidusl stress is
eliminated Ly hsat treatment.

Care was taken in choosing the panel thickness.
Thinner panels may be desirable becauss this reducss the
dead weight wihiel eseh micrometer must support. It also
facilitstes the paml-»,pmiam progess. iowever, ao

minimum thiekness is required to ensure & proper joint
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between the micrometer headl end the paneis' corners.

A gadget which is shown as part 5 in Figs. 15 to 17, is
used for this purpose. If the panel thickness is too
small, the screws which attach the gadget to the penels
may require nmuts to hold them in pesition. Howaver, the
presence of nuts on the finiahed swrface of the model
reflectior is undeairshle at such a high operating freguency,
1e€e, 35,000 /s, 48 a compromises, a thickness of one~
eighth of an inch was chosen.

R | o3s

Te provide a means of spcurately measuring
the corper error, thirty-seven micrometers are used %o
contrel the motion of the corners of the fifty-fouwr pansils.
The body of each micrometer is firmly enbedded in one of
the thirty-seven holea of the backing parsboleid. To
do this s brass bush is used. A Getaliled drawing of
the micrometer assendly ie shown in Flg. 15. There 18
a ster change in ths outer dlameter of the bush. The
emaller end has ite diameter slightly larger than the
dismeter of the hole in th: paradbolcid. As a result,
when the bush has been forced intc the hole, the frietion
betwesn the two surfaces will hold tihe bush firmmly in
pogition. The body of the micromster is inserted inte
the bush, and is held in position by scrud screws at
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the larger end of the bush. This is clearly shown in
Fige 15

The moving head of the micrometer is joined %o the
panels' corners by means of a gadget, shown as part 5 in
Fig. 16« This gadget coneistz of three parts which,
when held together by means of z clip ring, are firnly
attached to the head of the micrometer. A detalled
drawing of thils gadget is shomn in Pige. 17. a8 a
result of cornmer errors, each panel is usually slightly
tilted. This makes 1% necessary to provide some
clearance dbetween contact surfaces. . satisfactory
solution is found by slightly rounding off the edges of
the micrometisr head as shown in ®ig. 17.

Although this sct-nup ie guite saiisfactory in
itsell, some 4iffioculty was experienced in asaembling the
panslas, because of the use of 2 s0lid parabololid as the
reference surface. It ia difficult to keep the oorners,
which are supported by a common micrometer, all at
exectly the same level. This is particularly true for
panels lying in the ianer rings of the reflector. As
a result, surfacs errors do occur.

A Detter solution would be to provide easy socess
to the micrometer-psnel joints from the back of the para-
boloids This, however, cannot be done cheaply on a
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so0lid parsboloid, because to cut out largs holes from
the psraboloid may weaken its structure; besides, the
siress concentration may cause surface distoriion, and
the final error muet again be asccurately messursd and
eorrected. On the other hand, if a skelston framework
were used instead; 1t would still be very costly io
acnieve the required accuracy. #or financial reasons,

no slteration to the original system is made.

1‘60 ;| e:’-&b

The finished surface of the pareboloid is
1lluminated by & horn placed at its foeal point. is
the distence between the horn and the reflector is large
compared to the wavelqngth, 1t can therefore be assumsd
that the feed 1s equivalent to a directive point sourcs.
an approximate location of the phase centre can be found
from theoreitical considerations of the geometry of the
horn. However, it is desirseble to accurately looate
the vphase cenire before carrying out the experiment.

A prasctical method of determining the phase centre of a
horn is given by snmra“sg)

Gunerally speaking, when a horn is designed, the
efficiency of the vhole antenna system must be taken into
acoount. To achisve high efficiencies, a uniform
illumination is desired; on the othsr hand, to suppress



sidelobe levels the illumination pattern must be tapered
at the edge. A good deal of work hae been done on
various gesign aspects of feed horns. iany interesting
papers have been published, and one of the most compre-
hensive referencee is probsbly the "Antenna Engineering
Handbook" by Jasik (deGraw-Hill, K.Y., 196t). For our
purpose, however, the design of the horn iz not critioal.
The malin reason is that the relative change in sidelobe
levele, ste. is guite insensitive to ihe feed pattern.
Sesldes, the efficiency of the whole antenna system is
of no particular importanse in this case. For these
reasons, a simple conical has besn chosen. 4o very good
goeount of the design philosopny of conicsal horns can bs
found in "Miorowave intennas’ by ;:?;:'radin.(aé}

The horn assambly consists of three separate parts
vhich are {ightly clamped together. The first part
consists of the conical horn end its associated circular
waveguide. I% 1s made out of & solid bress Llock. The
inner surface of ihe finished eircular guide and its
conical section le reamed and finally polished. The
second pard is ihe cireular-to-rectangular iransition
section whieh 1z also used $¢ mount the horn on the tripod.

A brass rectanguler wauveguide flangs, to which a short
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section of rectangular waveguide is soldered, mekes up
the last part of the horn assenbly. A sketeh ¢f the
assenibly is shown in Fig. 18.

The feed is supported by a tripod which consists of
three atesl tubings. The tripod is 20 designed that the
horn position can be adjusted with ease. This is desir-
able, because it has deen founi that the finished surfsce
of the reflector is fer from being perfect. The horn
position must therefore bo adjusted by trial end error
to obtain the optimus rasdiation pattern. A sketch of
the triped is also shown Iin Fig. 19,

Finally, the whole antenna assembly is rigidly
mounted on a framework. Although a more flexible mount
is desirsble, it should, however, be noted that the design
of the antenns is unfortunately governsed by the limited
financial support which could be obtained for the project.
Ideally, a much more sophisticated mount should be used,
which allows the reflector to rotate about its axis
independently of the feed, This would provide a means
to experimentally eliminate manufacturing errors caused
by incorrect settings of corner heights sbove the refer-
ence parsboloid. Beeides, as the 3 IV bemmwidth of the
radistion pattern is only about 0.5 degree wide, a fine
control of the antenna elevation angle should also be
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provided. This is even more important in this case ’
because the antennz asserbly is more than 500 1b. in
weight. ith a rigid mount, it is difficult to set the
aperture plane of the antenns exactly vertical. 48 a
result, the patiern, which is plotted, may not de the
frincipel-plans pattern, and ths apparent gain may not
be the true gain. VWhen errors are present, it msy also
be found that the main bezm of the radiation pattern is
slightly displaced. 4 fine oontrol of the slevation
angle is thsrefore necessary if the average pointing
scouracy of the antenna 18 $o bs teated. 1In this partie
cular experiment, however, the idea is to test the relative
change of the rediation sharacteristics of the antenna in
a fixed plane. For this reason, a fins control of the
elevation angle is desirable but not essential. For
finanoial recasons, a rigid mount has therefore been
choBen.

