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ABSTRACT

The tellurometer* system of measurement was developed
at the South African Council for Industrial and Scientific Research
(by T.L. Wadley in 1956, Wadley (1957 and 1968). The introduction
of this electromagnetic distance meter was one of the major
contributions made to the surveying profession in this century.

As 1s the case in the development of most electronic instruments,
several different models of tellurometers were produced to take
advantage of modern electronic technology and —omponents. The
range of tellurometers now available include the MRA1 and MRA2
which use a ten centimetre carrier wave length, the MRA3, MRALOl1
and MRA301 which use a three centimetre carrier wave length and
the MRA4 which uses 2#n eight millimetre carrier wave length.

With the introduction of the model MRA4 tellurometer. the problems
associated with ground swing and zero error were almost if not
entirely eliminated, however, there are still large numbers of
the three centimetre instruments in use today and a market still
exists for these instruments, hence the work covered :1n this
report is still very useful and will help user - o1 the three
centimetre model MRA101 tellurometer obitain better rosults with

their instruments.

The trzatment cf ~2ro error and ground swing as
covered in this work is covered in two complete sections; however,
of necessity some sections must overlap. A general description

of the instruments in the tellurometer range is given followed

* The lower case spelling of tellurometer will be used
throughout this work to conform with the suggestion
as set out in the supplement of the Canadian Surveyor,
Vol. XVIII, No. 4 September 1964, pp. 332-333.
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by a description of the equipment used in the experiments.  Several
medifications were made to the tellurometer equipment as supplied
by the manufacturer and these modifications are described. The
zero error has been thoroughly investigated and the experiments

and results are given in the early chapters. To test the zero
error results, measurements made in the ground swing experiments

were used.

The study of ground swing is introduced in Chaptor 5
and an experiment involving the changing of instrument height from
about 1.5 metres to 30.5 metres is discussed. Chapter 6 continues
with a study of ground swing and an experiment involving the change
of instrument height over a range of 0.3 metres in order to find
critical height is fully described. The remaining work covers
experiments on field techniques used to reduce the observed ground
swing, namely tilting the instrument and shielding the instrument
using natural shields. The effect of instrument tilt on zero error
is also discussed Wwhich ig part of the overlap of zero error

and ground swing that is mentioned above.

The conclusion of this work sums up very generally
the results of the experiments into ground swing and zero error
and suggests areas in which further research should be carried

out.
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1. GENERAL INTRODUCTION

1.1 INTRODUCTION

Early in 1966 the School of Surveying of the University
of New South Wales purchased three model MRAl1Ol tellurometers, the
latest available in the tellurometer range. The earlier ten
centimetre carrier wave length tellurometers model MRAl and MRA2
had exhibited a zero error that was cyclic and dependent on the
A reading according to Poder et al (1960) and Lilly (1963).

With the introduction of the three centimetre carrier wave length
tellurometer Model MRA3 Yaskowich (1965), Bosler (1964), Bosler
et al. (1965) showed that the zero error was cyclic and dependent
on the A reading but with a reduced amplitude compared with the
earlier instruments. The model MRA101 tellurometer makes use of
a three centimetre carrier wave length and is not identical with
the model MRA3. A thorough investigation was carried out on

zero error over two base lines using two different techniques.

In addition investigations on ground swing for this instrument

were also carried out.

1.2 THE RANGE OF TELLUROMETERS

A brief description of all tellurometers follows, but
if greater detail of a particular instrument is requifed reference
may e made to the bibliography or enquiries made to the

manufacturers.
1.2.1 Model MRAL

The first tellurometer produced, model MRAl, operated
with a carrier wave length of ten centimetres, a beam width of
209, and the measurement was made between two instruments referred
to as the Master and Remote. The Master and Remote instruments of

the model MRAl were separate units and their functions could not be

interchanged.



The crystals used to produce the measuring frequencies
were not thermostatically controlled, hence a temperature versus
frequency calibration was necessary. The instrument measured the
distance in time units which were displayed on a cathode ray
oscilloscope. The range of the instrument was from about 120
metres to about 50 kilometres (manufacturerx's value); however
longer distances than this were successfully measured (Rimington
1967). 1Investigations carried out with the equipment over a
base line of approximately 122 metres (400 feet) by the
designers, showed that the electrical centre (the point from
which measurements are made) almost coincided with the plumbing
centre. A small correction of the order of 0.06 metres was
applied to each measurement. Further investigations into zero
errcr were carried out and it was found that the zero error was
cyclic and dependent on the A reading. (Poder et al, 13640, and
Lilly 1963).

1.2.2 Model MRAZ2

The Madel MRA2 was the next instrument to be produced
in the tellurometer range. The overall bulk of the model MRAl was
reduced by the application of transistors in some of the circuitry
and the vibrator power pack was eliminated. Another major change
was the introduction of interchangeability of the Master and
Remote functions, each unit could then be used as the Master or
Remote. The Model MRAZ made use of the ten centimetre carrier
wavelength and the beam width was maintained at 20°. The readout
was also similar to the model MRAl, being in time units and also
displayed on a cathode ray oscilloscope. The measuring centre of
the Model MRAZ coincided with the plumbing centre, supposedly
eliminating the zero error. Investigation of the zero error
revealed that it had a finite value and that this zero error

was also cyclic and dependent on the A reading (Poder et al,



1960 and Lilly, 1963). This was to be expected as there was no
great change in design of the Model MRA2 from the design of the

Model MRAL.

As mentioned above, the Model MRAl and the Model
MRAZ2 operated on a carrier wave length of ten centimetres. The
ground effects, i.e. the scattering of the waves radiating from
the instrument could be reduced if the wavelength of the carrier
was reduced (Wadley 1958) and it was for this reason that the
Model MRA3, which operated with a three centimetre carrier wave

length was produced.
1.2.3 Model MRA3

‘ The model MRA3 tellurometer also introduced a new
readout system. The cathode ray oscilloscope of the earlier
models was replaced by a digital readout system in either time
units (nano seconds) or international metres for a refractive
index of 1.000325. The model MRA3 tellurometer is fully
transistorised and is available with a built-in power supply
operating from nickel cadmium (alkaline) cells. The beam width
has been reduced to 9° and this reduced beam width, together
with the reduction in carrier wavelength has greatly reduced
the magnitude of the ground swing and because of this the
model MRA3 has found wide ﬁse. All components used in this
instrument are tested to military specifications, making the
instrument very reliable. The crystals are ovened making
temperature frequency calibration unnecessary. The manufacturer
recommends that the instrument be calibrated for zero error and
research has shown that a cyclic zero error is present but the
magnitude of this error is smaller than that of the models MRAL

and MRA2 (Bosler 1964, Yaskowich 1965 and Bosler et al. 1985).



1.2.4 Model MRA1l01l

The need for a commercial model of the tellurometer was
felt and in 1965 the Model MRA1l0l was produced. This model was
similar to the MRA3 but the components were not subjected to the
rigid tests of military specifications. The instrument operates
with a three centimetres carrier wavelength and is provided with
a digital readout in metres. The instrument is fully transistorised,
the beam width is 6" and power supply is by means of an external
battery. A full description of the instrument will be given in

Section 2.1.

1.2.5 Model MRA301

This Model was produced at the request of the U.S.
Department of Defence for use by the Departments of Army, Navy
and Air Force. This instrument is basicly the Model MRA3, but
utilising the improved antenna system of the Model MRA10l. The
components have been more rigidly tested and the temperature
range of operation has been increased. This instrument is
designed and built to withstand the rugged conditions found in

military use.

1.2.6 Model MRa4

When the carrier wavelength of the tellurometers was
reduced from ten centimetres to three centimetres, a considerable
reduction in ground swing resulted and the accuracy of measurement
was increased. A further reduction in carrier wavelength from
three centimetres to eight millimetres was made possible because
better quality and additional electronic components were available,
and as a result of this the model MRA4 was produced. This instrument
uses an eight millimetres carrier wavelength, and a larger diameter
reflector has reduced the beam width to 2° which has virtually
eliminated ground swing. The MRA4 has a resolution of one

millimetre and the quoted standard deviation (manufacturer] is



(0.3 cm + 3 ppm.S.), (where S is the distance being measured).
The electrical centre and the plumbing centre are coincident and
the zero correction does not seem to vary with the A reading

(Marshall, 1967 and Hall, 1967).



2. EQU I PMENT

2.1 THE OPERATING PRINCIPLE OF THE TELLURCMETER MODEL MRA101l

The tellurometer Model MRAIOl is a fully transistorised
instrument with a nominal carrier wavelength of three centimetres
and a beam width at the half power points of 60. The instrument
makes use of a resolver and phase discriminator to give a direct
readout in metres for a refractive index of 1.000 325. The
electronic principles of this instrument will not be given here
as they are fully described by Wadley (1957 and 1958). The
operational procedures are desc¢ribed in Appendix 1. The carrier
frequency, which is generated by a Klystron oscillator, lies in
the range 10 050 Mega Hertz to 10 450 Mega Hertz (MHz). This
carrier frequency is modulated by the pattern frequencies whose

values are shown in Table 2.1 (Manufacturer's values).

MASTER REMOTE
A 7.492 377 MHz A 7.493 377 MHz
E 5.993 902 E 5.992 202
D 7.342 529 D 7.341 529
C 7.477 392 C 7.467 392
B 7.490 879 B 7.489 879

Remote Ref. 7.491 377

Table 2.1

Two frequency calibration tests were carried out at
the University of New South Wales School of Electrical Engineering.

The results of these calibrations are given in Appendix 2.

A subtraction process is carried out in the measuring
procedure to give the decimal components of the distance. The
components are called A, E, D, C and B and give the following

components of the distance



- 10 metres
- 100 metres
1 000 metres
- 10 000 metres

@w O 9o =
[

- 100 000 metres

2.1.1 Description of the Model MRA101

The instrument (see Figure 2.1) is portable, dimensions
38 x 36 x 18 centimetres, totdl weight being about 17 kilograms
without the power supply which is a 12 volt DC external battery.
When the instrument is removed from the transit case the only
mechanical operations necessary before a measurement can be

commenced are .

(i) connection to the 12 volt DC battery

(ii) connection of the headset, andy

(1ii) fitting the small mirror assembly to the
R.F. head.

The controls can be described by reference to figure 2.1.

1. Headset connection.

2. Oven lamp. This light cycles between the on and off
position when the crystals have reached the operating
temperature.

3. Warm up switch, allows low tension voltage to be applied
to the power unit and the transistor circuits.

4. Operate switch. This controls the Klystron high

tension power.

5. 5 amp fuse.
6. 12 volt 5-pin battery connector.
7. AFC switch. This two-position switch allows a voltage

to be applied to the Klystron for the purpose of

automatically controlling the carrier frequency



10.

11.

12.

13.

