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ABSTRACT

The operation of the VOR is outlined and the
antenna systems which have been used at different times described,
The main remaining error source is discussed and the current
course of action taken in severe situations is reviewed., An
alternate approach involving substantially less excess cost is
available but work teo date gives insufficient theory to allow
a suitable antenna array to be selected, Furthermore, currently
available methods cannot be used to predict array performance
as they reguire approximations which are too coarse in this
gituation, A new theory for array selection is described and
the improvement it affords demonstrated, ¥inally, the significance
of the eontribution to the far field from non-ideal ground

currents in a small counterpoise is noted,
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GLOSSARY

The following terms oceur freguently in air

navigation antenna theory and are assumed to be understood in

the text:

COUNTERPOISE:

DRIVE:

GONIOMETER

GROUNDPLANE:

I.C.A.0,:

OMNIDIRECTIONAL RBANGE:

SCALLOPING:

3CO0PING:

Set of aerials, freguently in a simple pattern

(e.g. a straight line or square),

Civil Aeronauntice Administration -~ the American

body that sets aeronautical standards,

The metallic artificial groundplane placed
below an antenna; usually the roof of the

aquipment hut in the case of a VORH.

This can mean either the actual hardware element
or the complex number conveying amplitude and
phase data about its current feed, Which of
these is meant is usually clear from context,
Mechanieal analog R.¥, multipole distribution
device analagous to the distributor in a ecar,

It is used to derive the cyecliecally varying
amplitude feeds for a VOR,

General term including counterpoise, surface of
the earth ete. Adgain, meaning is usuvally clear

from the context,
The body that makeg international Wavaid perform-
ance speecifications,

Deviee whieh can fixa erafi's course
at any azimuth angle rather than one which can

only guide on a fixed set of courses (e.g., 2).

The eyeliecally varying error produced by
multipath effects,

Rapid reduction in field strength of the far

field as one approaches some angle,
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VOR SIGNAL FIELD PATTERNS

ROTATING FIELD
PATTERN

OMNIDIRECTIONAL
FIELD

(GIVING NORTH REFERENCE)

FIGURE 1.1
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1.5 THE VOR AnTENnAS:8113:16

There are three basically different forms of
VOR aerial system, It can be shownjé that four omnidireectional
aerials placed at the corner of a square are able to produce
a rotating beam when fed by the appropriately varying amplitude
signals. The beam adds to an omnidirectional signal in the
forward direction, and subtracts in the reverse, The original
CAA standard used Alford Loop antennas as the omnidirectional
radiating elements, and employed one to radiate the reference
signal, and four to achieve electrical rotation of the
directional beam (See Fig. 1.5). The four small squares
represent the Alford Loop antennas, which will be discussed

15

in more detail in a later chapter. They may be taken as small
circular wires carrying uniform currents. It was soon observed
that if fed in a suitable manner, the fifth omnidirectional
antenna was redundant, as the four could carry its function

as well as the beam producing signals.

The second form of VOR aerial system used a
mechanically rotated dipole to simplify feed arrangements and
to reduce unwanted vertical polarisation., This latter point
was achieved by enclosing the now much less bulky aerial in
a cage structureé. Disce forming part of the cage structure
doubled as radiators of the omnidireectional reference signal,
This form did not become common as the advantages of ginmplified
feed did not outweigh the complications of rotation and in
addition vertical polarisation problems were brought to an
acceptable level in the alternate antenna designs,

The third form uses electrical rotation, and
hence has need of the more complex varying amplitude signals

derived from a goniometer assembly; however, 1t uses radiating



slots in a cylindriecal structure rather than Alford Loops (See
Fig. 1.6). The omnidirectional signals are radiated from a
gseparate pair of Alford Loops. This approach has several
advantages, Firstly it is more compact and manageable, being
tall, thin and substantially one single unit rather than a set
of units requiring careful positioning. Secondly the unwanted
vertically polarised signal is inherently smaller than in the
loop design. The preference for this final form is evidenced
by the existence of two companies manufacturing it and by

its adoption as the standard here in Australia.

Yow one aspect of the design has been
neglected in all of the above systems, that is, the effect of
counterpoise dimensions, The original Alford Loop design
specification did not demand a particular counterpoise radius,
though it discussed the effects of the height of this counter-
poise from the ground, and specified the aerial placement above
the eentre of the counterpﬂigeﬁ. It was designed empirically
(such parameters as polarisation being chosen by testing the
alternatives), and it was pushed through quickly to try and
make up for the time lost due to the Second VWorld War.
Counterpoise radius was chosen without great thought, and
dimensions of 1 to 3 wavelengths (3 to 8 metres) were settled
upon. The height of the antennas above the counterpoise was
chosen to produce a signal null directly above the VOR and %o
ninimise the width of this signal null (See Fig, 1.7). This
zone is referred to as the 'cone of confusion' since a craft
loses meaningful signal when directly overhead; it is clearly
desirable to have as small an ambiguous region as is practical,

The slot design was developed with almost as
little consideration for the elevation pattern., Manufacturers’

specifications guote suggested counterpoise radii of 1 to 2 wave-
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lengths, once again determined by the cone-of~confusion
considerations, and with little concern for the amount of
gignal transmitted with large angles of dealinati@n15. Such
arrangenents fell seriously short1® of the ideal radiation
pattern of a VOR, which resembles more the pattern of a
horizontally polarised antenna above an infinite ground plane 7
save that it has some signal Just below zmero degrees, to
illuminate a craft immediately above the horizon (See Fig, 1.8),
As a result a significant amount of the radiated power is
beamed in a direction where it can be of no use, and where

it may give rise to multipath effects, Such sitvations are not
uncommon, particularly with en-route VOR installations not
located near an airport, or with VOB systems positioned away
from and possibly above the cleared area associated with run~-

-

ways, & site such as that depicted in Fig. 1.9 has severe
multipath problems arising from signal radiated well below

the horizontal, Such & site is presently dealt with by abandon=~
ing the standard VOR and installing a Doppler VOR (since

clearing the obstruction is out of the question), This altern-

ative is now reviewed.
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1.4 THE DOPPLER VOR'’

The DVOR avoeids the problem of sgusceptibility
te multipath errors by encoding the variable azimuth data
not in the 30 Hz amplitude wvariation but in the gsubcarrier
freguency modulation, Subsequent phase modification which in
the conventional VOR dig directly related to apparent azimuth
is now only evident as phase modulation of an FM signal, and
has consequently greatly reduced significance to the receiver9
(See Fig, 1.4), The reference signal is now transmitted as
omnidirectional AM at 30 Hz, allowing the DVOR total signal
to be indistinguishable from the conventional VOR signal: thus
the two are compatible, The method by which this role reversal
is achieved depends, as the name suggests, on the well-known
Doppler Effect., An antenna is rotated about a central point
in order to provide a moving radiator. The freguency produced
by the rotating element as meagured by a distant observer
varies c¢yclically. Moreover, the point in the cycle where the
freguency is a maximum ig a function of when the antenna is
approaching the observer, and 1sg thus a funcition also of the
azimuth angle from the antenna to the observer.