The radiation patterns of the sntenna are
measured by using ground level techniques which wers
first employed by scientists at the Lincoln Laboratory,
Melele, Hassaohusetts, U.Ses- A full description of the
new techniques was given Ly Cohen Mu 6) in their
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Paper published in 1961. The basic difference between
tls nsw method and the classical method using the so-calle:
high level techuiques is that, with the latter, afforts
are primerily directed toward minimising reflection fram
the intervening terrain between the transmitter and the
receivar. The test antenna is thererore pleced high
sbove ths ground to simulate free space conditions and
minimize ground effects. On the other hand, the Lincoln
Laboratory ground-leval techniques in faot utilize ground
reflsctions. 4 sumsary of this method 18 presented
balow.

Easically, the idea is %o cosbine the direct and
ground-reflected rays to produce an interference pattern
at the test antenna sperture. For this reason, there
must be available a sufficiently flat terrain betwsen
the transmitting site and the reeeliving antenns. As
both the transmitting and receiving antennas are located
proximate to the ground level, the grasing engle of the
reflected ray is smalle As a result, the magnitude
and phase of the reflection coefficients are very nearly
unity and 180° respectively, relative to the direct ray
for both horizontal end vertical polsrisation. The
field atrength of the transmitter in the Praunhofer
region can therefore be found by spplying the principle
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of image. With reference to Fig. 20, the field pattern,
as a function of the elevation angle . , is

B (oc:’@ = LGF (m) 8in -?I}..@ 8in. e (Ll-""‘)

where

F (. ) = elevation pattern of the transmitting
antenna

« = elevation angle
Bp = transmitter height sbove the ground.

In our case, a phase-corrected square horn
(6 in. x 6 in.) was used ss the tramsmitter. At the
recelving slte, the elevation pattern of the horn can
therefore be taken as constant over the elevation angles
of interest. Since the testing range is one thousand
foot long, and the receilving antenns six foot high sbove

the ground, .. 1s also small and
&
R

vhere
hR = recelving antenna hsight above the ground

R = testing range.

Equation (4~1) can therefore be rewritten as

E (hy) = constant . sin 2% DT IR cese (4=2)
AR

A8 the effective phase centre of the incident wave
is coincident with the ground level, the transmitted
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energy has an elevation beanmwidth equal to the beamwidth
of the first lobe of the arrsy factor. Since the centre
of test antenna 1s required to be located at the peak of
this lobe, we have

2ghr bp o 7

sswe (LP-S)
AR 2

or h.[' l&{ = L};—R_ ssee ()4-",4-)

On the other hand, the horigzontal beamwidth of the
illuminating pattern is determined by the beamwidth of the
element factor. For this reason, in ocur case, a uniform
horigontal distribution at the receiving antenna sperture
is achieved.

Apart from the condition given by equation (L-i),
the usual condition, which governs the relationship
between the minimum range and the antenna aperture
dismeter, must alsoc be satisfied. That is

e
2D
Rotn, = cens (4-5)

where

R tn. = minimum distance between the transmitiing
*  and receiving asntennss

D = diameter of the receiving antenna which,
in this case, is much larger than the
transmitting antenna.
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Coben gt g1 have claimed that the ground level
techniques result in subsitantial economic, engineering
and operating sdvantages. For our purposs, the new
techniques are very desirshle, consldering ths fragile
nature of the micrometer jointe and the lmavy antenns
structure which weighs above 500 1b. Moreover, corner
seitings must be changed after each pattern has been
Ploited. Ground level technigues therefore reduce the
experimenting time, and are definitely more convenient.
The old method ia also undesireble because of constant
exposure to wind loadz, direct sunlight, and stray inter-
ferences. C(ther inconveniences are caused by time
consuming preparstions prior tc each meassurement.
However, the main factor which influences the choice of
the new techniques is that there is aveilable a ground
reflaction testing range at the vespons Research :Lstsblish-
ment, Jalisbury, where the antenna model was to be tested.
There arce also high-level measuring fecilities, dut only
without an emtomatic plotter. Due to the narrow hesa~
width of the radiation pattern, hand-plotted patterns
ars undesirsble, bscause serious errors may occur. An
automatic plotter, on the other hand, provides a con-
tinuous rescord of the field strength, and therefore a
much more accurate pattern.
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4 block disgram of the plotting equipment is shown

. in Plge 21.

The linearity of response of the recorder

depends upon the linsarity of the piston attenuator,

the crystal mixer and the heed amplifier.

It has been

found that for optimum operation, the crystal current

should be kept at 0.5,

The electrical chaxacteristics of the systen are

shown below.

ReFeo transmitted
signal.

Signal strength from
mixzer to bhead smplifier.

siaximum plotting range.

Acourscy.

I.F. freguency.

Bandwidth of the I.%.
section.

sonitsor signal.

Le2e2. sppapatus

100 squere wave modulated
a8t Derols of 100%/ 8.

10 MV max.
3¢ V mine

50 die gartesian

2 05 dbe 1n 50 dbs
60 Me/g,
5 m/SQ

Sinewaveform, 1500 %/s,
10Y peale to peals.

Radiation Fattern iecorder
Type EL {1901, Seriel No. 4

Barr & Stroud L$d.
CGlasgow, London.
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Regulated rower Unit

Hodel ORI 1514, Serilal Ho. 21596
Sﬂlartl‘ﬁng

Laboratory Instruments Ltd.,
Theamse Ditton, Lngland.

Fower Units (2) (Xlystron Power Supply)
Type 7, Serial No. GLHOYL

Seleciive Amplifiex
Hark 3., Serial No. 24119
Br-H

Kiystrons (2}
Hoe X 1015 and H 1016

Zellele

w~Band rectangular wavegunide, couplings, wave-
weters, J.V.R. peter, fixed and varieble
attonuators, direetional couplers, crystal
holésrs, optical beanch, etce.

serviscope

Serial Mo. 5032
Telsquipment Lid.
Londonte

Universal Avometers (2)

Laboratory Oseillator
University of .dealaide,

The wost luportant part of the experiment
is %o generate a rendom distribution of errors to deter-
mine the required setting error at sssh of the thirty-
seven micrometers. To simulate the sffect of



115,

mamfacturing tolersncss on the average performance of a
large nunber of seemingly identical sntennas, it is found
nacessary 4o control the error diséribution in such a way
that it satiafies thz following conditions:

{@; Lurrors ai the corners of esch panel
should be independent of one anothser.