14.

relative to that of the other instrument. This switch
is used in the 'IN' position for master operation and
the 'OUT' position for remote operation, this being
the only change necessary to reverse the functions of
the instruments from master to remote.

Speak/measure switch. This switch selects either the
measuring circuit or the speak circuit.

The pattern switch is a l2-way switch which controls
the pattern frequencies. There are six frequencies
for the remote settings and five for the master.

The null meter. This meter is used in conjunction with
the circular dial readout unit (11).

The readout unit. This consists of a circular dial
divided into ten major divisions which are each
further subdivided into another ten divisions. There
is a vernier scale provided behind this main scale
enabling the scale to be observed to three figures.
There is also a zero lock which when engaged to the
main scale, holds this scale fixed, allowing the

inner knurled knob to be turned.

The Monitor Meter. This meter is used in conjunction
with the five way monitor switch (13).

Monitor switch. This five way switch is used to
indicate battery voltage (BATT), mixer current (OUTPUT),

received signal strength (SIG), tuning accuracy (TUNE).,

‘and modulation levels of the crystals (MOD). These

indications are shown on the monitor meter (12).
Carrier tune. This control knob is used to set a
particular carrier frequency (Remote function) or
to tune the Klystron to a particular femote setting
(Master function). The particular setting is
indicated by a number viewed in the small window

above the knob. (See Figure 2.3)



15. Illumination. This switch controls the panel lights.

le6. Forward, Reverse switch. T@is two-position switch is
used to reverse the phase (i.e. change by 1800) of the
measuring signal in the remote unit. Thus
eliminating instrumental error in the resolver
circuit.

17. Output. The output control is used in conjunction with
the monitor meter when it is set to output. This control
is adjusted for peak mixer current reading, which is in

effect a measure of the output power from thHe Klystron.

The instructions for field operation of the instrument,

field sheets and a reduction sheet are shown in Appendix 1.

2.1.2 Modifications

The tellurometer model MRA10l was modified slightly
for use in the experiments. The carrier frequencies were shown
by the numbers 0, 1, 2, 3, 4, 5, 6, and 7 (see Figure 2.2(a) ]
etched on a circular disc and viewed through a small window.
Between each of these numbers there was a line indicating the
% carrier settings but as no reference pointer was provided, a
particular carrier frequency could not be set consistently on
the instrument. The circular disc was removed and modified by
etching additional marks on the disc. These marks consisted of
a line through the number and a 'dot' placed to show the % carrier
settings. The number 0 was changed to 8 (see figure 2.2(b) ).
A knife edge pointer was placed behind the window in front of
the scale so that a parallax free setting could be made on the
graduated dial (see Figure 2.3). This modification was made
so that the remote operator could set the same carrier tune
setting throughout all measurements during the experiments.

During the initial setting up of the instrument, difficulty
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was experienced in pointing the instruments towards one another.
A further modification was made in order to overcome this
difficulty. A small sighting slot Was cut in the metal plate,
mounted on the bottom of the fibreylass case, in the direction
of the antenna. Through this slot the other instrument could
be viwed. This modification proved very useful in the setting
up and centering of the instruments at each station or a short

line.

It was planned to investigate the effect of tilting
the instrument on the zero error and also to examine the change
of ground swing when using the instrument on a line of known
distance. The tripods provided with the instrument had Johnson
heads which allow a tilting movement in a ball and socket device.
Thig feature was not -~onsidered to be satisfactory for some of

this experimental woric for the following reasons:-

(L) The instrument 1s unstable at large instrument tilts
because the centre of gravity of the instrument is
high above the point of support.

(2) The plumbing centre changes when the angle of tilt
is changed.

(3) When the Johnson head is released the instrument can
move in all directions (except the vertical) so that
the instrument cannot be replaced in its original
position.

(4) The amount of tilt .ould not be measured easily.

A cradle was designed to allow the :nstrument to be
rotated in azimuth and also to allow for a large tilt in the
vertical plane. The «radle consisted of a U shaped frame attached
to 1 levelling head with three footscrews. Figure 2.4 shows this

cradle with the tellurometer clamped in position. The tops of the
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cradle were machined to take brass lugs fixed to the centre of each
side of the fibre glass case of the\tellurometer. A clamp was
provided so that the instrument could be locked at a particular
vertical angle. An azimuth clamp was also provided. The movement

in azimuth and in the vertical plane can be seen in rigure 2.4.

In order to measure the amount of tilt a protractor
was attached to the side of the tellurometer and a slot was cut
in the corresponding side of the U shaped arm. A small fiducal
mark was attached to the frame so that the tilt angle could be
read off. The tilt can be read to 15 minutes of arc. As the
fiducal mark is about one centimetre from the scale an observer
must be very careful to avoid parallax. The cradle was provided
with a spot bubble so that it could be levelled at each set up.
To adjust the cradle so that at zero tilt the instrument was
vertical, a theodolite was set to the side of the tellurometer
and carefully levelled. The tellurometer was set to zero tilt
and the front case of the tellurometer was brought into the
vertical plane by means of the levelling screws of the cradle.
The bubble was then adjusted and then kept with the particular
tellurometer. It is interesting to note that Tellurometer (U.S.A.)
have designed cradles very similar to the ones described above.
The U.S.A. product appeared on the market after 1968 final year
students at the University of New South Wales had used the cradles

described here.

A further modification was made to the tripod to allow
the instrument height to be changed by thirty centimetres. This
is an attachment that is fixed to the top of a Wild tripod and
consists of a circular tube which is allowed to slide in a
circular clamp. The tube is graduated from 0 to 30 centimetres

in five millimetre divisions and has a key way so that the azimuth
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of fhe tellurometer is not altered when the height of the
tellurometer is changed (see Figure 2.5). This attachment

was made especially for the critical height studies and has
proved very successful although the height change is limited
to thirty centimetres. The method of use will be discussed in

Section 7.4.

2.2 METEOROLOGICAL INSTRUMENTS
2.2.1 Aneroid Barometer

The barometers used to measure the atmospheric
pressure, for refractive index determination, throughout the
experimental work were "Baromech aneroid barometers". This
barometer (see Figure 2.6) is of the contact type and is
considered to be the best available. Pressure is read directly
to 0.05 mm Hg. A full description of this barometer is given by
Allman (1968). Both before and after the barometers were used
in the field they were calibrated against a Fortin Barometer
housed in the Astronomical Laboratory of the School of Surveying.
Any corrections so found were applied to the field readings before

the refractive index was calculated.

2.2.2 Psychrometer

The psychrometer used to measure the dry and wet bulb
temperature was a mechanically operated "Assmann's Aspiration
Psychrometer" (see Figure 2.7). The thermometers are graduated
to loC and readings were estimated to O.ZOC. The thermometers
were calibrated by the National Standards Laboratory, Sydney,
and the results of this calibration are shown in the report in
Appendix 3. From the report it can be seen that the largest
corrections are -0.5 deg.C at 0 deg.C and +0.3 deg.C at
25.3 deg.C.
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3. TEST AREAS AHD FIELD MEASUREMENTS

3.1 INTRODUCTION

Several experiments were contemplated when the
University received the tellurometers. The manufacturer
recommended that the instruments be calibrated for zero error
and as previous instruments had exhibited a zero error that was
cyclic (Poder et al, 1960; Lilly, 1963; Yaskowich, 1965; Bo:ler,
1964 and Bosler et al., 1965), the zero error calibration was
considered to be most important. Ground swing experiments were
also contemplated over a short line which exhibited a reasonably

constant surface condition.

3.2 THE TEST ARBAS
3.2.1 Warwick Farm

The test area sought was a large open field of level
topography, preferably with controlled public access. The
intention was to measure a base line of about 200 metres, frce
from obstruction on both sides of the base. This area had to be
close to Sydney because of difficulties of transporting staff and

equipment.

The Australian Jockey Club offered the use of the
No. 2 polo Field at Warwick Farm, which is about 20 kilometres
west of fydney. This area (see Figures 3.1 and 3.4) is relatively
level and is covered with grass about four to six centimetres high.
Public access is controlled and the chosen base line is free
from obstruction on either side with the exception of a tree and
three fence posts about one metre high. The base line has an
azimuth of 48° and is at an elevation of five metres above

Standard Datum.
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The terminal points, South Base and North Base are
stainless steel pins set in a concggte block about 0.6 metres x
0.6 metres x 0.6 metres cast in situ and covered with a cast iron
cover box. The base line was measured by the New South Wales
Department of Lands. The equipment used for the measurement was
Watts Standard Traversing Equipment which included a standardised
200 feet, é‘inch invar band. The weather conditions for the
measurement were calm, overcast, with very light rain and a
temperature range of ZOOC to 220C. The length between the terminal

points was found to be 182.694 metres and is considered to be accurate

to better than 1 part in 50,000.

At the northern end of the base line, nine additional
marks were placed (see Figure 3.1), approximately one metre apart,
to give a total of ten points which, when used in conjunction with
South Base, gave ten base lines. These additional points were
centre punch marks in tacks i1n 8 cm x 8 cm x 40 cm wooden pegs
driven flush with the surface. Each time the nine auxiliary points
were used the distances between them and North Base were measured.
This precaution was taken in order to determine whether any of the
pegs had been moved. The measured distances were then added to
or subtracted from the base length in order to obtain the length
of the auxiliary base line. The greatest difference between
measurements from the same peg to North Base on different days was

two millimetres.

3.2.2 Curl Curl

The test area at Curl Curl was chosen to calibrate the
tellurometers over a base line whose length was not accurately known.
This was done because many tellurometers users may not have the
facility of an accurately known base line for instrument calibration.
The base line was chosen along the beach front at Curl Curl to the
north of Sydney (see Figure 3.2). A line was selected about 780

metres long, over gently undulating sand ridges covered with grass
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up to about 0.3 metres high. This area was well suited for the
experiment as public access was limited and each station on the
base line was easily accessible to the vehicles transporting the
equipment. There were no obstructions along the length of the line
and the ground swing for each measurement was not excessive. The
maximum observed ground swing was 0.13 m and the minimum 0.08 m.
The average value was 0.10 m. The terminal points and the four
intermediate points (placed on line) were each marked by a centre
punch mark in a tack in a 5 cm x 10 cm x 40 cm wooden survey peg
driven flush with the ground. The six points so marked, A, B, C,
D, E, and F gave the required base line AF and the five sections
AB, BC, CD, DE, and EF. These marks were considered to be stable
provided the six lines were measured on the same day. Peg A was
found to be disturbed by about ten centimetres over one night but
this did not affect the experiment as peg A was used in the new
position for two further sets of measurements which were considered

independently from observations on other days.