In practice the antenna is electrically rotated
by means of careful seguential energising of many antennas
(A1ford Loops) in a circle, and the frequency it radiates is
chosen to be the carrier plus 9960 Hz (see Figs. 1.10 and 1.11).
Thus, by appropriate choice of circle dimensions, a 480 Hz
deviation is apparent at the receiver, and the varying frequency
forms a sideband of the carrier. This may be demodulated by
the normal VOR envelope detection, though a Double Sideband

vergion with two "moving" radiators rather than one is sometimes
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employved to give true "AM" form to the signal., Then, the trans-
mitted signals may be formally written:

E = coswt (1 + m.coscmat} essss 1.8
for the case of the new reference signal, and:

E_ = k. cos ((wc +(ur)t + D, cos ( Wt + ﬁiﬁ sasss 149
for the variable signal in the Single Sideband case., It can be

g
shown’ that the above signals are completely compatible with

conventional VOR systems.

The improvement implied by the theory leading
to Fig. 1.4 is however not fully realised. The theory used
assumes an isotropic scat¥erer which is not always the case,
particularly at a busy airport site, Further investigation shows
up other error sources7 which occur for a Doppler system, but
these are not the most significant concerns. The nature of the
Doppler system demands a large installation, as depicted in
Fig. 1,10, Even for the simpler SS5B version, two separate,
complete trangmitiers are required.

Quasi-rotation reguires a very complex signal
distribution device (goniometer) as well as 50 or so aerials,
each carefully fed with the correct phase, Special feeds are
often required in an effort to minimise the effects of parasitic
currentsd. In order to maintain omnidirectionality a counter-
poise diameter of at least 75 to 150 feet is regquired, All
these factors contribute to an initial cost three times that
of a conventional VOR, and up to seven times as much when the
exceedingly large egtablishment costs such as earthmoving and
cable-trimming are added. Amalgamated Wireless Australia
currently market a DVOR for some $250,000, In addition to this,

reliability must also be jeopardised in the complex system, and



troubleshooting becomes considerably more difficult, As

. ‘ . ; 7,10,11,12
evidenced by the work being put into alternate approaches
there is a strong view that the DVOR is uneconomical, overly
complex and probably unnecessary in many cases, It is with

these facts in mind that the work in this thesis has been

pursued.



2,1 REDUCTION OF SITING ERRCRS BY PATTERN CONTROL

The undesirability of signal radiated below the
visnal horizon has been established in the previous chapter,
and the error produced by such a signal described. Evidence of
the realisation of this in the form of work produced is not
common. Work towards reduction of siting error by control of
the elevation pattern at angles close to the horizon has only
been published by two sources.

The first to be discussed is the most recent
and comes from a private company manufacturing the slot form of
antenna in Burope (Ref, 12)., The second is the Radiation
Laboratory in the department of Electrical Engineering, Michigan
University, which is similar to Sydney University's Air Navig-
ation Group in that it is strongly associated with the national

Aviation Autharity10’11’11a.



2,2 ‘THOMSON/CSF SPECIAL VOR SYSTEMS

Reference 12 is a report dbrought out by the
technical laboratories of TH/CSF describing improvements
achieved in VOR elevation patterns and consequently in scallop-
ing error performance, This is achieved by replacing the
single antenna assembly by a group of assemblies forming a
cirenlar or linear pattern, or by a wvertically stacked array.
Early in the discussion on antenna performance an awareness of
the congequences of a limited counterpoise size is evident,
Several solutions are considered with the stated aim of more
closely approaching the field pattern expected with an infinite
counterpoise, which as noted in Chapter 1 approximates the
ideal, A need to tailor an antenna array for a particular site
is recognised, and examples of successful installations are
given.

However the merit of this work must be carefully
considered, While standard components are employed in the
design in order to reduce cost and employ proven technology, no
method ig given to explain how the number, position or drives
of the array elements may be calculated, Many possibilities are
left open, with no logic for the selection of any particular
one .being given to the prospective purchaser, The elements are
presumably driven in some fashion as to produce addition or
cancellation of some aspect of the field at some specific point,
but whether this is in the near or far field is unstated, Also
the criticality of these consequent drives is not reported,
Some examples of the elevation patfern of proposed arrays are
given (See Fig, 2.71) and the improved error performance curves
at a site guoted.

Unfeortunately these are not supported by any
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kind of explanatory theory, so reproducibility of results in
practice, particularly when the eguipment is installed by
technicians in countries other than that of the manufacturer,
is unguaranteed, Under this condition, and with sgo little
surety, no aviation aunthority is likely to purchase such &
system,

A gecond suggestion for improvement is to mount
the antenna at ground level, situating the electronics some
100 metres away, thusg removing the counterpoise whose edges
diffract signal below the horizontal, This suggestion has
immediate problems, Maintaining the stebility of drive phases
over such a distance over any consequential period of time
would be very difficult, yet again no consideration is given
as to how this aspect may be dealt with, or how much the
controlled pattern is dependant on the drive phase, Ag will
be seen later, an array of such elements ag these can be
extremely sensitive to drive phase due to the small interlevel
spacing. This suggests that the reliability aspect of this
form of installation is guestionable, Again, such a system
would not be chosgen in the face of such an unknown risk, as
the cost of frequent realignment of a VOR, especially if sited
some distance from an airport, would soon negate any cost-
convenience savings from its advantages., As may be seen in
photo 2.2 a five-element-high stack is some 12 metres tall (The
two figures give some idea of scale). The difficulty in initial
erection and adjustment, not to mention durability and robust-
nesgs, must be adversely affected by the size of the tower-like
gtructure resulting from such a five-element stack.