{b) The overall error distribution taken
over the whole batch of antemnas should be normally
distridbuted,

(e) Yhen the setting error at any parti-
eular cornsr is considered, it should be found that it
varies rendonly from antemna to antenna, and its distri-
bution is also normal.

Yo simulate manufacsuring tolerances, one should;
therefore, carry out the following steps:

(d) Cenerate ons thousand or more random
numbers. One should remaumber that the larger the popu~
dation, the better the results

(e} CTsaloulate the relative freguency of
occurrence of sach error as a function of its magnitude
relative to ths siandard deviation, so that a normal

distribution can be schieved.
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(£) The overall number of cecurrence in
part (e) is recorded, and sach occurrence is then asso-
eiated with one number whioh has been generated in
part (d).

(g) 4As therc are altogether thirty-seven
micrometers, the overall number of cccurrence is therefore
divided by shirty-seven to obtain the minimum nusber of
sets of errors vhick nesd to be created in the experiment.

Jince the reflector cannct be rotated about its
axis, an artificial rotetion can be obtained by advaneing
the error pattern 60° at o tiume.

(b To satisfy condition (a) sbove, esch
micromeier is randomly given a aunber genersated in
part (d). As a result, its setting 1s guite independent
of' the settings of its neighbours.

%ith the operating wavelengtl f£ized at Ge5°, a
table of error distribution for fifteen sets of SXTOrs,
with a stendard devistion equal to 3, is shown belows
in this tsble, the actusl readings on each mierometer
arée showne The meen error is zoingident with the
U750 inch mark on the micrameter.
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When all micrometers are set at the 0.750 mark,
the surfece of the model is not a true paraboloid,
because each panel is then normally displaced from the
referense suwrface by a distance equal 0 0.2 in. To farm
an socurate surfave, the original sstting of micrometers
in differeat rings mast be different.

With reference to Fig. 22, if the feed point is also
moved O.2 in. away from the foous of the original para-
boloid, ths panels’ corners at the rim mast be normally
displaced by 0.2 cos 30°, the corners at the second ring
by 0.2 cos 21%13', at the third ring by 0.2 cos 11%2'
and at the apex by 0.2 in. relative to the referencs
surface. If this is dane, the model surface will be
oxactly the same as the reference surface.

On the other hand, as shown in Fig. 23, if the feed
point is kept at ths original foous, the displescesssnt of
tho corners should be 0.2 see 30°, 0.2 sec 21?13,

0.2 sec 11°42', and 0.2 in. respectively, so that they

will lie on the surface of a new paraboloid with a aborter
fooal length. A simple mathematiocal proof is given below.
Take the polar equation of a parsboloid

r o= { + &T sossce (h’s)

- e v e
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Equation (4~6) can also De written in another ferm

logr=log 2+ ldogp+ leg (t ¢+ comy )
By differentiating with respect to p, v have

11
r ap P
or a = l‘? sese (h"‘?)

Let R be the radius of the aperture of the parsboloid.

sm,msumx.rm-soﬂmmm

P = nm.BO"

and at the rim of the reflesctor

r-nmm"

Equation (L-7) then becames

a&r = mea ﬁo evos {U=8)
In other wards, if p 1s reduwsed by 4p = 0,2 in., & must
2180 Be rednoed by d&r = 0.2 sse? 30°, As the normal
displacement at the rim corresponding to 4r 1is

an_ = ar cos 30°

4 = Oe2 sec® 30° oces 30°

10‘20“330
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More generally, for any angleY , we have

Agein, the required normal displacement is

‘ Y
dn = 4ar cos 2
Y
én = m-;dp cece (4=9)

This proves the above statement.

Pram this discussion, it can be sesn that the
required normal displecement at each ring ia greater or
smaller than that at the apex, depending on whether the
feed point is kept at the original focus F or moved
further away from it to Fy. For this reason, even if
all miorometers are set at the 0.750 mark, no apprecisble
srror would cccur at any ring if the feed is moved to the
appropriate point between F and Pyo In practice, this
can be done by trisl and error. But, mathematically,
1t can be showm that the feed should be moved to F, whare

Y
Fi‘znd- 0e2 {1 -oo.-—él

if the error at the ring corresponding to Y4 18 to be
eliminated. VWith reference to Fig. 24, the actual
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change in foecal length is
dp = D=4 = 0,2-4

Therefore the required normal displacenmant is
T‘
an = (l)-cl)nu—--z-'t
If we went the error at the 1'® ping to be sero,

we mast have
D wm (Dua)m:;‘

or szsl: D(M'!i*"")
d=D (4 ﬂG“%)sOca (1-000';-‘)

esoe (h-ﬂ 0)

Feor best results, the value of 4 should be chosen
80 that the error at the sscond ring is zero. That is
92¢°
2

d= 0,2 1 - cos

» 02 (1 - 0.93)
= 02 X 0.07
or = QeOf -

It ean therafore be ssen that unless the finished
surfaoce of the modsl can De made very acourately, ths
sbove type of error is of no real importance.



123

%7ith the model, however, there are many sources of
errors. Firetly, although the manufacturer claimed that
if all micruometers' resdings are ths same everywhere,
then the normal displesements relative to the reference
surface are all equal, there are reasona to believe that
this 18 not true. This was clearly eeen when a radiation
pattern of the model was taken, because the symnatry of
the pattern was completely lost. Secondly, it is sus-
pected that the panel curvature did slightly change with
time. Thirdly, errars may also have occurred while ths
antenna was transporied between the University and the
Antenna Testing Range which are 12 miles apart. it
should also be pointsd out that when the model was first
delivered, it was found that the geps between the panels
wore too amall.,. As a result, whan the panels were moved
forward by sbout 0.1 in. from the referencs surface, they
tended to Jam against ons another. This is unsatisfactory
because the maximum megnitude of the artificial error
would be less than 0.050 in. The model was therefars
sent bank for readjustment. Instead of reducing the
size of each pansl, the manufacturer chose to increase
the rangs by allowing the panels to move further baske.
This was scoompliiehed by drilling blind holss on the
reference pareboloid, as shown by dotted line in Fig. 15,
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to allow part 5 to move another O.1 in. further to the
backe This, however, may give rise to another source
of errare,

Apart from these limitations which govern the
choice of the maximun standerd deviation of errars, the
equality of the micrometers alsoc makes it impractical to
choose a very small standard deviation. As the operating
wavelength is about 8.5 ™", it was found that only two
values of the standard deviation, namely, o = O¢1 A
and o = Ou2)\ could be satiafactorily used.