3.3 FIELD OBSERVATIONS
3.3.1 Tellurometer Measurements

Most tellurometer determinations of distance in this
report were taken with the following procedure. The tellurometer
was centréd by means of a theodolite set at 90O to the line being
measured. The instruments were directed towards one another by
sighting through the small sighting slot and then a point on the
screw used to hold the instrument on the tripod just below the
tripod top was plumbed by means of the theodolite. This process
was repeated until the other instrument was seen to lie in the
centre of the field of view of the slot and the point on the

screw was centred over the ground mark. This method was tested
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and the results showed that the instrument could be reset to within
three millimetres. A conservative estimate of the standard
deviation of centering of two millimetres (2 mm) was adopted.

A determination of distance consisted of the mean of two
measurements, one made with instrument No. 110 as Master, the

other with instrument No. 1ll:‘ as Master. Twenty fine readings were
taken at % carrier tune settings. For each measurement the same
remote carrier tune settings were used, thus giving true

repetitive measurements.

3.3.2 Meteorological Observations.

Meteorological observations were taken before and
after each set of fine readings at one end for the short line work
and at both ends for the longer line work with the equipment
described in Section 3.2. The refractive indices were then
calculated from a nomogram, see figure 3.3, and the mean of the
two refractive indices being accepted as the refracti're index
for the measurement. The range in the calculated refractive
index for the work at the Warwick Farm base was 1.000 339 to
1.000 400. The largest correction from this source was 14 mm
for the 183 m base line. The refractive index range at
Curl Curl was of the same order being 1.000 308 to 1.000 387
but because the base line was much longer, viz. 780 m, this

amounted to a correction of 48 mm.

3.4 CORRECTIONS

All the measurements determined by the tellurometers
were corrected for -
1) Refractive Index
2) Slope
3) - Sea Level
4) Arc to Arc
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3.4.1 Refractive Index

As mentioned in Section 3.3.2 meteorological
observations were taken in order that the refractive index for
the particular measurement could be determined. The refractive
indices were taken from a nomogram produced by the
Trigonometrical Survey Office, Mowbray., Cape, South Africa

(see Pigure 3.3).

3.4.2. Slope

The slope reduction was calculated for all lines

measured using the expression,

. n2 _h'
slope correction = - oD T 8D et

where h height difference between the terminals

and D slope distance.

The difference in height was found by spirit levelling between
the two instrument stations. A profile of the Warwick Farm base
is shown in Figure 3.4 and the reduced levels (assumed datum)

for the Curl Curl base are shown in Table 3.1.

Point R.L. Metres (assumed)
A 30.00

28.83

28.18

28.00

28.24

q M U QO W

28.920

Table 3.1



22

The slope corrections calculated using the above
values was 2 mm for the Warwick Farm base provided the instruments
were set at about the same instrument height and a correction of

up to 5 mm for the Curl Curl base

3.4.3 Sea Level

As the tellurometer measurements were takenkat
elevations of about five metres above mean sea level the reduction

to sea level correction was negligible.

3.4.4 Arc to Arc

The arc to arc correction for the tellurometer
measurements was also negligible because of the short length

of lines.
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k. ZERO CORRECTION
4.1 WARWICK FARM BASE

The five tellurometer measurements of each of the ten
base lines at the Warwick Farm site are shown in Table 4.1. The
accepted tellurometer length for the individual base lines is
found from the mean of the five measurements. The adopted
length (from invar band measurement) of each of the base lines
is shown as the "adopted length" entry on the table. The
difference between the tellurometer length and the adopted length
gives the zero correction which is shown in the Tai e The last
entry in the table is the standard deviation of a single

observation.

Figure 4.1 shows the zero correction graphed against
the tellurometer A reading. It appears from the graph that the
zero correction is cyclic and depends on the A readirg. A least
squares curve was fitted to the zero correction results according
to the following theory.

Let y = the zero correction.

Then according to Figure 4.2

g4 ’n N

—

?

da

— &,

N/
|

FIG 4-2

—= A
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y = -{b + a sin ( + 05) ) c.. 4.
where b = constant
a = amplitude
¢, = phase shift
and A = A reading of tellurometer in metres
From Table 4.1, b = 34.60 cm
This is the mean of the zero errors. See page 31

for explanation.

Differentiation of equation 4.1 with respect to a and ¢, aives

. 2TA
-8y = sin (16-+ o) Sa + a cos ( + o) 8¢,-
Let Ay = yp ~ Ye
. Ay = Pda + Q8¢ where vy, = zero correction measured
Yo = 2Zero correction calculated
P = sin (—*"+ ®g)
2TA
= ¢ T 4
Q cos (lO ¢ o)
Now let a = 1.0 cm
P = 80O° ... 1lst approximation
then v. = =-1(34.60 + 1.0 sin (ng + 80°)
d p = i —— + 80°
an sin (10 80%)
_ ., 2TA o
Q = cos (IB-+ 807)

Using the values from tables 4.1 and 4.2 parametric equation-

of the form Pda + Q8¢ - Ay = 0 can be written as follows
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PSa Q66 Abs Sum
A B C S
+0.99 +0.14 -0.19 +0.94
+0.88 -0.47 -0.30 +0.11
+0.45 -0.90 +0.24 -0.21
-0.17 -0.99 -0.35 -1.51
-0.71 -0.71 -0.80 -2.22
-0.99 -0.16 -0.10 -1.25
~-0.89 +0.45 +0.23 -0.21
-0.46 +0.89 +0.71 +1.14
+0.17 +0.98 -0.33 +0.82
+0.71 +0.70 +0.87 +2.28
Caal [aB] [ac] Las]
+5.007 +0.004 +0.413 +5.424

{BB] [BC] [Bs]
+5.006 +1.850 +6.860

where [ ] indicates the sum of.

From these equations the normal equations can be

formed.

[}
o

+5.0078a + 0.0046¢, + 0.413
+0.0048a + 5.0068¢ + 1.850

I
o

Solution of the normal eqguation gives

[l

da
8¢, = =0.37.

~-0.08 and
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i

Leta, = a + 8a = 1.00 - 0.08 = 0.92
bo + Sb, = 80° - 21° = 590,

and ¢01

substituting these values in equation 4.1 gives

1]

2
y = -{34.6 + 0.92 sin (E%A + 59°)} cm . 4.2

zero correction.

where y

Equation 4.2 has been calculated (see Table 4.3) and is shown in

Figure 4.3 together with the original zero correction results.

Another method by which a curve can be fitted to the
zZero error results is given below. This method assumes that the

. . , . A
change in A readings is a constant, in the case 1o i-e- 36°.

Let y be the observed zero correction at intervals of x where

281 .
X =0 + o where n is the total number of measurements,

£=0,1...., n~1and 0 = the first A reading, (in this case A =

. 2mA o
0.058, i.e. £.= = 20).

The curve is assumed to be sinusoidal of period 27T which

can be represented by

y = -{b+ asin (x + ¢,)} cee (1)
where b, a and ¢ are unknown constants.
Expanding (1) gives

y = -{b + a sin x cos ¢, + a cos x sin ¢O} cee (2)
Put a sin ¢, = X and a cos ¢o = Y and substitute in (2) giving

y = -{b + X cos x + Y sin x}
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Therefore correction equations will be of the form
vy = -{b + X cos x + Y sin x} - (=y;)

whe:eigll 2' ....,\n

Forming normal equations

A X Y abs ' 0
n Lcos x] | isin xJ] ~fyi !
{cos’x] [sin x cos xJ | +[y cos x] ‘
i [sin?x] -Ly sin xJ |
Tt may be proved that Lcos xJ = Lsin xJ = {sin x cos x = O
and {cos x) = isin xJj = n/2 accoxding to Whittaker and Robinscn
(1944) .
. _ Lyl _ Ly cos x] . - Ly sin xi
- - b n * icos®x] ¥ {sin®x}
X LYy CO8 X
t = - = = =
then tan ¢ Y Ly sin x.
sin ¢, cos g

If the zero correction results from table 4.1 are considerea and
1f the assumption is made that the A readings are 36° apart then

table 4.4 shows the calculations to give

(v cos x) 4.15
X = = = .
5 5 0.83
v = (y sin x) - 2.65 = 0.53

5 5
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<[
©
o)

]
(¥,
~J
<0
o

tan ¢° =

and a = 0.98

346.00 .
and b = ( 10 ) = 34.6
ie.y = -{34.6 +0.98 sin (X2 + 5795} cm ee 4.3

If equation 4.3 is compared to equation 4.2 it can be seen that

both the amplitude and phase angle are slightly different. This
difference is very small and will not greatly affect the

calculation of the zero correction. The difference is to be
expected as the A readings used in the zero correction determination

were not exactly 36° apart.,
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4.2 CURL CURL BASE

The method of zero error determination used on the Curl Curl
base is particularly convenient when an accurately measured base line is
not available for comparison. This method assumes that the zero error
is a constant. The Curl Curl base line (AF, Figure 3.2) was divided
into five sections so that the measured lengths of these sections and
the length AF were not the same, i.e. the A reading on each line was
different. This technique was used to sample the zero error over part
of the A reading range (O m to 10 m) of the instfument. The pegs
defining these lines were considered to be stable for a dayv's measurement
and the six lines were measured on the one day to give a "set" of results.
To eliminate any systematic error of centering the six lines were
measured five times, re-centering the instrument after each measurement.
The tellurometers were not used consistently at the same end of the
lines and the measurements of the lines were made in as varied weather
conditions as possible. The five tellurometer measurements of the
six base lines is shown in Table 4.5 The last entry in the Table

is the zero error derived from the following theory.

Let the true length of the six lines be given by

AF = G
AB = 9,
BC = g,
CD =

3
DE =

u
EF = g

5
Then G = Z g; See pigure 3.2



34

Let the zero error of the tellurometer be constant and equal to A.

The value for the six lines as indiecated by the tellurometer would

be

(G + A) and (g, + &) (i = 1, 5)
5 B

Then (G + ) = ) (g3 +0) - (1 - 1) A.
i=1

i ~—1n

-
—

(gi ¥ A = (G + A
(i - 1)y '

i

from which &

A mean of the five values calculated as above gives a value of

~0.324 metres for the zero correction.

4.3 TEST OF ZERO CORRECTION VALUES

The values of the zero correction can be summarised

as follows (see Table 4.6). '

1) Manufacturer's value ;b.RO metres;. This value s recommended
by the manufacturer and is simply stated, no information is
given as to how this value is calculated. }

2) The cyclic value. This value was derived from the Warwick
Farm base. ,

y = -{0.346 + 0.009 sin (—%ﬁ + 599)} metres
3) The constant value determined from the Curl Curl experiment

as -0.324 metres.