Overall it may be readily observed that some

theoretical development and substantiation of the technigue of






field control by stacked elements is required before this
method could be accepted on a significant scale. Since TH/CSF
provide no such basis, and until they do, the concepts embodied
in their approach will not come into common practice, This

thesig will try to explore some of this ares,



2.3 THE WORK OF D.L. SEngupra 0»11,112

The Michigan University Laboratory, and in
particular D.L. Sengupta, has approached the problem of pattern
control by introducing parasitic elements above the driven
Alford Loops of a simple VOR antenna (Section 1.3)., He has
developed expressions for the current induced in the parasitic
loops and the field that is to be expected from such an
arrangemnent above a specified counterpoise,

Modelling at 1080 MHz he has confirmed that his. theorm
etical prediction of field strength for a given drive/parasitic
arrangement is correct within anticipated limits, He has
produced dimensiong for one and two parasitic elements above
the main drive which achieve marked reductions in field at
and below zeroc degrees, With reduction gradients of 7 dB/5 deg-
reey, the approach demonstraites unguestionable potential
benefits in compariscn to cost,

Again, however, the proposals must be assessed
in the light of their acceptabiliiy as & reproducible and
reliable way of controlling a VOR radiation pattern, To begin
with, the approsch relies upon the main drive being of the
Al ford Loop type. It cannot be applied to the cylinder-siot
system, whose superiority over the conventional Alford Loop is
fagt being shown by its freguent choice for new installations
all over the world, Indeed, the parasitic approach would geen
to have been designed to be added to existing VOR's of the o0ld
type, whose performance wag unsatisfactory., With the performance,
gimplicity and shipping advantagee of the gingle unit eylindrical
aerial now well taken for granted, it is unlikely that any
authority would prefer the older systems if newer aliernatives

are available for the better aerials,



Another problem is simply parasite elements,
These are supposedly gimple things to use as no active feed
exists in the normal sense, However, they are 'fed' by their
driving elements and this feed has tolerances as does a
normal active feed., The parasite current is not easily
measured nor is simply varied, and so troubleshooting is
diffieult, This is aggravated by the fact that the presence
of an observer and his eguipment will probably disturb the
parasitic drive markedly more than an active drive, Furthermore,
misplacement can destroy the correct drive and accumulated
dirt and corrosion can change the properties of the parasite
which depend on such minor consiﬁerationsgo. It can also be
noted here that a less freguently used advantage of the
cylinder-glot aerial is that, in addition to the usual plastice
flush-mount seals, it contains heaters to de-ice the unit in
extreme weather conditions, Ice that does not cause gignifiecant
interference in the loop drives could even completely immobilise
a parasitic system., These peints add up to the conclusion
that if one is familiar with Alford Loops and has some practical
experience with parasites the system is easy to establish, but
if that is not so, there may be congiderable difficulty in
getting the gystem overating correctly.

In a publication in ?9é8q1, measurenents of
prerformance in & real-life difficult operational site were
promised, as all meodelling up to then had been in an indoor
range at 1080 MHz, No further reportis have apreared. One may
infer that it was probably due to a lack of continuing
financial support, or because the approach did not merit

Pinally, there is the theoretical cbservation,



or perhaps lack of it, Although excellent results were obtained
to matech the prediction of radiation patiern, no theory was
presented for choosing dimensions of the parasitic, and hence
its drive current, The theory seems then to be oriented
towards analysis rather than synthesis., It is gquite impossible
to adapt the theory to a multiple driven element situation
except possibly by simulating the parasite with a driven
element, This would be difficult indeed as the parasite's
dimensions cannot be readily achieved using the Alford

current loop synthesis method?5. It appears then that this
approach must be dropped completely if either parasites or
Alford loops are rejected, or if an algorithm for choosing

the antenna array from pattern considerations is sought.



5.1 THE IMAGE GROUND APPROACH

It is the aim of this thesis to develop and
assess a theory which will allow the design of an antenna
array which will produce a paittern more closely approaching
that of Fig. 3.1, but which reguires only a relatively small
counterpoise, The ideal VOR pattern has scocping which conmes
into effect below zero degrees, ensuring that a craft receives
bearing information whenever visible. Thus, it is required to
arrive at a solution falling short of the infinite ground
plane case, 11 is intended to approach the problem by consid-
eration of the ground currents induged in the image ground,
These are responsible for a large proportion of the total
radiated field, and it is their pertuarbation or removal which
causeg the discrepancy between the ideal and actual patterns.

It is well-known that a radiating element above
an infinite groundplane can be replaced by a pair of elements,
the real one and its image, for caleulation of radiated field
(See Pig., 3.%a). The image is negative for the horizontally
polarised case. The radiated field at any voint is the vector
sum of the fields from these two elements, However, the received
field may also be considered to be the vector sum of the field
from the element and the re-radiated fields from all the
incremental currents which are induced in the ground by the
original drive (See Fig. 3.2b).

When these radiated fields are integrated over
the infinite image ground they will have the same contributed
value as the negative image, Consider now the situation
where the dimensions of the image ground are limited., The
recelived signal no longer corresponds to an ideal infinite

groundplane situation. It is the sum of the field from the
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original element plus that of the remaining currents in the
truncated groundplane.

At this point a major assumption is made. The
current flows will be, according to basic antenna;theary21,
always in the same sense as the drive., Thus in the VOR
ground currents will flow in concentric cirecles, not seeking
to cross the circular boundary, if the counterpoise is large
with respect to the drive.{In the case of the model to be
described they will run parallel to the forward edge), This
is a conseguence of the equation J_ = A x H, While this is

]
known not to be the actual casagg, it is known from the same
source that the perturbation is considerably less when the
groundplane edge cuts no theoretical current flow lines as is
the case here, It is assumed that this perturbation is not
so great as to invalidate the approach., The currents which
would cross the line of the edge were it not there must, in
obeying Maxwell's equations, flow around the édge or disturd
the pattern nearby in some fashion as to require no current
flow normal to the cut (Fig, 3.3). More will be said about
the validity of this assumption when dealing with prediction
of a radiated pattern by ground current methods.