Briefly speaking, because of financial reasons sl
lack of local facilitieas, the antemna model could not be
bullt to satisfaction.

Becauas of initial surface errors, ths mean errors

can no longer be assumsd equal to sero. They can,
however, be kapt small by adjusting the feed horn s0 that
an optimum radiation pattern is obtained before artificial
errors are introduced.

As the mean errors are not egual to zero, and their
absolute magnitudes are also unknown, it is therefore
not possible to obtain the exact effect of the gero-mean
errors on the radistion pattern of the antenna. The
results are, howsver, tabulated and more comuents on the
results are given later.
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L.3.1. Repulss
(1) ZIhe Average Gain
For eonvenience, in our discussion,

ﬁhn radiation pattern, cbtained before ertificial errors
are introduced, will be called the firxed-error pattern
to distinguish it fram the random error pattern.

The relative drop in the forward gain, due
0 randon errors and fixed errors, campared to the
fixed-error gain is tabulated below, for a standard
\d'viation egual to one-tenth of the wavelength.

Relative Drop in Gain

(decibels)
A= 8.5 3 o = Q.1

Relative Relative Relative

Set Xo. L“ﬁ(“’) 3¢t No. L“.(dbo) Set No. m‘(m‘)
1 Le2 16 o2 39 2.6
2 3.0 17 Sels 32 3.6
3 2.2 18 Hel 33 Ze9
4 Le5 19 4e3 k'Y 14
5 Lelt 20 5e0 35 4.9
6 o9 21 3ely 36 2.0
7 246 22 Le6 37 3ol
8 3s5 23 32 38 2.0
9 3els 2L 35 39 L4
10 70 25 505 Lo Le 0
11 541 26 38 L1 L4
12 32 27 Sy L2 42
13 3.8 28 4.8 43 4.6
14 6.9 29 3e6 ATy 3.6
15 5¢7 30 k.3 L5 2+5

The aversge loss is therefore equal to
Aversge 1oss = 133:2 = Lot
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The preadicted loms of gain in the forward direction,
dus to sero-mean random errors, is 3.7 db. when the
standard deviation is equal to one-tenth of the operating
wavelength.

Whon the standard deviation is increesed to two-
tenths of the wavelength, the meassured value of the
relative drop in gain is 13.2 db. coumpared to the pre-
dicted value of 12.5 P+ for the case of sero-mean

Srrors.

(2) Average Redistion Pattern
Although some typieal experimental
radiation patterns are enclosed, it is desirable to
compute the average power pattern, because what we are
searching for is the average increase in power level
and not any particular pattern.

The results are tabulated below.
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Relative Power in the Direction ¢ (decibels)
0 (degres)

set +005 +160 +15 42.0 4205 43.0 435 ¢4 +5 +6 47 +8
1 17 29 30,5 22 U4B.5 U4 37 4B.5 38 L6 36 Ly
2 Teb5 16 22 25 27 29.5 32 38 4O 4O Ul.5 42.5
3 11,5 23 24 26 32.5 42 35 L6 40 49 37 48
B 22,5 29 29 29 30.5 395 295 46.5 4B 39 37.5 L
5 50 22 23 31 27 325 3l 45 46 L6e5 4B 43
6 9 17 29 24 35 305 37 4O 35 U4B8.5 37 L2
7 10 11,5 13 25 29 29.5 30 3.5 42 L 405 43.5
8 9 16 22 18 2U4.5 3245 28.5 30.5 35%.5 4O 35 35
9 15 10.5 15 25 28 26 37 4L1.5 50 Ht.5 38 4o
10 12 9¢5 16 2745 2745 24 3645 36 50 U43.5 38 42
11 7 13 28 33¢5 27e5 29 375 35 UB 3945 37 45
12 12 12 22 23 30 29«5 31 43.5 38 43 3.5 41.5
13 15«5 805 1505 2365 29 27¢5 3245 295 43 40 34.5 43
14 h 15 W 13 26 245 27 2T 39 37.5 36.5 42
15 » 9 4 24 23 22 31 53 34 38 3645 L47.5
16 9 16 145 18.5 26 25,5 21 3665 40 345 32 35
17 105 12 15.5 27 26 28 37 50 Lo 47 36.5 52
18 3¢5 9 2045 23 35 36.5 31 35 45 405 40.5 . 50

19 16 16,5 21 29 26 25 37 37 LO45 4O 40 Ub6e5
20 5 12 27 30 30 26 36 33 37 49 39 48
21 9 12 13.5 25 33 371 46 35 U6 uB 36 k7.5
22 5¢5 11 23 27 25 27«5 33.5 S50 50 23 L2 46

{Continued on page 128.]
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Relative Power in the Direction ¢ (decibels)

- o (aegree)

+0e5 4160 4165 4200 4265 4360 +3.5 #+4 45 +6 47 +8
23 7 23 22 24 32 26 33.5 49 39 52 41 k9
24 8 26 37 32 37.5 28 36 42 44 L4 43 K6
25 10 14 24 32 24 25 37 42 39 39 b1 U445
26 13.5 17 18 37 L4145 27«5 36 LO L42.5 L5 U2.5 Ui
27 10 21 18 35 27«5 28 L4 3.5 4T L9 40«5 U475
28 11 22,5 15.5 35 29 30 40 36 U6 39 37.5 U6
23 16 17 18.5 28 275 31 52 33,5 54 42.5 55 Ui
30 15 18 13 35 27«5 32 36 L5.5 435 55 L3 4[6.5
3 13 17 20 30 24.5 32 29 3 42,5 46.5 35 37
32 10 22 29 33 33 38 37.5 44 W41 w1 41 W4
33 9¢5 155 23 27 32 29.5 305 40«5 4O U465 38 43
3t 16 19.5 405 30 25 37 52 b4 b2 Uhe5 U35 4245
35 5 12 23 29 35 31 U45.5 30 37.5 4O 33 38
36 13 245 32 37 31 37«5 38 L4 L3 3Be5 LT7e5 415
37 41 27 175 25 2845 305 U3 43 395 38.5 37 50
38 3 37 22 33 32 3» 3 L8 49 4O W4 50
39 8.5 th 24 27 30 29.5 35 38 53 37 42 N2
BO 21 24 15 26 25 26.5 34 395 365 41 35 45
L1 175 21 27.5 305 35 36 31 L1.5 39 U2 45 U3.5
L2 12 23 23 24 3 24 35 4O 34 L8 35 uh
43 18 24 20 27 28 25 L6 4O 4O 42 45 45
Ly 5 13 18 22 46 37 48 33 4O 43 43 42
L5 9 X2.5 28 2L 29 28 LO HO L1.5 43 UB.5 42.5
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Relative Power in ths Direction » (decibels)

g o (degree)