The cyclic zero correction can be further simplified
into two parts,
a) a constant value of -0.346¢ metres and

b) the cyclic value of -(0.009 sin (%gé-+ 59°) m.
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The cyclic part has a maximum value of about one
centimetre and as the average valué of the standard deviations
from the Warwick Farm measurements is 2.45 cm this cyclic part
may be masked by the uncertainty of the measurements. 1In the
testing of the zero corrections a further constant value of
-0.346 metres (made up of the constant part of the cyclic
value) is tested. The lines measured in the tower experiments,
(see section 5.3) were used to test the various zero corrections.
It should be noted that the use of these results is not
conclusive as the range in A reading is from 2.8 metres to
5.4 metres. Reference to Figure 4.3 shows that if A readings
(2.5 to 5.5) are used, then the relationship of the fitted
curve to the actual curve is reasonably representative of
the whole curve. The test of the four values of zero correction
was conducted as follows. The standard deviations of the
measurements were calculated from the differences between
tellurometer distance, calculated using the four different
zero corrections, and the adopted distance. The results of
these calculations together with the zero correction used is

shown in Table 4.6.
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4.4 CONCLUSION

From the foregoing experiments and tests some very

important conclusions can be drawn.

It is most important that users of the Model MRA101

tellurometers calibrate the instruments for zero correction.

The experiments show that the zero correction for
this Model tellurometer is cyclic and dependent on the Arreaaing,
however the amplitude of the cyclic term is small and of the
order of one centimetre. It can also be seen from Table 4.6 that
application of the cyclic correction greatly reduces the standard
deviation of the measurement from that calculated using the
manufacturer's constant value. An important fact however is that
if the cyclic component of the zero correction is ignored, then
the standard deviation calculated is very similar to that value
calculated using the complete cyclic expression. Theoretically
it would be possible to make observations with the A readings
satisfying the conditions of (%%é-+ 599) = 0° or 180° i.e.

A = 3.36m or 8.36m for these particular instruments. However,

this presupposes a prior determination of the phase shift. but

for normal use of these instruments this may well be impractical.

Reference to Table 4.6 shows that the standard
deviation calculated from the Curl Curl experiment is an
improvement on the value calculated from the manufacturer's
zero correction. It must be pointed out that in the Curl Curl
experiment the zero correction was assumed constant. For the
whole and individual sections of the Curl Curl base line
different A readings were used and thus the effect on the
results by the cyclic component of the zero correction

was considerably reduced.
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A reading [%%§+80° P 0 (Zﬁ) (Zg) Ay=ym_-yG
IS RS
0.058 82° 05 +0.990 | +0.138! 35.59{ 35.78 +0.19
1.053 117 54 +0.884 | -0.468 | 35.48 | 35.78 +0.30
2.042 153 31 +0.446 | -0.895{ 35.05| 34.81 -0.24
3.042 189 30 -0.165 | -0.986 | 34.43| 34.78 +0.35
4.032 225 Q9 -0.709 | -0.705; 33.89| 34.69 +0.80
5.021 | 260 46 -0.987 | -0.160} 33.61| 33.71 +0.10
6.015 | 296 32 -0.895 | +0.447 : 33.71| 33.48 1 -0.23
7.009 | 332 20 ~0.464 | +0.886 - 34.14 | 33.43 ' -0.71 ;
8.055 | 9 59 +0.173 | +0.985 ¢ 34.77| 35.10,; +0.33
9.044 | 45 36 +0.714 | +0.700 | 35.31| 34.44 -0.87 j
Table 4.2
0.92 sin 34.6+0.92
A 2TA of ; 2TA of 5
reading [I6_+59 J Sln[16?+59 } gg§+5901 [§E§+5901
{10 J 10 J
0.058 61 05 +0.875 +0.81 35.41
1.053 96 54 +0.993 +0.91 35.51
2.042 132 31 +0.737 +0.68 35.28
3.042 168 30 +0.199 +0.18 34.78
4.032 204 09 -0.409 -0.38 34.22
5.021 239 46 -0.864 -0.79 33.81
6.015 275 32 -0.995 ~0.92 33.68
7.009 311 20 -0.751 -0.69 33.91
8.055 348 59 -0.191 -0.18 34.42
9.044 24 36 +0.416 +0.38 34.98

Table 4.

3
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i y X sin x Ccos X y sin X Yy cos ¥
1 35.78 2° | +0.035 | +0.999 | + 1.25 +35.74
2 35.78 38° | +0.616 | +0.788 | +22.04 +28.19
3 34.81 74° | +0.961 | +0.276 | +33.45 + 9.61
4 34.78 | 110° | +0.940 | -0.342 | +32.69 ~11.89
5 34.69 | 146° | +0.559 | -0.829 | +19.39 -28.76
6 33.71 | 182° | -0.035| -0.999 | - 1.18 -33.68
7 33.48 | 218° | -0.616 | -0.788 | -20.62 -26.38
8 33.43 | 254° | -0.961 | -0.276 | -32.13 - 9.23
9 35.10 | 290° | -0.940 | +0.342 | =-32.99 +12.00
10 34.44 | 326° | -0.559 | +0.829 | -19.25 +28.55
Y | 346.00 + 2.65 + 4.15

Table 4.4
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ZERO CORRECTION

STANDARD DEVIATION

(from tower measurements)

~0.30 metres

(manufacturers value)

+0.066 meires

27A

~(0.346+0.009 sin(l-o~—+59°) )m +0.029 m
(cyclic value)
-0.346m +0.030 m
(constant term of cyclic value)
-0.324 m +0.046 m

(constant value from Curl Curl
base line)

TABLE 4.6
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5. GROUND SWING

5.1 DEFINITION

Micro waves are used as the carrier yaQes in the
tellurometer and it is impossible to obtain avtfansmiésion free
of spurious paths via ground reflections andfféfiections from
other objects in the beam along the“linéibéing measured. The
tellurometer is designed so that the carfier frequency can be
varied over a range, of about 10 peréenfum in the earlier
models (MRA 1 and MRA 2), and about 4,§ercentum (10 050 MHz
to 10 450 MHz) in the model MRA 101. ’This variation in carrier
frequency prbduces a periodic or quasipériodic variation of
distance, the amount of variation being dépéﬁdent on the
physical properties of the line being measugéd. KThis variation

of distance is referred to as Tellurometer Grouhd Swing or in

general ground swing.

5.2 GROUND SWING THEORY

The inventor of the tellurometer system of meaéurement
T.L. Wadley, has described in general terms the effects of ground
swing on microwave measurements. This description has been
supplemented by a mathematical analysis by Dr. J.A. Fejer (Wadley 1958).
This work dealt with the 10 centimetre ihéfrument, namely the model
MRA 1. It was considered necessary to examine this"ﬁheory to sée
if in practice the theoretical éonclusions heold. The instruments

used in the test were the model MRA 101 tellurometers.
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Dr. J.A. Fejer gives the error angle B in radians

resulting from a number of relatively weak reflections as

2mAd{ . 2mAdj -
= - . ekl S = . .1
B z aj cos —— sin m 5
where aj = reflection coefficient
Ady = path difference
Ac = carrier wave length
and Am = modulation wave length

There is a similar relationship for the return path.
The sine component will be very similar to that of the forward
path but the cosine component will be different because of the
difference in the carrier frequency at the remote instrument.
It is stressed at this point that the reflections must be
relatively weak. It is stated by Wadley (1958) that the
reflection coefficient is generally of the order of 10 percentum
but over dry barren ground it may be as high as 40 percentum.
Over water surfaces the reflection coefficient may be
40 percentum or more. Poder (1962) has suggested that over
smooth water surfaces one can expect a high reflection
coefficient of the order of 0.6 to 1.0. It can be seen from
equation 5.1 that the sine component controls the amplitude
of the error angle (providing the reflection coefficient is
held fixed) and the cosine component determines the number
of cycles for a particular path difference. ~To have a maximum
amplitude, with a particular reflection coefficient

2
sin ;Ad must equal 1
m

. Ad 1
e T2
. _ Am
i.e. Ad = e

10 metres

It
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(Am for the model MRA 101 Tellurometer is 40 metres)

If Ad = 10 metres and the path difference is given
by g%—'where h = instrument height and D = distance

then h? = 182

For the Warwick Farm base line the length D is

approximately 183 metres and if the instrument heights are about

the same

then h? = 1830 !
2

or h = 30 metres

i.e. in order to reacha maximum value for the sine term over the
length of 183 metres it is necessary to have an instrument height
of 30 metres. Further examination of the sine terms shows that
when Ad = 0 i.e. the instrument sighted with the antenna at ground

level then sine 2;ﬁd = 0, or the amplitude is zero, hence there

is no ground swing. The carrier wave length of the MRA 1Cl can

be varied from about 0.0298 metres to 0.0287 metres and

inspection of the cosine term shows that one complete cycle

will be developed if the path difference is equal to 0.78 metres.
At a path difference greater than 0.78 metres one or more cycles
are developed because of the cosine term, and the amplitude varies
because of the sine term. At path differences of less than 0.78

metres a complete cycle of swing will not be developed.
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A computer programme was written for the calculation
of the error angle B as defined by eguation 5.1. This programme
calculated the error angle for the forward path using the
modulation and carrier wave lengths of the master instrument.,
and the error angle for the return path using the modulation
and carrier wave lengths of the remote instrument. The carrier
wave lengths were derived from the carrier frequencies as shown
in Appendix 2, with a frequency of 33 MHz being used as the
difference frequency. The-sum of these two error angles was
converted to centimetres and accepted as the total error. The
programme was designed so that varying reflection coefficients
and path differences could be entered. This allowed error curves
associated with a particular path difference and reflection

coefficient to be calculated.

The output lists the reflection coefficient and path
difference used in the calculation. The error angle, in
centimetres, is shown for a particular carrier setting as a
mathematical value and is also shown graphically as error aﬁgle

plotted against carrier setting. (e.g. see Figure 5.7)

5.3 PRACTICAL EXPERIMENT

It has been shown above that for the sine term to
have a maximum value for the Warwick Farm base line the
instrument height had to be about 30 metres. Further it has
been shown that one cycle of swing is developed if the path
difference is 0.78 metres. To examine the effect of change of

instrument height on the ground swing curve and to cover the
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range of instrument heights necessary to have a maximum sine
term (in equation 5.1) the instrument height had to be varied
up to a value of about 30 metres. To be able to vary the
instrument height over such a large range two tubular steel
towers 1.83 metres (6 feet) square by 29.26 metres (96 feet)
high were erected over the base terminals of the Warwick Farm

base line. Figure 5.1.

These towers had eight landings 3.66 metres (12 feet)
apart so that instrument height could be varied from about 1.22
metres (4 feet) (at ground level) to 30.48 metres (100 feet)
(at the top landing). Each of these landings consisted of a
platform for the observer and a separate platform for the
instrument figure 5.2, this provision allowed the observer to
move without disturbing the instrument. It was most important
that the towers should be stable and to aid in this stability
each tower was guyed at 9.14, 18.29 and 27.43 metres (30, 60
and 90 feet respectively) from the ground on each of the four
corners. This guying made the towers very stable even during
strong wind gusts. The tellurometers were set up so that they
were very close to the front of the towers. This was done so as
to avoid any reflections from that part of the towers immediately
in front of the instruments, see figure 5.2. During all the
measurements the tellurometers were centred by means of a
theodolite set on the ground at 90° to the base line. The

method of plumbing was carried out in the following way.