Now, this assumption allews the following
observation., While the total field for any array above an
infinite counterpoise is the sum of the field from the drives
and the fields from the remaining currenis, it can also be
obtained by sumning the fields of the elements plus their
appropriate images less that due to the now removed ground
currents.

This is a critical axiom leading to the method

which will be used in order to minimise the distortion of
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the field by the truncation of the image ground,

It seems a rezsonable first assumption to say
that the amount by which the actual field pattern falls short
of theoretical is proportional to the amount of ground current
contribution missing., It would seem thus tec be desirable to
devise an aerial system which relies less upon fields reflected
(or re-radiated) from the far ground, such that less perturbation
cceurs upon the removal of this contribution with the implemen-
tation of the practical limited size counterpoise, In order to
achieve some understanding of how this might be implemented,
ground currents induced by an antenna array are considered.
This technigue hag been employed implicitlyzg and explicitlyis
in the Instrument Landing System with success., However, the
reguirements of an I.L.S., are considerably different to those
of a VOR in that approximately 1000 wavelengths of ground are
available with the ILS, as compared to about 10 or so with the
VOR. Also, a precise field null at a low angle (3 degrees)
must be maintained at all costs in the 1,L.8., whereas a VOR
merely reguires no nulls between § and +40 degrees,

Before continuing it is necessary to introduce
a simplification foreced upon the author by the brevity of an
Henours thesis, This is that the analysis and modelling of a
VOR be considered in two dimensions only, This work is exclus-
ively concerned {beyond the understanding of how the VOR works)
with the elevation pattern and its effects, This pattern is
independant of the azimuth angle considered, and so the analysis
is independant of it also, It is shown in Appendix I that about
zero degrees elevation, the VOR element radiation patiern is
gimilar to that of a plain horizontally polarised dipole,

mounted one guarter wavelength in front of a backing plate of



adeguate dimensions, This is of course provided that the whole
iz viewed only at right angles to the line of the dipele (Photo
3,4), This arrangement is experimentally very convenient, as
eguipment -may be placed behind the assembly without interference
to the forward pattern (Photo 3.5). The antenna assembly may
also be held on its side and rotated in a horizontal plane

in order to measure elevation pattern, since there is negligible
field radiated along the axis of the drives (Photo 3.6)., The
work in this thesis ig thus conducted assuming a dipole drive
gituation. Hesults and conclusions may be directly apylied to

the actual VOR situations with only minor variations.
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3.2 THE SELECTION OF ARRAY PARAMETERS

1t has been decided to exercise control over
the ground currents by means of a vertiecal array of drives, The
array may thus be composed of Alford Loops or the Cylindrieal
S1lot antennas ('7T58s')., The spacing and complex drive currents
have thus to be seleeted. In choosing the spacing the aim
must be to achieve the minimum size compatible with convenient
mounting and reguired performance, 4 ground to element spacing
of 0.5 wavelengths at midband was chosen in the original C.A.A.
gspecifications., Hence the actual spacing varied with the
channel used, since the specification was a consiant rather
than a function of freguency. & preference arose in practice
to uge higher freguencies whenever possible so that the
gpacing was more likely to be 0.47 wavelengths. This value was
chosen since it is the smallest spaeing which gives a null
straight overhead, when above a ground plane., Although the
TSR aerial does not reguire a groundplane at all to deliver a
nullﬁg, the sharpness of the null is greatly improved by
actually using one, and so the spacing was kept. It is clear
that since all elements of an array with this spacing will
also cancel with their images, and since the present drive
designs can readily be mounted with this spacing it is desirable
to retain it. This would also facilitate modification of an
existing system to an array system in all cases, as the existing
drive corresponds tc the lowest element of the array already.

Aetual caleulations have been carried out at a
value of 0,48 wavelengths; however no critical dependence of
other parameters upon fractional spacing has been noticed,

The approach used to select array drives will

now be outlined, One cannot solve for the drives of an array



producing a field null at infinity for any angle less than zero;
however, it is possible to compute drives which will give one
or more nulls in the ground current at specified sets of
distances from the origin (The origin is taken as the point on
the groundplane immediately below the array). The method of
computing the n drives required to produce n-1 ground current
nulls is given in Appendix 1T,

Ground current distributions for arrays of 2
elements with nulls placed at 5, 10 and 2% wavelengths are
shown in Figs. 3.7 - 3.9 (In these diagrams the current
digtribution of the ordinary single element drive is given for
comparigon; magnitudes are normalised for equal field sirength
at +20 degrees). Several points may be noted immediately:

Firgtly, the drive phase relationahip between
the two driven elements becomes more critical the further out
the null posgition. An error of one or so degrees in relative
drive phase is the best one can reasonably expeci to achieve
without frequent recalibration {(at 120 MHz). A dependence upon
guch attention is unacceptable at a remote site and hence a
design which cannot tolerate the anticipated drift is unaccep-
table also. (This feature prevented the wide acceptance of the
Redliich I.L.8, arrayqa). Any tenable design must therefore, in
the two element case, have s null no further than 20-30 wave-
lengths out, or be able to tolerate considerable drift in its
position, Ne compromise, it turns out, is necessary. The
largest practical counterpoise that can be accepted is about.
twenty wavelengths (50 metres) in diameter, while half this
would be much more satisfactory., With these dimensions the
null will be either clese and its drive not ecritical or

distant and its position not critical.
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Next it is noted that the reduction in induced
ground current beyond the null is greater the further out the
null i1s placed, It would seem then that it is desirable, at
least from this point of view, to have the null further out,
as this should give the greatest improvement in performance,
This consideration will be assessed when ithe evaluation of
performance has been discussed,

Three guestions must now be answered, Firstly,
does the ground current remain lower than in the single drive.
cage at the far distances? Were this not so, the very low
angles would show no improvement in ground current in the
eritical regions corresponding to the first 2 or 3 Fresnel
zones., Fortunately the improvement holds to very great distances
even for the case of nulls very near the origin. Ag illustrated
in Fig, 3,10 for the case of drives inducing one null at a
radiug of 10 wavelengths (1N-10 drive?:th@ current magnitude
falls off progressively more rapidly with disfance to beyond
two nautical mileg, This situation is found to be wvalid for
all the drives econsidered here,