065 =100 =145 =200 w245 =30 =325 =if =5 =6 <7 =8
1 12 18 28 19 28 26 32.5 35 45 52 39.5 U4
2 9 155 24 24 33 29 37 39«5 W95 51 33 uh
3 7 29 19 19 26 29 3% 32 355 4345 38.5 4245
L 8 11 175 17 27 29 29.5 28.5 40s5 50 38 41
5 8 1845 15 244 26,5 28 26 33,5 42 4O 39 42
6 20 10 19 {17 24 29 35 38 34 36 42 Uy
7 10 15 13 29 29 24 27 29 36.5 46.5 39 LB
8 7 11«5 22 225 30 25 39 3365 355 39 42 36
9 14 14 13 17.5 25 26.5 32 29.5 36 41 39 U5
10 8 12 W 17 23 26 32 3 36 45 43 Ly
11 75 24 2Le516.5 24 27 41 32 35 L6 LO0.5 L4O
12 8 14 20 29 32 285 32 30 47T 51 42 44
13 1045 13 13,5 16 2565 22 30.5 32 39.5 53 U6.5 47
14 9 15 26 21 25 27 30 29 L1 L6 4O 4O
15 5¢5 7 13¢5 14 19.5 24 31.5 32 32.5 42.5 Uk 3
16 6 645 26 37 26 275 23 35 3 335 52 34
17 14 12 16 25 23,5 23.5 28 32 36 38.5 LO 39.5
18 65 15 23,5 18 265 28 L2 32.5 36 L4 Y1 35
19 8 12.5 12 25 19 23 275 245 3 37 k1 Y2
20 8 11 15 20 26 25 40 33 39 38.5 43 43
21 18 14 19 2645 33.5 25 36.5 3345 42 50 37 47
22 9 18 29 305 255 23 ui 3 38 L3 47 46

[Continued on peage 130.)
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[Continued from page 129.]

Relative Power in the Direction ¢ (decibels)

@ (degree)

Set
=065 =160 =145 =240 =245 =30 =345 =4 -5 -6 -7 -3

23 19 M.5 23 25 27 32 LO L2 37 49 LO 43
24 28 17 19 28 31.5 28 38.5 Ui 49 L2 39 L2
25 12 15 19 20 27 25.5 28 28 34,5 37 LO L2.5
26 11 16 18 20.5 26 28 31 29.5 47.5 L4 4O 48
27 7 16 18,5 28 32 24 32 41 45 414 4o

28 16 18 16 26 30 28¢5 3e5 33 U4 L9 39.5 41.5
29 14 14 23 30 29 29 4O 42 55 53 42

30 8 20 16 22 27.5 29 3.5 34 37

L3 39 L2
3 46 20 20 18 29 27.5 31.5 LO 37.5 44 36 L9
32 29 14 27 23 33 28 43 36 41.5 54 L2 L2
33 26 25 26 21 29.5 25 43 39 37 L6 37 U5
34 16 20.5 24 30 35 295 3.5 38 L2 L4 LO 4O
35 12 32.522.5 19 34 27 32.5 35 42 45 L& Lu
36 17 20 29 25 33 27 42 36 L4 L7 LO.5 4O
37 20 1845 18 26 33«5 24 29.5 34 U1 365 36.5 U42.5

38 12 22 21.527.5 27 34 32 34 4O 55 37.5 LO.5
39 19.5 33 25 27 33 29.5 50 39 U4 47 38 45
Lo M 13 15 16.5 23.5 21 245 55 33 35 35.5 W
41 12.5 22 18 26 27 U43.5 36 36 47 L2 U42.5 41.5
42 16 12 19.5 21.5 27 2L 32 32,5 36.5 52 35 39,5
43 8.5 17 21 24.5 28 29 37 36.5 38 48 42 Ly
Ly 24 36 20 28 35 25.5 U4i 36 55 52 L6 50
L5 11 18 22,5 30 35 27 38,5 L5 50 55 L5 49
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We can therefore tadbulate the average power as follows:

o = 04N 3 A\ = 8.5 ; LAnteoma dimmeter = 4 ft.

0 £
(d‘w) 005 1.0 105 290 2.5 3:0 3-5 '-l»to ).O 600 7.0 800

Relative

I(’g.;- 1162 182 2146 26eli 2907 3065 3642 3848 41.6 43.6 40.5 434

0 . “1.0 = W0 =2u5 =3.0 =3a _ Fap—y
@egree) 0*5 140 =145 =200 =2.5 =300 =3e5 ~4e0 =540 =6s0 =740 =840

Relative

lzﬁ 12-6 16.9 20.‘& 22.7 293 27.2 E}oh y&.l{» ‘4001 LIJ-I-“ l&O.B ‘4,3.0

The results for o = 0,27 are also tsbulated below:

T m 02 3 A= 8.5%; Antenna dismeter = 4 rt.

(d.sar“) °.5 1;0 1-5 200 205 300 3‘5 leoo 500 6'0 7.0 8’0

Relative

0 - ~le) ~ce ) = =Je ol =2el = ={e
(m)-—O.B 160 «145 =240 =205 =300 =305 =40 =5¢0 =620 =7.0 =80

Relative

1(’3;!1)' Fe2 1248 157 19e3 233 2he8 29 316 et 38.5 37.9 41

As shown in graph 1, ths above results are plotted on
the same graph with the fixed~errar pattern for comparison.
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Le3.2. COMMENTS
(1) ZIThe Forward Gsain

It has been sald before that, due to manu-
facturing errors, the finished surface of the model is
not perfect. For this reason, the random errors at any
corner are actually distributed about a fixed error.
In other words, the mean error of the experimental errors'
distribution at any point of the reflector is not zero.
Its magnitude is, however, unknown.

Theoretically, it is therefore impossible to
eatimate the relative decrease in the forward gailn as a
function of the standard deviation of the random errors.

However, an approximate estimate of the loss
can 8till be obtalned with a slightly imperfect model,
if the position of the feed is adjusted so that the r.me.s.
value of the fixed errors over the whole surface is a
minimum. A proof of this is given below. In our
experiment, the required feed's position has been obtained
by measuring the gain. The optimum feed's position is
obtained when the gain is maximum. The optimum fixed-
error-pattern for the model is shown in graph 1.