A plastic scale about 40 centimetres long, and graduated
in millimetres, was fixed over the base terminals as shown in
figure 5.3, and a particular graduation, say 17 centimetres, was

plumbed over the terminal point. The theodolite was then levelled
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very carefully and made to intersect the screw which holds the
tellurometer to the tripod. The telescope was then lowered to
read the scale, say, 23 centimetres, giving a correction of
minus 6 centimetres to the distance. This method of plumbing
was carried out on both towers during all tellurometer
measurements. The greatest variation in plumbed position was
caused during strong wind gusts, and amounted to 5 millimetres
with the tellurometer moving about a mean position. As the
true length of the base line was known a correction to this
length could be determined by applying the corrections from
both north and south base scale readings. Hence the true
length of line being measured by the tellurometer was determined.
Meteorological observations were taken at one end only and were

taken at the mean height position.

The tellurometers and tripods were lifted to the
required level using a pulley system, see figure 5.4. This proved
very successful however some difficulties were experienced in
hauling the 12 volt D.C. batteries to the required level.
Extension leads 31 metres long were made up so that the battery
could be left on the ground but the power loss in the long leads
was too large and as a result this method proved unsuccessful.
Hence the batteries were hauled to the required level using the

pulley system.

For the experiment all distance combinations from cne
tower to the other tower were measured i.e. from each landing
on the north tower distances were taken to the eight landings at
the south tower. The measurements from equal towers landings
were repeated. This gave a total of 53 measurements. The range
in the fine readings i.e. the A reading, was from 3.0 metres

(ground to ground) to 5.4 metres (south ground to north 8).
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The notation used to describe the tower measurements is, the north tower

is referred to as N, the south tower as S, and the heights as G for

ground level and 1, 2.........8 for the eight landings, 8 being the

top landing. The distances from north tower ground level, to the

south tower positions are shown diagrammatically in figure 5.5.

The path difference Ad, for all the combinations of measurements was

calculated using the expression

2H, H,

path difference = s

where H; and H, are instrument heights and S 1is the horizontal

distance between the points. (see figure 5.6)

FIG. 5.6
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In figure 5.6, let, .

D = Direct path, AB
S = Horizontal Distance
R = Indirect Path, A'B.

The assumption is made that the surface between the line
terminals is level.

D2

2 m v 2
ST + (H2 Hl)

it

D {Sz +(,H2-Hl)2};§

{s? +(n,+H,) 2}

L]

Similarly R
path difference R-D = {s? + (H,+H,)%}* ~ {s? + (u,-H,)?}"

i.e. Ad = {s + %(s)7F(H,+H,) ?} - {s + 5(s?) 77 (H,-H,)?} retaining

terms up to the second power

(Hy + Hp)*  (Hp - Hy)?
2s 25

12

1
Eg'{4H1H2}

Ad = g—glgl . 5.2

If the ground surface between the line terminals is
assumed to be evenly sloping and if the difference in elevation
between the line terminals is AH then by similar reasoning the
path difference Ad is given by

2H1Hy " 2H;AH
S S

Ad =

The adopted lengths for all the lines measured on the
towers and the path difference (from equation 5.2) are shown in

table 5.1.
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5.4 RESULTS

The ground swing curves, for all the tower measurements
were calculated using equation 5.1 with varying reflection
coefficients. A curve was also calculated using a path difference
of 0.78 metres and a reflection coefficient of 0.2 in order to see
if a full cycle of swing was developed as predicted in section 5.2.
This curve is shown in figure 5.7 and it can be seen that a full
cycle of swing is not completely developed. However this was to
be expected as only the forward path was considered in section
5.2. A full cycle of swing would be developed with a slight
increase in path difference. It should be noted that the line N3
to S1 has a path difference of 0.774 metres. The calculated
swing curve for this line with a reflection coefficient of 0.2
is shown in figure 5.8, and it can be seen that a complete cycle
of swing is not quite developed. The observed swing curves for
these lines is shown in figures 5.9 and 5.10 with instrument
No. 113 and instrument No. 110 as master respectively. It can
be seen from figure 5.9 and 5.10 that the amplitudes of these
swing curves are 0.20 and 0.175 metres respectively and that a
full cycle of swing is not completely developed. The three
curves have been plotted together and are shown in figure 5.11.

It should be noted that when the observed swing curves were
plotted the carrier settings were equally spaced to agree with
the theoretical curve carrier settings, thus the curves may be
slightly different to those shown in figure-5.9 and 5.10. The
three swing curves as shown in figure 5.11 agree very closely
with each other and it would appear that the theory is confirmed

by the practice.
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However this is not the case if the line N8 to S8 is
considered. The theoretical curve is shown in figure 5.12. This
curve has been calculated with a reflection coefficient of 0.20
and the amplitude is of the order of 1.00 metres, and many cycles
of swing have been developed. Section 5.2 predicted that for a
path difference of this magnitude the sine term would take the
maximum value. The observed swing curves on line N8 to S8,
measured twice, are shown in figures 5.13(a) and 5.13(b), for
master instrument No. 113 and figures 5.13(¢) and 5.13(d) for
master instrument No. 110 and show that the amplitudes are
0.09, 0.08, 0.095 and0.085 metres and further only one cycle
of swing is developed. The line NG to SG was measured many
times during the zero error experiments and the average ground
swing was about 0.10 metres. The path difference for this
line is 0.029 metres and a swing curve was calculated using a
reflection coefficient of 0.2. This calculated curve is shown
in figure 5.14, and is almost a straight line, the values range
from -0.286 to -0.290 centimetres. The observed ground swing
for the line N8 to S8 and the observed ground swing for the line
NG to SG do not agree with the calculated ground swing curves
for these lines. This disagreement may have been caused by the
fact that the observed swing curves are in fact "antenna swing"

curves.

Marshall (1967 page 3) states "on looking at figure
(7.20) it can be seen that there is a possibility of double
reflections between the main parabola, small reflector and edges
of the wave guide. Although the amplitude of these double

reflections is extremely small they nevertheless produce a
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signal which is out of phase with that following the correct
path ..... this antenna swing can Qe made to vary about the
correct reading or even through a complete cycle of error by
varying the frequency or cavity tune. In practice, if a full
range of cavity tune readings is taken the error is averaged

out."

Fennell (1971) states that the manufacturers
advise: "I should mention that the‘electrical centre of the
MRA10l is on the centre line of fhe wave guide at about the
point of the mixer diode. Although the electrical centre is
always on the centre line it will move backwards and forwards
from the mixer dicd~ depending onrthe carrier frequency and

the individual characteristics of the wave guide and reflector

concerned. (my underlining). This is due to microwave

reflections in the wave guide and antenna system".

Furthermore support for these statements is given
by Fradin (1961) when discussing the differences between real
and ideal reflectors, he states (page 394) "..... inaccuracies
in manufacture (e.g., difference between form of reflector from
ideal paraboloid, unevenness of surface, inexact location of
radiators etc.) have an influence on the characteristics of
paraboloids of revolution". And further, “the directional
patterns for real radiators differ from those .... for ideal

radiators"”.

Fradin (op. cit.) page 395 mentions briefly the
formation of standing waves (double reflections) between the
radiator and the reflector which cause "disturbance of the
amplitude and of the phase relationship of the field in the

reflector".
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It would appear then; that since any: reflected ray
reaching the instruments, via the4ground surface during the
measurements of the line N8 to S8, would be very weak the
observed swing curve is in fact an antenna swing curve. Further
when considering the line NG to SG, as the path difference is
small then the magnitude of the sine component of equation 5.1
will be small, hence the calculated ground swing curve will have
a small amplitude, in fact, a value of 0.3 cm (figures 5.14).
The observed swing curves for this line may also be antenna swing
curves. This line, NG to SG, with a small path difference
approximates the case in which Ad = 0 where no ground swing
would be expected because

. 2mAd
sin =
Am

i
Values of the magnitude of antenna swing for the model MRA3
(NOTE. This tellurometer uses a different antenna system from
the MRALQ1l, 301 and 4)are of the order of 5cm to 20 cm and that
for the model MRA4 are of the order of 6mm or 7mm. (Yarshall

op. c¢it.). From the observations taken on the Warwick Farm
base line it would appear that for the particular instruments
used, i.e. serial numbers 110 and 113 that the average value

of antenna swing for the MRA10Ol tellurometers is in the range

8cm to 10cm.
5.5 CONCLUSION

The results of the calculated swing curves agree
in certain cases only with the observed swing curves when a
short line is considered. The agreement seems to occur when a
full cycle 1s developed. The reason for an incomplete agreement
between the theoretical and observed ground swing curves may
alsc be due to the fact that multi-reflections are occurring

and not single point reflections on which the theory depends.
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The tower measurements indicate that when a large
instrument height is used over a short line then, as the
reflected signal is very weak, the observed swing curve may be
due solely to antenna swing. This must also be considered when
the path difference is very small. Both these conditions indicate
that for the model MRAl0Ol tellurometers the magnitude of antenna

swing is about 0.08m to 0.10m.

The random relationship of the observed ground swing
with path difference for the tower experiment can be seen from
figure 5.15, which shows the observed ground swing in metres

plotted against the path difference in metres.
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e e IR | [
(m) (m) (m) (m)

NG | sc |182.710] 0.029 N6 | s5|182.552] 5.312
N1 | s1 .550 .347 N6 | s4 517  4.338
N2 | s2 .564 . 946 N6 | s3 .519]  3.363
N3 | s3 .523] 1.839 N6 | s2 .545]  2.397
N4 | sa .520]  3.027 N6 | S1 .561|  1.416
N5 | s5 .602|  4.506 N6 | sG .610 .332
N6 | 6 .514| 6.284 N8 | s8 .441| 10.724
N7 | §7 .497 | 8.363 N8 | s7 .488| 9.454
N2 | sl .593 .560 N7 | s6 .539]  7.239
N2 | sG .624 .131 N7 | S5 556  6.119
N1 | sG .603 .081 N7 | s4 .529|  4.998
N3 | s2 .550| 1.307 N7 | s3 .536]  3.874
N3 | s1 .579 .774 N7 | s2 .564|  2.754
N3 | SG .598 .182 N7 | s1 .582]  1.631
N4 | s3 529 | 2.347 N7 | sG .616 .382
N4 | s2 .564 | 1.668 ne | s .575 .432
N4 | s1 .571 .988 N8 | s1 .563]  1.844
N4 | sc .591 .232 Ng | s2 .553]  3.113
N5 | s4 .529| 3.681 N8 | s6 .512| 8.184
N5 | S3 .530 | 2.854 N | s5| .s549] 6.917
N5 | s2 .560 ] 2.028 N8 | s4 .509|  5.650

N5 | sl .576 | 1.201 ; N8 | s3 .516]  4.380
N5 | SG .623 .281 j

TABLE 5.1
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FIG. 5.1
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Instrument Platform

Observers' Platform

FIG. 5.2

FIG. 5.3
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5.4

FIG.
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6. FURTHER THEORETICAL CONSIDERATJONS OF GROUND SWING

6.1 PODER'S THEORY

K. Poder (1962) made extensive studies of tellurometer
ground swing and deduced a mathematical equation in order that
ground swing for a particular line could be predicted and hence
the phase error determined. Poder's work was intended to cover
lines measured over highly reflecting surfaces such as smooth
water. On lines of this nature tellurometer users had experienced
difficulty in adopting a value for the length because of large
ground swing and because the swing curve was not of the usual

periodic or quasi periodic form.
Poder's equation is given by

ap sin WcQ {cos (W + rp) + aT}
1+ aT2 cos WO + {(1 + cos WCQ) ap cos (W0 + rT)}

X = arc tan

where ap = ap' D = tellurometer reflection coefficient
W. = angular modulation frequency
Q = the excess transmission time = c Ad
ry = change of phase at reflection surface = 7
We = angular carrier freguency

C = velocity of electromagnetic waves in space

Ad = the excess path length

ap' = reflection coefficient for a flat surface
D = divergence factor
¢ = subscript for "that of the other set"

(M for master, R for remote)

X = reflection phase error
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The X in equation 6.1 is calculated for both the
master Xy, and the remote XR, giving a total reflection error

Xp = Xy + Xp- This error is referred to as the Poder error.