Secondly, do any nulls oceur in the region
between 0 and +40 degrees from the horizon? The I.C.A.0,
recommended specifications for VOR performance demand no nulls
in this region as this could, of course, suddenly deprive a
eraft of signal while it is well in range. It is shown in

Appendix III that none of the 'N' type drive combinations can

* The particular gets of drives will now be referred to by
the format kH - d@ L dg = ssss098

where k¥ = number of nulls
d; = distance origin to null i

Hence 1H =10 means the two drives giving one null focussed
at 10 wavelengths
2% 10 - 20 means 3 drives, 2 nulls, at 10 and 20
wavelengths respectively, ete,



have nulls focussed near infinity except about O or 9@6.
Finally, what will the optimum position of a
null for a groundplane of given radius be? Two possible lines
of thought come to mind, It may be better to situate the null
near the edge and thus minimise ground current near the
potential discontinuity as depicted in Fig. 3.3, Alternately,
the currents actually occurring due to the presence of the
counterpoise could be maximised in comparison to those deleted.
In other words, the ratio of the integral of ground current
realised to that of ground current lost (over an infinite plane)

could be maximised, i.e.:

¢ o
J; Iground ax/ J; I orouna 8%
where ¢ = counterpoise radius
could be maximised as a function of null position for a given
e, with null position greater than c.

The exact solution of this is difficult and
unnecessary. One may clearly perceive that this will be optimum
when the null is somewhere about twice the counterpoise
radiug from the origin. This guestion is most easily answered
through empirical trials. The question of where the null should
be placed will also be dealt with in the next section.

The null positioning decision becomes slightly
more complex when 3 drives, giving the 2 nulls, are considered,
Figures 3,11, 3.12 and 3.13a give the resulting current distri-
bution for 2N 10 -~ 20, 2N 10 - 30 and 2N 10 - 75 drives
respectively. The first observation is that the outer null is
not sharp. This is a product of the extremely critiecal nature
of the drives. They are easily defocussed by small phase errors.
The disappearance of a deep null point at the position of the

second theoretical zero in Figs. 3.11 to %.13 is a result of
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the phase drives being rounded to the nearest half degree or so.
Figs, 3.1% a, b and ¢ give some idea of the change which may be
expected for small drifts in drive phase. However, while the
drift may markedly vary the curve shape, the effect is not lost,
In all cases the current at one hundred wavelengths is 30 dB
down instead of 10 to 20 for the single null case., It would
seem therefore that the second null position is not critieal

to the reduction of ground current at greater distances, A one
degree phase drift could be tolerated if this proves to be the
case,

Llso, comparison of Figs, 3.8 and 3.12 suggests
that the presence of a second null does not perceptibly affect
the current distribution before the position of the first null;
it merely improves the situation beyond. One can now infer that
the introduction of a second null will not seriously demand a
shift of the first, but will, if one is willing to tolerate
three driven elements with critieal phasing allow furiher
improvement still over the 2 drive case (even before considering
the performance achievement),

It is encouraging to recall that Thomson/CSF
proposed a 5 element array. The critical nature of even 3
elements leads one to wonder if 5 might not demand so precise
s set of drive vhases as to reguire special feed gear, It is
vpossible that the additional elements are used to desensitise
the array to drift, but to the best of the author's knowledge,

no work at all to this effect is available in the literature.



5.3 THE EVALUATION OF ARHAYS

It is necesgary in order to evaluate the
ugefuliness of the 'N' type arrays, firstly to develop and
clarify the desirable features of a radiation pattern for a
VOR. Secondly, it ig desirable to develop and verify a method
for predicting the field pattern from the array and counterpoise
dimensions, These topies, as well as a discussion of the
experimental setup and its limitations are covered in this
section.

Ag noted in Chapiter I the ideal VOR elevation
pattern maintaing adeguate signal strength down to the
horizon, where it falls to zero, preventing signal radiation
towards potential error-causing reflectors., This is, of course,
unrealisable in practice, expecially as the horizon is not at
the same level for all azimuth angles. In that case, variation
of cutoff angle with azimuth angle would be necessary. In
practice a finite cutoff slope at OQ is the best that can be
achieved, and a design aim must accept this compromise., Also
in order not to reguire specific setting up it will need to have
an elevation patitern independant of azimuth angle,

Consider now what is the cpritical region in the
elevation pattem., If 2 VOR was 250 metres from even & ten
storey building or 30 meitre tower, this object would subtend
an angle of less than 5 degrees above the horizon. 4 mountain
of some 3000 feet only 10 kilometres away also subtends a
similar angle, Thus +5 degrees or so is the upper limit of the
critieal region, If we allow consideration to +10 degrees the
critical region is comfortably included, Similarly for angles
of deelination, considering down to -10 degrees will comfort-
ably include the region where obsiructing reflectors might lie.

Provided signal strength continues to fall at larger angles of



declination, no congideration of field gradient will be reguired.
Having established the critical region, the desir-
able pattern shape within these bounds will be discussed. It
ghould be noted that since it is sought to reduce bearing error
by altering elevation pattern to illuminate the reflector less
intensely, it is necessary for it to subtend a different angle
of elevation from that of the receiver., This is usually the
case, as an aireraft will, in the worst case, be on the
horizon while a reflector will most likely be below it. This is
especially so when the VOR is located on the highest ground,
which ig most often the situation., On the assumption that the
receiver and reflector do subtend different angles, it is
clearly desirable to have the largest possible drop in signal
gtrength between them, which implies the maximum slope.
However, the signal must not fall below a
veceivable 1limit until say-2 or so degrees is reached, Since
the peak signal is limited by practical transmitter size and
cost, the slope may not be too steep, 4 steep slope is not
reqguired, of course, above the critical region, sc it is
degirable that the falloff oceur between +10 and ~10 degrees.
A level of not leseg than -40 4B with respect to peak should
be maintained above -2 degrees in order that the 100 watts or
so available from the standard eguipment should remain adeqguate.
Figure 3,14 illustrates these points by showing
what is regarded as an ideally realisable elevation pattern, A
glope of about 3,2 dB/degree would seem to be the best which
can be achieved, allowing -40 dB at -2 degrees, Less signal than
this is undesirable since it would risk depriving an aircraft
of signal at low angles. As the peak is broad this allows

about 30 - 35 4B less signal at 0%, The following figures may



then be used to evaluate how ideal a pattern is: up to 4 dB/degree
the greater the slope the better; a signal below peak at O

degrees is tolerable; the slope should be a maximum at least
between +5 and -5 degrees, These are only guiding figures of
course, but do give an idea of the desirable performance and
acceptable bounds. The region beiween 0 and -4 degrees is the

most critical and it is here that slope will be evaluated when
considering array performance.