When both fixed errors and random errors are

present, equation (3-47) muet be modified. One now has:



133.

t N ¢ ¥
E ave. ™ C[ J[ . (a (f’.r)] cos "21 axp {-Jkr(..o)]

(2] o
exp --Q_;'Tz p2 0“2_'_72_ o« oxp (J0) r® sinY
soc %~ a¥ af¢

but r = (focal length) . (sec® %‘)

Therefare, if C' = C (fooal length), we have

S i
ave. = O ) ) [0 (€47))% exp [~Jkr(...)]
oxp - %f; p? cos® L
cexp (37) tan3 a¥ as cene (U=11)
where ( represents the fixad error which varies from
point to point.

Sinos the illumination pattern is assumed to by
symmetrical with respect to the axis of the paraboloid,
the value aof 5 in the forward direction can be expressed
an: Y
E ove. ® Comtntfo OF (Y)exp (32) &Y  cewe (4-12)

where F ( Y) is a function of Y alone.

If G is the average gain of the model when fixed
errors and random errors are present, and G4 is the
average gain when only random errors are present,
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-ﬂ-a-'n' (TN X (L&-"B)
Since
( e L L
exp Jn)ﬂ + 3 "2-3"3' + ens
e a3
!l(“ -"'é"" 4...)"’3(“ “‘g’#oo-)

a3
:r-g is much less than 0 , or O is mmoh less than

V'8 = 2.45 radian, we have approximately
nR
oxXp (Jn) = (' "'? ) + 3n csse (“-1“)

It has been shown by Cheng'') that, 1f the value
of exp (JN1) given in equation (L-~1l) is substituted in
equation (4~13), a simpler relationship between G and Gy
can de cbtained. That is, |

-G- » (1 -.'.!2)2
01 2

2
P (u—15)
where m 18 ogqual to the maximan fixed error.
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Now, 1f only fixed errors are present, equation

(4=13) would beccme

[ :
¢ |l Fo(x)exp(jn)ar|

L

Go |E°F°(Y)dv|2

where
G' = galn when only fixed errors are present

Gqo = theoretical gain of the error-free antenna
FO(Y) = funotion of Y .

ceee (L=16)

Similarly, one has

me

AGO = GO -G < GO m2 (1 -T ) es e (’4‘17)

However, it can be seen that there exist two
positive constants m; and m,, such that the following

equations hold:
2
AG1 = G1 -G = G’1 m1 (1 -%) es e (h-‘e)
and AG’°=G°‘G' =G° mo (1 -?f)z enoe (4-19)

where both m, and m, are less than or equal to m2.

In our experiment, fixed errors are very small com-
pared to the wavelength. For this reason, m, and m,
are both small, and we can wnite
AG_l = m_' G’1 sovee ('4-"18)

and AGO = mo Go eves (’-‘-"19)
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That 18, the loss 1s only a small fraction of the gain.
We have then
AGg = 4@y = Ggmy = my Gy

But G°==G1+AG

A G = average loes of gain when only random
errors are present.

: MyA G eeee (L=20)
But
AG, = Gy =G’
AGy = Gy =@
Therefore

AGy = 450Gy = (Gp=0y) - (a' =a)
= AG - AG
where A G' = (Gain due to fixed errors aloms) - (Average
gain due to both fixed and random errors)
A @' is, therefore, the apparent average loss of
gain, which is actually measured in our experiment.
On the other hand, .~ G is ths theoretical value pre-

dioted by equation (3-47).

Eguation (4~20) now becomess
AG = AG' amygAG
o AG (1 -mg) = AG*

or AG =—&—9-:.- (X X X (M”)
1 =-mg
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In our experiment, the magnitudes aof fixed errora
are very emall compared to the wavelength. For this
resson, m, may also be nsglected. This can also be
seen fram equation (4-19d) beceause A Gy is only a small
frection of G, . Vile thsrefore have approximately

AG = Q' eese (U4=22)

That is, the spparent average losa of gain, which
is obtained by using a slightly imperfect model, is
approximately equal to the predicted value for a perfect
model.

This is confirmed by our experimental results,.

In our case, AG, as predioted by equation (3-47), 1is
3.7%°° ana 12.5%° for a standard deviation equal to O.1
and 0.2 Trespectively. The corresponding msasured
values of AG' are 4.1%°° ana 13.29°° respectively.

Although, according to eguation (L=-21), AG' ahould
be slightly amallsr than AG instead of larger, this
discrepancy nevertheless i1s quite mmall and could de
attributed to experimental erraors.

Equation (4-22) can also be interpreted in another

Since AG' is the apparent average loss, the actual
loss over a perfect model is therefore larger by an
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smount which is equal to the loss caused by flxed srrors
alons.
This result is, therefors, of some practical
importance.
(a) Manufacturing Tolerances

In practice, it has been found that manufactur-
ing errors are influenced by human imperfection &5 well as
instrunental erreors, An instrument may consistently
glve more positive errors than negative errore. The
esme thing may apply to its operator. For this reason,
when a large number of rods of a specified length are cut
by a machine, it may be found that the average length of
the rod is not equal to its specified value. For ths
sams reasan, when a group of men sre employed to conatruct
a large mmber of seemingly identical anteniha, there are
reasons to believe that the mean error at any particular
point may de small dut not equal to zero. This mean
error is not only unknown but also varies from one point
of the reflsctor to another.

It is shomn in Appendix II that, in this case,

equation (3-45) becomes
r 2
dEo = an axD [:m" —2" ] saee (L&—23)
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and equation (3~47) becomes:

r 2% 1Yo
E gve. = C'| fo (e, (g.r)l* oxp [= JXr (aes)]
exp [-g.f: P2 cos? %]
oxp (3m) tan 5 4T 4F  eeeo (4-2h)
where m is the mean error. It can be sesn that
equation (L4~12) is of exsotly the same form. That is,
eguation (4~22) also applies. 1In other words, the
average performance of the batch of antemmas will be
inferior to that predicted by squation (3-47) which
assunes that all mean errors are equal to zero.
In practice, it 1s therefore importent to keep
both the standard deviation and the mean errors small.

(v) Larze Antennas

It has been stated in section 3.4. that mamu~
facturing errors of a given large antenna are fixsd errors,
and, if necessary, their effect can be minimised by
regdjusting the feed's position and the reflector's
position. In such a case the r.m.s. value of the fixed
errcors is only a small fraction of the wavelength. In
this oase equation (4-22) would also applye.

Take a given antemns. Due to manfacturing
errors, the finished surface of the antenna is not perrect.
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The error at any particular point on the reflector would
also subsequently change dus to external effects. Since
the overall performance of the antenna is dependent on
both mamufacturing errors and aerrors caused by external
forces, it may therefore be neceassary to duplicate the
manufacturing errors on the model when an experimental
study of the antenna performance is made. This is not
only difficult but also inconvenient, because ths model
may dbe required for other experiments as well.