Gardiner-Hill (1963) described a method by which
the Poder error could be calculated for a particular line
providing the length of the line and the heights of the
instrument were known. This procedure was used in a programme
which calculated the Poder error for a particular line with a
reflection coefficient that varied in 0.1 steps from 0.1 to
1.0. The output from this programme lists the two instrument
heights H1l and H2, the distance and the reflection coefficient.
The Poder error X sum, in centimetres, as well as the particular
carrier frequency used to calculate the error are shown as
mathematical values and the Poder error is shown graphically

plotted against the carrier frequency.

6.2 KUPFER'S WORK

Kupfer (1967) working with the Wild D150 Distomat
extended the work of Poder and presented an alternative form of

the Poder equation.
The Poder phase error € as given by Kipfer is

A sin Z
€ = a t cee 0.2
re tan 1-A(l-cos 2Z)

where
(cos z + a7) ar
A = Vi
1+ 2apcos z + agp
where
Z = WaQ

zZ = (ch + rT)
ap = aT' D
and note

Q = ¢ Ad
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If the expression for A is substituted in that for € then equation

6.1 results.

This €(Ad) function is characterized by a fast and
slow oscillation. The fast oscillation is the well known
swing-curve and the carrier phase in the excess path represents
1ts argument. The slow oscillation influences the form and
intensity of the swing curves and the modulation phase in the
excess path represents the argument. Both oscillations combine
to form a £(Ad) function of the type shown in figure 6.1

(after Kﬁpfer).

To examine more closely equation 6.2 it is important
to look at the extreme values of the envelope of the fast

oscillation. These are given by

ar.sin Z -
€ ext 1 uctm1[~i-——~l

Ap-CcOos Z.+1j

and

il

ap.sin 2 |
€ ext 2 = arc tan .L—JD—Ei—"*”

... Kiipfer (op.cit.)
Now that these extreme envelopes have been defined it is possible
to consider special cases of arp (the reflection coefficient) and of
2 (the modulation phase in the excess path.) Kupfer (1967) page 7
and 8 gives some of these special cases. It is interesting to note
that for the special case of small intensities of reflection aq,

then

i?

A ap. cos z <0.1 if ap <0.1
hence

A . sin z

™
12

2

apcos z sin 27

* a-cos (2ﬂAd +r) si 2nAd
T Ac v/ SN TSy

which is the Wadley expression as shown in Chapter 5, equation 5.1.
{The difference being the rp term which is the phase change at the

reflection surface).
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6.3 CRITICAL HEIGHT

It was shown in Chapter 5 that to develop a full cycle-
of swing over the Warwick Farm base line an excess path length of
0.78 metres was required. This can be generalised in the form
that the number of cycles of swing, g, developed is given by

g = 1.33 Ad.

That is to say, a minimum excess path of 0.78 metres
is required to develop one or more cycles of swing. This
requirement may be difficult to fulfil over short base lines and
Kiipfer (op.cit.) suggested that the height of the instruments
be varied in order to produce a full cycle of swing. It should
be noted that if this method is used then the carrier frequency
is held fixed. The question is asked,

"What minimum height variation (both stations simultaneously)

is required to get one or more swing periods?"

One cycle of swing will be developed if Ad is increased

by the carrier wave length (Ac)

i.e.
a2
as Ad z'—s— assuming a level surface.
D(Ad + Ac) = 2(H + AH)? where Ah = minimum change
i.e.
Ah = -H * H2+9—2-5— ee. 6.3
H = minimum height of height variation.
Ah = height variation for one full cycle of swing.
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1f the surface is not level between the two instruments

then —
2
An = Z{H2t) t\/(;”HZ) + RAc ... 6.4
2 4 2
where
Ah = height change to produce one full cycle of swing

H; and H, = instrument heights.

If the values for the Warwick Farm base line, D =
183 m and H = 1.35, are substituted in equation 6.3, then
Ah = 0.78 metres. Further if the values of D = 183 m, H; =
1.35 m and H, = 2.20 are substituted in equation 6.4.

then Ah = 0.65 metres.

It is interesting to note that the value of the height
change of 0.78 m for’a level surface necessary to produce a ful!
cycle of swing is similar to the path difference Ad necessarv to
produce a full cycle of swing by the carrier éhift method over

the Warwick Farm base line.

Kupfer (op.cit. page 9 and figure 13) has shown that
when z = m, or (2n+1)7T, a critical phase state exists causing large
negative peaks in the ground swing curve. It is therefore
important to look at the instrument heights called critical
heights that will give z a value of 180° and if possible avoid

these heights in practice.

- (2TAd
by definition z =( o + rq)
where rn o
. 2Ad
. . z = N{=—+ 1)

Ac

z = T, 37, 57 must be avoided.
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“2—%‘% = 2n n=20,1,2,3
2
200 = 2(2ey
_ 4ho? L .
= o where he = critical height
or ! —
he =\“9%51E | ... 6.5

This has been derived- for a level surface with equal instrument
heights. TIf an even sloping surface is considered with equal

instrument heights then

S . :
W AH?  D.n)\e  AH B
h, = ¢ v/—z——+ —5<-= n=0.1.2.3 ee. 6.6

The critical heights'for the Warwick Farm base line calculated
from equation 6.5 for the particular carrier frequencies and

for n = 0 tc 40 inclusive are shown in tables 6.1 to 6.4 inclusive.
The critical heights as defined by equation 6.6 for the same
conditions as above'were calculated and are shown in fables 6.5

to 6.8 inclusive.

6.4 EXPERIMENT

An experiment was carried out at the Warwick Farm base
line to study the effect of instrument height change on distance
indication and also on ground swing curve prdduction. The |
instrument height was changed through a maximum range of‘0.30
metres. As shown in section 6.3 this height changé is too small
to produce a full cycle of swing, a change of 0.78 to 0.65 metres
being necessary. The instrument height was varied over this
0.30 metres using the equipment described in section 2.1.3. The

method of measurement used for the work is described below.
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The instruments were set over the base terminals at
similar heights above the ground with the height change apparatus
set to its maximum value. The instruments were pointed towards
each other and tuned in the conventional manner and the A forward
fine reading taken for the particular carrier frequency setting.
Each instrument was then lowered one centimetre and the null
meter read according to the modified method of measurement as
shown in Appendix 4. The instruments were then lowered another
centimetre and the null meter recorded. This was repeated until
the full range (30 centimetres) was completed. The instruments
were then returned to the maximum height and the A reverse fine
reading taken. The instrument was then lowered as above and a
null meter reading was taken at each centimetre. The accepted
value of the distance for each height and carrier frequency

setting was the mean of the forward and reverse readings.

6.5 RESULTS

A graph of the indicated distance versus the height
of the instrument is shown in figure 6.2. It can be seen that
the minimum distance occurred at an instrument height of 1.60
metres. Graphs have also been drawn of indicated distance for
a particular carrier frequency and instrument height for each
instrument as master. See figure 6.3 for No. 110 as master and
figure 6.4 for No. 113 as master. It can be seen from figures
6.3 and 6.4 that a critical height dccurred at an instrument
height of 1.60 metres. 1In order to further examine this area
another height change experiment was carried out over the same
base line for carrier frequencies of 8.0 to 4.0 and instrument
heights of 1.65 to 1.55. This section was reobserved because

it appeared to contain the critical height.
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The observations were made as described above with
the following modification. The carrier frequencies were changed
by *» settings (i.e. on a 20 fine reading basis) and the
instrument heights were changed by 5 millimetre steps. The
distance indication resulting from a particular carrier setting
and instrument height is shown in figure 6.5 for instrument
No. 110 as master and ‘in figure 6.6 for instrument No. 113 as
master. It can be seen from figures 6.5 and 6.6 that a critical
height exists at an instrument height of about 1,585 metres
which compares favourably with the height of 1.60 from the

previous experiment.

It is interesting to note that the first critical-
height as predicted by equation 6,5 is, 1.65 metres (table 6.1)
and the height as predicted by equation 6.6 is 1.278 (table 6.5).
The observed critical height of 1.60 lies in between these values
and this can be accounted for by the examination of the profile
of the Warwick Farm Base Line, figure 3.4 which shows that the
base line is neither evenly sloping, (this assumption was used
in the derivation of equation 6.6), nor level, (assumption used
in the derivation of equation 6.5). A close study of figures
6.3 and 6.4 reveals that the frequency shift method of
measurement would sample the indicated distance across the
contours (of distance). This gives the well known ground swing
curve. In fact the ground swing curves for a particular
instrument height can be obtained by taking the values of the
indicated distance from the figure and plottihg these for the
carrier frequencies. If this is done the resulting curves are
similar to the swing curves observed during the zero error
measurements and the ground measurements taken as part of the

tower measurements.
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If the height change method is considered for a fixed
carrier frequency for this particuiar experiment a sample would
be taken along the contours (of distance). A full cycle of swing
would not be obtained, in fact, the distance indication (against
height for a particular carrier frequency) would vary only
marginally around a certain value. This was to be expected as
section 6.3 predicted that a height change of from 0.65m to
0.78m would be necessary to produce a full cycle of swing by the

height change method over the Warwick Farm base line.