Two methods of tackling the problem of computing
actual array performance above a counterpoise of specified
dimension are available. The first involves computation of
ground current re-radiation from aerial theory., The second
employs a ray optics approach to calculate edge diffraction
effects., Both of these have been investigated and both have
been found to be unsatisfactory, 4 discussion of these
investigations follows, with comments on their failings and
how these might be dealt with in the future.

It has been sugges%edga and verified for the
I.L.8, situation?ﬁ that the radiated field of an array above a
limited groundplane can be calculated by numerically summing
the fields radiated by the drives and all the incremental
ground currents induced by them. This method has the advantage
that it is vhysically close to what is actually happening, and
gp allows the signifiecance of different contributing areas to
be assessed if so desired, Furthermore it has been shown to
work for (small) negative angles as well, It assumes by the use
of fundamental antenna theory that the ground currents are
actually those predicted in the infinite ground plane case,
despite any:truncatiun edges, Thig can be thought of as

equivalent to taking a vector integral under the current lines
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of Figures 3.8 = 3,13, though of course the integral is taken
over X and ¥ dimensions,

The current in a small element of ground is
calculated assuming the element to be part of an infinite
plane. As pointed out earlier this is known to be inaceurate in
close proximity to an edge of the conductor. At first it was
believed that the perturbation would not result in significant
discrepancy between practical and theoretical cases, as in the
T1.5L.8, situation., The measured ground current for a 2-wavelength
counterpoise, shown in Fig, 3,15, is substantially in agreement
with infinite groundplane theory., The smooth departure from
theory just below the drives is due to failure of the approxima-
tionsg of Appendix I, Small perturbations are wvisible near 2.0
wavelengths, It seems reasonable to suppose that so small a
departure would not destroy the basic assumption. The perturba-
tion is even less pronounced when a null is placed in the
ground at the edge (Fig. 3.16).

However, the program devised fails to deliver
reagsonable resulits, The principle of stationary phase indicates
that when performing an integration of the type involved here
the main contribution will be due to the central peak and the
areas at the two limits of integration (the edges of the conduct-
ing plane), The perturbation in the current very close to the
edge (less than 4 wavelength) of this conducting plane is so
violent that the ideal model is hopelessly inadeguate, even when
a current null is placed at the edge,

Attempts to measure the actual currents and to
substitute these into the program also failed, This is substan-
tially due %o the rapidity with which they vary and the relatively
narrow zone where perturbation occurs, Various artificial

adjustments to current were tried in an attempt



to obtain results approaching the actual case, This also did not
work., The program repeatedly predicts a field pattern which is
very close to the theoretical infinite ground case, or produces
absurd results related to the precise complex value of the
current calculated directly on the edge.

This method fails because Maxwell's Egquations
do not permit the ideal infinite groundplane currents to
continue as such near an edge, With hindsight a new approach
can be suggested, It seems feasible, though difficult, to solve
for the actual currents by means of Successive Over-REelaxation
(SOR) if the difficulty of bounding the infinite solution can
be overcome, By consideration of skin-effects it might be
possible to produce a two-dimensional model which wraps around
the edge of the plane and is something similar to the exploded
view of the solid depicted in Fig., 3.3, This is, of course, a
diffieult approach as the boundary conditions are extremely
difficult to satisfy. Alternately, a simple two-dimensional
model might be found adequate. This approach has not been
undertaken here because of the sheer immensity of the problem
in comparison to the time available, and so the ground current
approach is now abandoned,

An analysis based on ray optics assumptions has
been employed with apparent success by D.L. Sengu@taqa. He
develops very complex and, unfortunately, very abstract equations
to predict the performance of a driven element above a finite
groundplane, Figure 3,17 gives a comparison between the predic-
tions obtained by diffraction theory and the author's measured
results. Agreement is good, as may be smeen, Based on the sanme
method a program for computation of the field produced by an

array of elements was develoved, This approach also failed to
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produce agreement with measured results (Fig. %.18 shows the
theoretically predicted and the measured results for the 18=5
drive above a 5 wavelength counterpoise)., Although it is
difficult to break the diffraction approach into iis contri-
buting parts it appears that the edge-diffraction part does
not acecurately predict the phase of the resulting field, When
this part has a significant contribution the fields cannot be
superimposed as vector addition involves the phase of the
signal. When only one drive is considered the phase is discarded,
Sengupta assumes that, because his practice confirms theory,
the ray optics assumptions are sound. This is suspect, as there
are no other obvious places to seek a subtle deviation in phase.
The ray optics approach must for the purposes of this work now
also be abandoned., It is possible that some small correction
term could be introduced to restore phase validity but the
magnitude of the task of locating the source of the error is
guch as to rule this out in this work,

With no sound theory being available a great
deal of emphasis must be placed on measured results, and so the
arrangement which was employed and its limitations are carefully
reviewed. In order to measure far field radiation pattern a
geparation of 100 wavelengths between transmitter and receiver
is required., This consideration as well as the need to be able
to place the model sideways on the available rotator to measure
field pattern in the "vertical" plane (Photo 3,6) demand
modelling to be done above 4 GHz. Eguipment was avilable at 5.18
GHz and sothis frequency was chosen, While physically convenient,
working with a wavelength of 58 mm produces a number of
difficulties., Since the amplitudes and phases of drives are

critieal, the feed eircuit must be carefully set up, Dirty
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connections can easily cause fluctuations of more than 1 degree.
Cable flexing also introduces excessive phase sghift, Attenuation
in various parts of the feed must be determined with an sceurate
Network Analyser as no vector volimetering equipment can be

uged at this frequency, Precigion attenuators must be used and
they must be placed at several positions in between potential
bad matches to remove dangerous reflections, & Time Domain
Reflectometer is used to check the feeds for bad connections

and to initially estimate line length., When readings are taken
the ecalibration should be checked before and after the measure-
ment to eliminate drift errors,.