Equation (4=~22), however, shows that, provided
manufacturing errors are small compered to the operating
wavelength, one can atuly the effect of externsl forces
on the antenna’s gain independently of manufacturing
errors. In other words, it 1s possible to study the
effect of external farces by carrying out experimentes
on a model which need not have the same fixed errar
pattern as thaet of the actual antenna.

One can therefore study the effect of wind loads by
testing models in a wind tummel. One can also use an
electronic computer to study the general effect of
external forces on antennas by assuming a perfact modele.

(2) Average Radiation Fattern
Although £t 18 possible to astudy the gain
without any knowledge of the fixed error pattern,
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the ssme conglusion as sbove cannct, however, be applied
to the sversge radiation pattern. The reason is that
the power lovels of ths sideiodes are too lowe For this
reason, while egquation (4-~22) represents a good approxi-
mates expression for the forward gain, it would give a
groas srror, when it is applied to sidslobe levsls.
The magnitude of the error incressss as the power level
of the sidelobe decreases.

However, a gqualitative study of the power level of
the sidelobes is given below. Using aimilar notations

as befors, we have
84 = aversge power level whan only random errors
are preosent

g = average power level when random and fixed
orrars are present

8o = Srror-free power level

s'-pom:mlmnonlxﬂudmnm
presen

dgy = difference between g and g
dg, = differencs between g, and g’
dc-umrmobetncngo.mg,

Ve can also write

d‘1 = Ny 84 eeew (’4"25)
dgo = Dg 8o seee (MS)
where n; represents the ratio of dgy over g4.
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It can therefore be shown that
dg . 4K eeve (4-27)
1 -n,
where the difference (ny - n,) has been assumed to be
negligibly ssall.

Let us assume that equation (4~27) represents the
carrect relationship between dg snd 4g'. Lot us now
find the relative increase Im dg whan the standard
deviation of arrors is inoreased from cne~tenth to
two-tenths of the wavelength.

1f dg, and dg, are the corresponding values of dg,
and dg', end 4g'y, are the corresponding values of dg',
we have then

. dg'q

%, = TTog
ma  dg, = 1L
or & v

deb'%g":

that 1s log dg, - 1log dg, = log dg) - log dg}

This means that, when the standard deviation is
increased as shown above, the relative increase in the
measured power lsvel in decibsls should de spproximately
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equal to the relative increase as predicited by equation
(3-47)e PFrom graph 1, it is seen that this is epproxi-
mately traw. The irregularity of the aversge patterns
is caused by the fact that they are actually the average
pattern of only 45 different parsboloids which are
simlated by changing the micrometers' settings.

Iin conclusion, it can be said that, although the
model 1s not perfect, it can be used to study the validity
of the theoretical treatment.

Due to fixed errors, it is not possible to draw a
straightforward conclusion on the effect of random phase
errors. However, experimental results obtainsed by using
this s8lightly imperfect model do show that correot results
can be actuslly cbtained by using equation (3-47).
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SORCLUSION

A maw mothod of solving tihw preblem of phase errors in
parsboloidal reflector antennas has been prosented. As tiw
analysis 1as mainly ocomoerned with the effsct of refleotor surface
Lrregularitiss on the performance of s paraboloddal antenna, it
does not offer a complete solution to the more germral and
more complex problem of phase errers. Nevertheless, this new
approach represents a significant step forwerd towards the under-
standing of the anterma's bebaviour in terms of its paremeters.
Kot only is it true that a majority ef large rudio telesoopes
in operation to d:te are parsboloidal in shape, it is alse
widely asoceptod thit reflector surface irrsgularities determime
the ultimats quality of the antenne. Admittedly, the efficienoy
of an antenna dspends on many factors, including the sperture
taper, the feed charsoteristios, eto., but the greatest loss of
rediation energy is caused by surface errors.

Brisfly speeking, with this new approech, ths problem of
phase errors is divided into three main parts, esch of which is
dealing with a particular aspect of the problesm.

The first part dssoribes the method of estimsting the loas
of the antenna gain in thse forward direction as & functiom of o
given r. B, 8. surface error. This is important in prectice when



one is mostly camcermed with the entenna deflection under its

owa weight. In this case, the swmfaoe errors at a large number
of discrete points ocan be found - experimentally, or otherwise.

In other words, the surface errors as a function of the slewvation
angle osn be computed end/or measured. Fer this resson, a thecretical
prediction of the energy loss as a funetion of the elevation angle
can be found. This is desirable because an acourste measurerent
of the efficiency of large antennas is, as yet, not possible.

It 1is also important to note that, although with mozt of the
oxpensive radio telesacopes therc ure means by which the surface
errors at these disorete poinis can be eliminated, the required
procedure is so tims-oonsuming that it cannot be carried out
while the antenna is in operation. However, as shown by the new
analysis, the loss of energy increases rupidly with inoreasing
Temsss sUrface error. For this reason one must somehow minindse
ths effeotive r.m.s. error without ocorrecting the surface's
deformation. In other words, one must looate a theoretical
peraboloid which would best fit, in the least square sense, the
deformed surface. A detailed account of methods of solving this
problem is, however, outside the scope of this volume. It is
suffiolent to say that it may be a tedious problem, whioh involves
the zinimisation of the multi~variable funotion.
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In the seoand part, the effect of mamufacturing tolerances
on the antenns performance was analysed. Judging from the cost
of any of the largest existing antennas to date, ene camnot over-
emphasise the impertamce of this problem. Like all statistical
problems, the results are, strictly speaking, only valid when they
are applied to a large nunber of seemingly identical antemmas.
In prectioe, however, they serve as a valuable guide to designers
and mamfsoturers alike. Although this problem has received some
attention in the past, the now approach is quite distinotive,
because it deals with a specif'ic ty:e of antenna structure. The
use of triangular panels to form a puraboloidal reflecter bas
proved to be of grest significence. Unlike other types of panels
whdch have more than three corners, triangular panels are simply
displaced, but not deforamsd, provided that the setting errora are
not too large. This mkes it possible to by~pass the difficult
problem of defining the correlation interwval. More important is,
perhaps, the faot that the effective standard deviation ef orrors
i3 appreciably smaller than that at the cormers. Equatiem (3-37)
ahows that o , the standard dsviation of errers, is everywhere
aoaller than its value ¢ at the corners, and is miniml st the
oentroid (0,0), where it is equal to L= . In fact, the mean

V3 o2

nluoorpzoomtodomemhtrd.anglouoqnlh —
2
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As a first spproximation, one may write:

o
Pete, * Pawm., © J-';

and Loes of Gain in &b.¢ kP2

where £ 4is a constant of proportionality.