Examination of the instrument heiqhts “or the tower
experiments shows that the measurement from N2 to $2 (instrument
height of 9 metres) is a predicted critical height for n = 30
equation 6.5, and a predicted critical height for n = 33
equation 6.6. However, examination of the measurements of the
line shows that although no difficulties were experienced with
the measurement, the observed ground swing curve for instrument
No. 113 as master exhibited a rather large negative peak, and
that for instrument No. 110 as master has a similar form but
with smaller magnitude. These curves are shown in figures .6.7
and 6.8. It is interesting to note that a repeated measurement
taken 4 days later over this line under similar weather conditions
did not display the negative peaks and the value of the ground
swings were 16.5 and 9.5 centimetres for instrument No. 110 and
113 respectively. The predicted ground swing curve according to
Wadley (equation 5.1) for this line is shown in figure 6.9, and
it can be seen from this graph that there does not appear to be

any indication of the existence of a critical height.
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The predicted error curve according to Poder, equation
6.1, for this line is shown in figure 6.10 and one can see
immediately the existence of the negative peak, possibly indicating
a critical height. Note for both figure 6.9 and 6..10 a reflection
coefficient of 0.20 was used. Further examinatibn»of the tower
heights show that instrument height of 12.66 metres and 16,33
metres, i.e. measurements from S3 to N3 and from S4 to N4
respectively are also predicted critical heights from equation:
6.6. However examination of the Poder Error curve shows these
graphs to be "normal" (i.e. the graphs do not exhibit any
abnormality in the form of large negative peaks). Also no
difficulty was experienced with the measurements of both these
lines. It is very interestinq to note that as the value for n
in equation 6.6 is increased from 50 to 150, the predicted
critical heights occur at instrument heights which are separated
at about one centimetre intervals. The tower measurements
certainly did not support the predictions of a critical height
occurring every centimetre. Consideration must be given to the
fact that for the tower measurements the frequency change method
of measurement was used and this in itself could have masked the

effect of critical heights.

As mentioned in 6.1 the Poder phase error was programmed
so that it could be calculated for the ground measurements and the
tower measurements for the Warwick Farm base line. The output shows
that for small reflection coefficients the Poder error for the greund
measurements is less than 1 centimetre. Further, for the tower
measurements and for reflection coefficients of 0.1 and 0.2 the
Poder curve is very similar to the Wadley curve which was

expected, see Section 6.2.
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6.6 CONCLUSION

The results clearly show that certain instrument heights
called critical heights exist, and at these heights the displayed
distance can be in error by a large amount. If tellurometers are
to be calibrated over a short base line then users must be very
careful, and avpid these heights. These heights can be easily
calculated using equation 6.3 for equal instrument heights over
level ground and equation 6.4 for equal instrument heights over

evenly sloping ground.

The Kupfer (op. eit.) technigue of producing a cycle
of swing over a short line, where the excess path length is small,
by the change of height method cannot be fully examined here
because of the limited height change available. This method may
be difficult to use in the field because one would need a special
tripod or would need to modify an existing tripod in a similar
way so that described in 2.1.2 to provide a range of height shift

necessary to produce a full cycle of swing.
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7. INSTRUMENT TILT

7.1 INTRODUCTION

Most tellurometer users are familiar with the technique
of tilting bcth master and remote instruments in the vertical plane.
to reduce ground swing on lines that exhibit a large ground swing.
The tilt range used in this experiment was from +6° to -6°, each
instrument both master and remote being set to tilts at 1° intervals
within this range. Measurements were taken at all combinations of
tilts. Instrumental tilts of 6° are probably larger than would
normally be used in the field and hence should cover all practical
applications. The measurements for this experiment were taken on

the Warwick Farm base line (see 3.2.1).

7.2 MEASURING PROCEDURE

7.2.1 Method of Measurement

The modified method of measurement as described in
Appendix 4, was used throughout this experiment. The tellurometers
were mounted in the cradles as described in 2.1.2 so that they could
be set to a particular tilt value. The instruments were set over
the base terminals and levelled. The remote was set to the
desired tilt and held fixed at this setting for the twenty
carrier frequency values. The master instrument was set to a
particular tilt and the null meter centred and the displayed
distance recorded. The master instrument was then set at one
degree int -vals in the tilt range at +6° to -6° and the null
meter value “or each setting was + -~orded. This process was
repeated for the reversemode on eacl carrier frequency setting.
To obtain a distance for a particular tilt combination the mean
of the readings taken on the twenty different carrier frequencies

both forward and reverse was used.
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Meteorological readings were taken to monitor the
refractive index throughout the measurements. All measurements
were then reduced for slope and refractive index. The difference
between maximum and minimum refractive index on this 183 metre
line only amounted to three millimetres during the period of the

measurements.
7.2.2 Alignment of the Instruments

During the initial set-up and orientation of the
master and remote tellurometers it is sometimes necessary to use
a compass bearing or some other method to align the instruments
towards one another when the terminals are not intervisible.
When voice contact has been made the instruments can be aligned
more closely by moving each in turn until a maximum indication
is shown for signal strength on the monitor meter. When signal
maximising has been completed both operators proceed with the
measurement assuming correct alignment, i.e. each instrument
pointing towards the other. Due to reflections the above method
may not give true alignment but practice has shown this method

to be acceptable (Kerr, 1951, pp. 436 & 437).

7.3 AMOUNT OF TILT

On a line where ground swing is excessive, i.e.
exceeds an acceptable value, tellurometer users usually adopt
one of several methods to reduce the ground swing. One such
method is to tilt the instrument upwards in the vertical plane
by a pre-determined amount after the instruments have been
aligned. The amount by which the instrument is tilted depends

on several factors, some are described below.
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7.3.1 Length of Line

This is most important because the line may be of such
a length that when the instrument is tilted the signal strength
falls to a low value making a measurement impossible. With these
circumstances tilting the instrument is unsatisfactory and usually
the sclution is to move one of the instruments to an eccentric
station such that the new line defined by the new instrument

positions is not as greatly affected by ground swing.
7.3.2 The Radiation Diagram

The Tellurometer MRAlOl is fitted with a Cassegrain
antenna system with the main reflector 33 centimetres in diameter
and the cassegrain reflector 6 centimetres in diameter. The
radiation diagram of one of the instruments was measured by
Dr. B. Vu of the School of Electrical Engineering, University of
New South Wales, in both the vertical plane and the horizonatal
plane. The results of these measurements is shown in Figures 7.1
and 7.2. The radiation diagram in the vertical plane is most
important when considering vertical tilts. Both radiation diagrams
follow the weli—known pattern for this type of antenna. It is
assumed that the radiation diagram for the other instrument used

in the experiment will be of the same shape.
7.3.3 The Line Profile

The profile of the line governs the angle at which
the reflected signal arrives at the antenna. The reflected signal
is usually that formed from multi-path propagation, the exception
being a signal reflected from a highly reflecting surface such as
water, 1ce or snow. The angle of arrival of the reflected signal
will cause a change in the ratio of the amplitude of the direct

to the indirect ray.
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7.4 EFFECT OF TILT ON GROUND SWING

The effect of tilt on the measurement can be studied
by consideration of 7.3.2 and 7.3.3. Let it be assumed that a
line profile will give at the antenna of the receiver the
conditions as shown in Figure 7.3 for conventional pointing.

Let the amplitude of the direct ray be D and that of the indirect

. . . . I
ray be I. The ratio of I to DI is given by a,, i.e. a, = o

Note, the grazing angle in Figure 7.3 is 0o and the conditions shown

are for a single point reflection. The value of a, will be close

to unity if the angle ¢ 1s small. When the instrument is tilted
the conditions change to those shown in Figure 7.4. The grazing
angle & remains the same and the angle of tilt is shown as t.

Generally a, > a, which results

2° 1 2

in a reduction of ground swing. If single point reflection 1is

i .1, . .
The ratio /D 1s now given by a
1

considered on the Warwick Farm base then the indirect ray will
arrive about 1° below the direct ray, i.e., a grazing angle of 1°.
The value for 1° has been used to calculate the factor a, and a,
from an enlarged copy of Figure 7.1, for some combinations of tilt
used in the experiment. The value of a; for OO tilt and the value
of a, for equal amounts of tilt of master and remote are shown in

Table 7.1.
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Master and Remote Setting a; asy

o° 0.99

-1° .98
-2° ' » | 97
-30 .95
-4° .93
-5° .89
-&° .82
+1° .99
+2O .98
+3° .97
+4° .95
+5° .93
+6° 0.89

TABLE 7.1

The values in Takle 7.1 show that although a, > a,
there is not a substantial reduction in the values of a, when
compared to a;. It is significant to note that for values of

tilt from 0° to +3° the valueg for a, and a, differ only by 3%.

In practice the amount of tilt used will vary with each
line and with individual observers. A value of tilt of 2°
has been recommended by Kupfer from the results of experimental
work using the Wild Distomat 150 (Kupfer, 1967). Kupfer (op.
cit. page 24) states that the value of 2% is the optimum value
and found in experiments that this gave -

a) reduced sensitivity to ground reflections

for MOST lines.

b). unchanged sensitivity to ground reflections

for some lines, and

¢} increased sensitivity to ground reflection

in "no case".
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The ground swing curves for tilt combinations of
+6° remote and +6° master to -6° rémote and -6° master aud
equal tilts of master and remote within this range are shown
in Figures 7.5 to 7.17. The values of ground swing for some

of the tiit combinations are shown in Table 7.2.

Tilt Combination Ground Swing
+6°/+6° 12.5 cm
+5°/+45° 27 cm
+4%/+4° 12 cm
+3°%/+3° 11.5 cm
+2°/+2° 8.5 cm
+1°%/+1° 9 cm

0/0 10 cm
—lo/—lo 9 cm
—20/—20 11 cm
-3%9/-3° 9.5 cm
-4%/-4° 9.5 cm
-5°/-5° 12 cm
-6°/-6° 20.5 cm

TABLE 7.2

The range in ground swing for the Warwick Farm base
line measurements used in the zero error determination were of
the order of 8 cm to 13 cm. It was discussed in section 5.4 that
antenna swing could amount to 8 cm to 10 cm hence the lower value
above could be antenna swing. The results in table 7.2 and the
corresponding swing curves in figure 7.5 to 7.17 show that as the
tilt was increased, the ground swing was reduced for tilts of
+1o/+lO and +2o/+2o but then increased for values +30/+3o to
+60/+6O. The reduction for the values up to +2°/+2O support

Kﬁpfer's (op. cit.) value of +2o as the optimum value of tilt.
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ABecause the ground swing was small on the line during
conventional measurements and because the reduction in ground
swing, as a consequence of instrument tilt, is minimal, care
should be exercised in drawing firm conclusions from these
results. The ground swing curves for the tilt values of
+lo/+lO and +20/+2o may in fact be antenna swing curves. 'Further,
the measurement made at the larger instrument tilt values on

certain carrier frequencies were unstable.