The range itself presenis severe problems, Only
when both transmitter and receiver are placed on 30 foot towers
can the interference from reflectors be reduced to an acceptable
level, In addition a directional horn receiving antenna must
be used as well ag screens to reflect ground path rays up into
gpace (Photo 3.19)., Even with these measures a maximum dynamic
range of 25 4B was achleved, Results were found to be repeatable
from one day teo the next; however, the setting up procedure
including all the careful calibration reguired to achieve this
situation toock some days to develop., Hain and winds of more
than 5 knots prevent repeatable experimental measurements.
Consequently only a limited number of runs with known accuracy
were possible, and these with only 2 drives,

One final comment on the experimental method
must be made before proceeding to the analysis and discussion
of results. The meodel antenna is known to have an elevation
pattern similar to that of a VOR element, but the ground current
disturbance is not known tc be similar, In the 2D model the

crucial forward edge runs parallel %o the theoretical current



lines but the theoretical current at the edge is not constant

in magnitude., In the case of the circular VOR counterpoise with
omnidirectional antenna, the current is not perfectly parallel
to the edge since the drive has finite width, but it is constant
in magnitude. Any approach which derives some effect from
adjustment of the edge current may thus produce slightly diff-
erent results in the model to those which would be obtained

with a VOR., While no method of assessing the discrepancy is
available it is believed that it will be small especially in

the case of the 758 aserial since its width is small with

regpect to the size of the counterpoise.



4,1 THE SIGHIFICANCE OF GROUND CURRENT DISTURBANCE AND THE
PERFORMANCE OF THE NEW ARRAYS

A pumber of elevation pattern measurements wvere
made using the 5,18 GHz model previously described. Key results
are summarised in Table 4,71, The asterisked points are readings
which require special consideration., These neatly highlight the
limitations of the model used. These readings are less certain
owing to particular drawbacks of the modelling frequency. They
occur in two groups: (a) In dealing with a null precisely on
the ground plane edge at 2 or 10 wavelengths distance; (p) Loc~
ating & null at 20 wavelengths, Three practical experimental
limitations account for the uncertainty of these readings. The
first is simply that at 5 GHz using a variably freguency source
it is extremely difficult to guarantee drive phase to the same
precision as is obtainable when using a erystal-locked source
operating below 120 MHz, The resolution of the apparatus did
not permit a null to be located with any certainty at 20 wave-
lengths or further. For this reason the null could not be
guaranteed to be exactly on the edge in the 10 wavelengths case,
The results gquoted for this case could be repeatedly obtained,
though superior resulis were seen on occassion. These cannot be
claimed correct, though from other trends it seems likely that
they represent the true case,

The second limitation is the dimension of tée
current probe, The probe represents a significant fraction of
a wavelength and causes some field disturbance, Therefore
locating the null at exactly 2,0 wavelengths is difficult. The
table quotes the range of values obtained, It is very likely,
from theoretical and experimental considerations that the value

of 0,9 represents the null-on-edge situation, but again this
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cannot be absolutely guaranteed,

The third limitation is one external to the range.
A number of readings, in partiecular those over a 5 wavelength
groundplane were taken on a Sunday, during a strike which had
immobilised Mascot Airport long rangs radar. The reduced
interference on these occassions allowed some 5 dB further
dynamic range, which proved to be significant, as values approach-
ing %30 dB dynamic range were readily obtained,

The limitations discussed have prevented gquanti=-
tative conclusions from being reached, but result trends are
unquestionably discernible, The success of the Image Ground
approach is indicated by the improvement obtained in all cases,
The significant effect of the ground current perturbation near
counterpoise edges upon field pattern, when the counterpoise is
only a few wavelengths long, is also indicated. These will now
be discussed, and the anticipated performance improvement of a
VOB using a new array calculated.

Placing a null beyond the edge of the counterpoise
can be seen to give almost a factor of 2 improvement over a
2-wavelength groundplane. The improvement is not so great with
large counterpoises, However, reduction of disturbed edge current
can be seen to give much more significant improvement. Also the
degree of improvement increases with decrease in groundplane
dimension,although the larger groundplane gives the best final
result, It should he recalled here that the drive phases to
produce one null are less eritical the eloser the null, It may
be concluded now that it will be better practice to initroduce a
second antenna than to extend the counterpoise, should the
improvement afforded by this be adequate. Since a 15 wavelength

(80m diameter) counterpoise gives only =19 dB with 1 dB/ degree

at O degrees it is seen that a2 pair of slements above, say,
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an existing counterpoise of 3 wavelengths f17m diame%er} will
give better performance in less than 1/20th the area of ground,
At an airport where land may be at a premium due to the inevit-
able expansion of facilities this advantage carmot be overlooked,
Figure 4.2 shows the pattern cbtained with a 1¥-5 drive over a
5 wavelength counterpoise in comparison to the single drive
case., A computer simulation of the anticipated course error
reduction in a typical situnation is given in Fig,., 4.3,

As can be seen, the error has been brought to
an acceptable level, It may further be noted that the null
position can readily be changed by realigning the feed so that
should a null used with an existing counterpoise be found to be

inadeguate, it is a simple next step to extend the counterpoise,



4,2 CONCLUSION

Thie thesis has studied the design and perform-
ance of VOR arrays operating over severely limited counter-
poises. Also the problems of predicting the performance of
guch an array have been discussed. Two methods of theoretiecal
caleulation of radiation pattern have been investigated, While
both of these were unsuccessful, the work is useful in the
negative sense that such approaches have been shown to be
unreliable in the case of the dimensions with which this
gitvation is concerned, Moreover, the need for the investigation
by ancther method, such ag relaxzation, hags been highlighted.