It ocan, therefore, be seen that, by uweing triangular pansls,
the loss of gain in &. is almost halved. Another izprovemsnt
1s brought about by computing the averege fisld stremgth. This
simplifies oonsiderably the mathemmtical snalysis.

In the third part, a theoretical study of the effect of wind
loads, non~uniform thermal expunsicn end gravitational loads is
presented. A solutien to this type of problem is most desirable
whon large antermas are considered. “hen the sise of the anterms
is small, the antenna structure can be made rigid encugh te with-
stand wind loads and the effect of its own weight. The probles
of non-uniform thermml expansion is also muwoh less sericus. In
such a case, mamfaoturing tolerences represent the mest important
sowroe of errers. However, when the sise of the anterma is large,
this pioture is no lenger acowruts. In faot, with mgdern teohniques,
sanmufecturing errers can bde kept very small, while the magnitude
of surface errors oaused by the other effects can be quite large.
The sssumption here is thet ome 4is dealing with a given antenms
whose strusture (or proposed astruoture) ia completely understood.
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An attempt is then made to estimto the expected performance of
the antenna if it were to be built at a apecifis lecatien,

"1though, at first glance, a statistical methed of spproach
to the prodlem seems illogioal, a careful study of the situatiom,
novertheless, shows that this approech is not only logiosl, dut
also desiruble. As the effects of wind loads, oto., are time-
dependent, the surface conbtowrs of the antenna will be different
at differemt instants of time. If one wished to find the
opected redisation charecteristics of the antenna, ons should,
therefore, use statistical methods. Comsidering the high cost
of large antennas, a salution to this problem would be of great
importance.

To test the validity of the theoretical analysis, an
experimental model was built along the lines desaribed in sectiom
3.,3. The reflector surface of the modsl consists of fifty-four
triangular panels mounted side by side and in front of a salid
reforence pareboloid. The cornors of the panels are supported
by thirty-seven miorocmeters. The height of each cornmer over the
reforence paraboloid can, therufore, be acocurately contrelled.

i gaussian distridbution of errors wes simulated by properly
oontrolling the micremeter sottings for esch antenna pattern.
The average pewsr pattera for a given atandard deviation of errers
can, therefore be camputed from the measured patterns.
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Becatee of a relatively small populaticn, i.e. 45 for eash
avorage power pattern, the average patterns are not quite smwoth.
However, on the whole, the experimental results agree fairly
well with theoretisal values. The experimental average values
of the drop of the forward gain shov conclusively the superiority
of trianguler panels in inoreasing the antema effioisncy.

In conolusion, it ocan be anid that the thesis presents a
solution to the prodlem of phase errors in pareboloidal reflsotsr
antennas. lowever, there are still many umsalwed preblems,
among them are those concarning the feed aystem. It is, therefae,
desirable that further research on these protlems be contimmd.
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APPENDIX I

In seotion 3+3.2, 1t has Deen said that, decause
af setting errors €y» "aa" is not only displaced along
the normal, but also slightly tilted from its original
orientation.

To find the tilt ocamponents, let us sasume that the
triangle is equilateral. Although this is not true for
all pansls, it ie however a good approximation, and no
serious error should ariss.

As shown in Fig. A-=1, the centroid of the tz;ianalo
is chosen as the origin of the refercnce axes, with GX
Parallel to the base BC of the triangle.

Due to corner errors, the triangle takes a new
position Ay By C4.

To find the angular rotations, all that is required
is to find the angles through which the triangle ABC
mast be rotated about GY and than GX in order to be
parallel to Ay By Cqe That 1s, wo first rotate ABC
sbout GY until BC coinsides with B, C, which is parallel
to By Cy (see Pig. A-1). The small angle o through
which BC rmast be rotated is
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C €3 € -
oc % czia 2 2':‘3 eg YY) (A’f)
CH 2 xg a

where A = linear dimension of the squilateral triangle.

The triangle can then de rotated sbout GX, through
an engle g , until GH becames parallel to Ay Hy, 1.es Hy
coincides with H., As shown in Fig. A-2, for mllﬁ N

we have
L BE
HG HA
ﬂrﬂ‘ i((_}_"cz)""‘]
2

= e_:,_"'ee"z‘1
s

ssan (H)

Equations (A-1) and (A-2) show that both . amd g
are of ths arder of ‘i_'
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The aim here is to give s simpls illustration of
the faot that the averags radlation pattern 1s different,
depanding on whether the field strength or the power is
congidaraede.

Take the simple casse of linear phage errors. It
hes been shoun(ﬁg) that the effect of the error is to
rotate the radlation pattern through an angle @ . o oxe
different sets of errors, ¢ will take different values,
while the radiation pattern still retains ite original
shape.

for the sake of simplicity, we will compute the
average voltage and aversge power patterns for thres
different values of 0 , €egey, 0 = 0, and 0 = 1 04,

It can be clearly seen from Fig. s-3 that in the
aversge power pattern, all the nulle are filled in, while
the aversge field pattern &till has true nulls.

this simple exsmple does clearly show that one gets
different resulis depending on what method of approach is
usede rowever, in spite of all this difference, the
two methods are of equal value in obtaining the relative
increase in sidelobe levels, and the lose of the gain in
the forward direction.
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The above simple illustration, however, cannot be
used to prove the sexistence of nulls in a more general
case.

To do this, equations (3~42) to (3-47) mmat be used.
Fram these equations, 1t can be seen that true mlls were
present in the average fiecld pattern simply because the
mean error was assumed to be equal to zero.

I1f the msan error is not egqual to zero, equation

(3=43) would become
1 ol 2
= : . A -
dEg = ,(2g)2L,8ELy OXP L3a '(;;L]dﬁ
27

......"__l , : u?

4o
exp [m] u?
= == E -
P dE, exp [Ju-—"3 ] du
ar dEo = dEo 6xp [.jm-? ] sene (AFB)

where u = (A - m).

If m is not constant over the whole surface of the
reflector, no true nulls would then exist in the average
field pattern. In the case of mamfacturing errors,
however, it is quite justified that the mean error is

sero, becsuse both positive and negative errors are
likely to ooccure.



161.

From these oonsiderations it oan be concluded that,
in interpreting equation (3-41), one should bear in mind
the fact that it 1is not posaible to predict ths actual
pattern of any antenna which may be taken at random from
the batch. Equation (3-41) therefore doss not give a
measured pattern, but simply a theoretical, statistical-
average pattern for the whole batch of antemnes.
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