A theory based on consideration of ground currents
ham been used to select the drives of an array in order to
achieve, by induced current mulle, superior performance in the
presence of limited groundplane, With the experimental faecilities
available important observations have been made regarding the
significance of the current discontinuities at the edge of a
counterpoise,

However, before any of the resulis obtained
here can eonfidently be applied toc the VOR, further investigation
is required., As outlined in the appropriate section, modelling
must be undertaken at a lower and moremanageable frequency,
especially for 3-drive situations, and hence on a larger scale,
It ghould finally be confirmed with actual omnidirectional
loopg, It is highly desirable that a computer programme be
developed which allows the accurate analysis of array performance.

I hope that this thesis will provide a sound
basis for guiding further work towards the understanding and
ugse of the Image Ground Approach for improving VOR performance,

and arrays above limited counterpoises in general,
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APPENDIX T

It is required to show that the field radiated
by a VOR antenna element can be approximated by a half-wave
dipole positioned one-guarter wavelength in front of a
backing plate asg shown in Fig. A1,

The field from a half wavelength resonant

21

dipole is given in the far field by :

.\ée I -Jkr cos(/2.cos 8)

Eg = § =5 sin © ssaas A1
where r = distance to the receiving point
k = 2%/ wavelength
I = complex drive current
8 = angle between the observer and the plane
perpendicular to and bisecting the dipole
and e 9% time dapendance is assumed

A1l congideration ig in the plane perpendicular
to the dipole and bisecting it, so A.1 reduces to:

60 I =jkr
T €

E=j

Now, the field due to the drive in Fig, A.,1 may
be computed by replacing the backplate with the negative image,
provided it is adequately large (Fig. A2), For the situation
where # is small, the Fresnel zones will be small and this
will readily be practically realisable.

Then, the complete field may be written:

E, =E, + B, 2 j'é%rz (e“jkr' - e"jkrl} vesss A3

Now, if the reéceiving point P ig distant from
the drives,

33, =B-”"§" COEK’¢ EERE) &04

31'2':34-’%”8055?5 an 800 A.g
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Using A.4 and A.5 in A.3%, discarding the
constant multiplying terms and constant phase shift terms, it

may be found that:

. T ! !
By o otd T cos g _ o~J7 cos ¢

= 24 sin %% cos §
which shows that the drive has a @ directional component of
Sin% 08 ¢ EEEE) A-é

which has the same dependance as a cylindrical antenna
glement and very similar response to an Alford loop antenna

for small ¢ 00717,



APPENDIX TT

It ig reguired fo compute the set of n complex
drives required to produce n-1 nulls in ground current at
distances Dy to 3n~1 from the centre of the countervoise (The
point below the array).

How JSx z;x:hT (Fig. A.3)
where HT = tangential H field
JS = induced current
17,18

Computing HT and summing over all elements of the array »

. B . 2y -jkRp
Tq §§1(Im’“m / Em) €

where R = (Ei + hg)%
k = 271 / wavelength
hm = height of mTH element
Im = gcomplex drive current of mTH element

For n-1 nulls in J_ it is then required to

solve the n-1 linear equations:

2 2
2 j(—2n (02 + he))y 2, .2
0 = m% Im{hm.e / (02 hm)}
with z rumning from 1 to n-1,
These may be solved 'uniquely' by giving In

the real value unity, which has been done here,
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APPENDIX TITT

Thig seetion will show that no array of the ¥
typre discussed in the main text will produce unexpected nulls
in the region 0 to +40 degrees. This is proved by considering
the Cirele Diagram Approach, This method of analysis provides
elear insight into the performance of an array and so the
digeussion is somewhat longer than is reguired to merely prove
the above, Note that it ig in feet faster to verify numerically
that 'H' arrays have no unexpected mulls at infinity than it is
to prove thisg analytically.

Schelimunoff has shown that a colinear, egually
spaced array has a simple polynomial whose zerces describe its
far field pattern, &g shown in Fig. A.4 a vertiecal array of
drives above an infinite groundplane can be written as a
Schelkunoff array by taking the images as elements of the
array and putiting the drive of the centre element equal to zero,.
It has alsc been shmwn18 that for this case the far field has

an angular variation

il :
F (Z} = An (z}l bt Z”n) LRI ] ABO‘?
nz‘a
where N = number of active real elements
Ay, = Complex drive of nth element

7 = pgakd.sin 8

2w/

W
i

d interelement spacing

il

8

]

angle from horizon
This polynomial has 2N zeroces and can be written aeg the product

of ¥ factors:

#(z) = (z - 2" 1) ¥

Tis=

o fz + Pn -+ zmq} EEEREEE AB.?
where ?n == —(Zﬁ + ?/Zn> I EEEERE T A395

There are always 2 zeroes, at 1.
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The other zeros can be seen to oceur in
reciprocal pairs. The total radiated field intensity will be
proportional to the product of all the distances between these
zeroes and the point Z(8):

P(Z) = . (Zz - 2.) ssvecs A3.4
n=1 n

This is graphiecally represented in Fig, A,5. %Z(®) varies
about the unit circle.

A field null at infinity obviously occurs when
the point Z(8) coincides with a zero of F(Z), In the case of
the 'N' arrays d = 0,5 and so the zeroes at + 1 correspond to
the (theoretieal) field nulls at 6 = 0 and 90 degrees,
(Remember that the angle that a zero on the unit cirele makes
with the zero degree point does not correspond exactly to the
angle from the real array but is related by ¢ = kd. sin 8),

The Circle Diagram representation of the single element case
is given in Fig., A,6.

It is now sheown that if the additional drives
are fotussed in the near field they correspond to the addition
of zeroes which lie off the unit circle, In Heference 18 it is
shown that a zero point can lie on the uniti cirele, and hence
represent a null at infinity; this reguires that the drives
producing the null are real, All solutions for 'N' array drives
are complex; and it can be shown, though it is not considered
worthwhile to reproduce the development here, that all solutions
for two drives give complex currents whose phases differ by an
angle that lies between 0 and 180 degrees. The phase difference
tends to these limits as the null position tends to O or infinity
respectively, The three drive situation has not been analysed
theeretically as again all drives considered are clearly

complex,
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Hence, all '¥' drives have only two zeroes on the

unit circle, and only the two field pattern nulls at O and 9@0.
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