7.5 EFFECT OF TILT ON ZERO ERROR

The reduced measurements of all tilt combinations are
shown in Table 7.3. Figure 7.18 shows these readings plotted with
lines of equal zero error drawn (as contour lines). The true
distance is shown as a heavy line. The readings'in Table 7.3
denoted by an asterisk do not contain the mean of readings on all
carrier frequencies. At the higher carrier frequencies (10.3 to
10.4 GHz) the null meter was unstable, at times oscillating between
its total range of +50 to =50 (null meter scale). Because of this
instability the readings for these carrier settings were not
included in the calculation of the means of the fine readings.
Some difficulties were experienced on the master instrument during
the -4° tilt setting and at one stage the signal was lost. The
effect of instrument tilt of both master and remote can be seen
from Figure 7.18 and Table 7.3. A study reveals that within the
tilt range of +3° to -3° the indicated distance is not greatly
changed from the level value. This range of tilts would be those
normally used in the field and this range also includes the value
of 2° as recommended by Kupfer (op. cit.) as being the optimum

value.
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Whenever an observer must tilt the instrument outside
this range of +3° to values of about 6° then the results show that
the distance is altered and users must calibrate for these tilts.
Care must also be taken when using large tilts because of the
tuning difficulties that were experienced during the experimental
measurements. Figure 7.18 shows that when the master instrument
is held in the level position and the remote instrument is tilted
then the displayed distance is not altered significantly. This
indicates that tilts of the master instrument are more significant
than those of the remote. With the Casseqrain Antenna of the
Model MRA1Ol Tellurometer it would appear that rays striking the
parabolic dish are reflected towards the focal point of the
-arabola but this point is also one of the foci of the cassegrain
reflector which is an hyperbola. This means that the rays on
reflection from the hyperbola will pass down the wave guide as shown

in Ficures 7.19 and 7.2C (Figure 7.20 after Marshall).

When the instrument is tilted upwards or downwards at
an angle of say to, then the phase centre point is shifted upwards
or downwards because the point of tilt is not about the phase
centre point. As a result of the vertical displacement of tne
phase centre point, an additional error is introduced into the
indicated distance. If the distance between the phase centre
point and the point of tilt is b, then the error according to
Kupfer (op. cit. and 1971) is given by error e = 2b ltol, the
factor 2 is included because both instruments are tilted.

Let b = 15 centimetres for the MRAl0l tellurometer then
Table 7.4 shows the correction to be applied for the range of

tilts used in the experiment.
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£ =1° e = 0.5 centimetres
2° 1.1 cm
3° 1.6 cm
4° 2.1 cm
5° 2.6 cm
6° 3.1 cm

TABLE 7.4

llowever, examination of the results of the tilt experiment as
shown 1n Table 7.3 shows that the indicated distances do not
decrease as the tilts are increased, in fact the indicated

distances increase from the Oo position. The effect of this

error is certainly being masked by the fact that

i) multi-reflections are taking place along the line,
ii) reflections are taking place at the antenna,
(antenna swing?)
iii) the instrument has only centimetre resolution,
and 1iv) indicated distance is obtained from a ground swing

curve i.e. from a number of fine readings.

7.6 CONCLUSTION

It can be seen from the results that the effect of
instrument tilt on ground swing as tested in this section over
the Warwick Farm base line is inconclusive as far as ground
swing reduction is concerned. The ground swing on this base
line was not excessive as both the tower and zero error experiments
have shown and the tilt experiment did not reduce this by any
great magnitude. The swing graphs, Figures 5.5 to 5.17 for the
tilt measurements are similar to the swing graphs from the other

work mentioned above.
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Table 7.3 and Figure 7.18 show that the zero error
determined from normal aligning techniques is changed when the
instruments are tilted., It is important to note that within the
tilt range of +3O to -3° (both master and remote) no great
difference was recorded in the zero correction. However at tilts
greater than this a further correction must be applied to the
indicated distance. If the zero error calibration is carried out
with both instruments tilted (say upwards at 30) and users ir‘*end
to use this instrument position for ALL measurements then nc
additional correction need be applied. This technique may in fact
reduce the effective range of the instrument and users may prefer
to use conventional pointing methods for measurements with
acceptable ground swing and a tilting techniques for lines with
large ground swing. If this is the case then each instrument
must be calibrated because the effect of multi~reflection at the
antenna and the antenna itself, mask the theoretical correction

that could be expected to be applied.
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PARA BOLA AND
HYPERBOLA
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8. GROUND SWING REDUCTION USING NATURAL SHIELDS

8.1 INTRODUCTION

Many tellurometer observers are familiar with the
technique of reducing the amount of ground swing on a line which
has large ground swing (i.e. above an accepted value) by setting
behind a hill or lowering the instrument. This shielding technigue
makes use of the natural conditions that are available as distinct
from those techniques where artificial screens are used,
(Chrzanowski 1968). Kelsey (1959) was the first to demonstrate
this method and he made use of the ground surface as well as
stone walls and also the bonnet of a motor vehicle. Care must
be taken to see that the artificial shields and the natural

shields do not themselves act as reflectors.

8.2 BATHURST MEASUREMENTS

The University of New South Wales, School of Surveying,
has a Survey Camp site in the Bathurst area of N.S.W. The small
triangulation network used by the School has been connected to the
State (of New South Wales) Trigonometric Survey by theodolite
observations and tellurometer distances. The scale of the
U.N.S.W. triangulation scheme is also based on tellurometer
measurements. The area around the Bathurst district is ideally
suited for triangulation work because of the Great Dividing
Range in the east and the hilly nature of the country to the

west. (See figure 8.1l(a) and 8.1(b) ).
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One line that was measured for the connection was
the line Callaghan (U.N.S.W. station) to OVENS (State Trig.
station). The profile of this line is shown in fiqure 8.2.
It can be seen that the line is about 22 kilometres long and
that the hills on which the occupied stations are, rise sharply
from the valley floor. Because of the shape of the profile a
large ground swing was expected and also many swing cycles were
expected to be developed. The measurement was made in
September 1970 in the afternoon after rain and the grass cover
in the vicinity of the station Callaghan was about
5 centimetres high and wet. The instrument was set at normal
height i.e. about 1.3 metres. The ground swing curve for the
measurements taken with instrument Nos. 113 at Callaghan, and
114 at Ovens, as master gre shown in figures 8.3 and 8.4 respectively.
The ground swing (maximum value minus minimum value) for each of
these measurements is 1.195 metres and 1.365 metres respectively.
These values are high when compared with the average value of
about 0.13 metres generally obtained from this equipment. A
second measurement of the line was carried out this time
re-siting the instrument at an eccentric station positioned
behind the crest at Callaghan such that the lower portion of
the transmission was shielded by the ground surface. The
ground swing from this measurement made on 10 carrier tune
settings was 0.135 metres and 0.220 metres for master instruments
nos. 113 and 114 respectively. This is almost a ten times
reduction of the ground swing. The ground swing curves are shown

in figures 8.5 and 8.6.

The reduced distances from both measurements are -
(1) large ground swing 22413.08
(ii) reduced ground swing 22413.18
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The difference of 0.10 metres gives an internal agreement of
1:224 000. Figures 8.3, 8.4, 8.5 and 8.6 show that in the case
of the large ground swing several cycles were developed and in

the reduced ground swing case only one cycle was developed.

It has been mentioned above that scale for the U.N.S.W.
triangulation scheme was obtained from tellurometer measurements.
The distance between stations Bald and Bayliss, 4901.26 m, was
measured with ground swings of 0.45 and 0.38 metres for instrument
nos. 110 and 113 respectively. Figure 8.7 shows these two ground
swing curves. It can be seen that several cycles were developed.
One student exercise at the survey camp is to measure the distance
Bald, Bayliss with the tellurometer. However, as the stations
are also occupied by students observing horizontal directions the
tellurometers were set forward of both stations on line.

At the new instrument position there was less shielding

effect from the ground surface and as a result the ground swing
on the new line was expected to be higher than that obtained on
the old line. Ground swings up to 1.20 metres were obtained

on this line, which at the time of measurement was covered with
grass about 5 centimetres high and very wet. A further
measurement was taken over the line with the tellurometer set
at Bayliss, 10 metres towards Bald and set at Bald 28 metres
away from Bayliss, thus at the station Bald the ground surface
shielded the lower part of the beam. Ten fine readings were taken c-
this measurement and the ground swings were 0.095 and 0.105
metres for instrument nos. 114 and 113. See figure 8.8. The
reduced distance for this measurement agreed exactly with that

obtained from the control measurement.
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8.3 EXPERIMENTAL MEASUREMENT

In view of the fact that a large reduction was obtained
in the ground swing on the line Bald Bayliss it was decided to
carry out a series of measurements on this line from stations, on
line, with varying amounts of shielding. At station Bald ten
auxiliary stations, numbered 1 to 11 (no. 8 being Bald) were
marked on line such that some stations would have no shielding
and others would have maximum shielding. A profile of the
stations is shown in figure 8.9 to natural scale. Figure 8.9
also includes the inclination to Bayliss and further the 6°
cone (to half power points) of transmission. It should be noted
that for this series of measurements onlysten (10) fine readings
were taken and these fine readings were taken at station Bald.

To monitor the refractive index for the proposed measurements,
meteorological readings were taken at each instrument before
and after each set of fine readings. Thus the refractive index
for a particular set of fine readings was taken as the mean of

four refractive indexes, two from each end.

8.3.1 Measurement Sequence

A sequence of measurements was designed so that each set
of measurements could be referred to the previous set and to avoid

the systematic effect of centering, the instrument at Bald was

re-centred after each measurement. A set consisted of measuring
three of the lines twice in the following way: line 2, 1ine 6,
line 10; line 10, line 6, line 2. As the refractive index

was monitored at both stations the effect of a change in the

refractive index on the measurements could be calculated and further if
the error in the determination of refractive index is considered to be
linear, this measurement sequence would eliminate the effect of this
error. This precaution was taken although it is realised that a small

change in the refractive index has little effect over this distance.
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The full sequence of measurements is as follows -

2 6 10 10 6 2
2 4 6 6 4 2
6 8 10 - 10 8 6
1 2 3 3 2 1
3 4 5 5 4 3
5 6 7 6 5
7 8 9 9 8 7
9 10 11 11 10 9

From the previous tellurometer measurements taken on this
line it was anticipated that the ground swing of the lines 1 to 7, with
very little shielding would be large, say 1.0 metres, and that on lines
8 to 11 with some shielding would be of the order of 0.20 metres.
Station 1 was selected to be very close to the brow of the hill and
one can see from the profile that the shielding effects on lines
1 to 6 are similar, hence one would expect similar ground swing curves

for these lines.

8.4 RESULTS

These measurements were made in late December 1970
during a very dry period and the grass cover at both stations
was completely different to that in September. At Bald the grass
was about 0.7 metres high and the line had to be cleared of
saffron thistle which was up to 1 metre high. The grass at
Bayliss was about 0.5 metres high and like that at Bald,
completely dry. The valley floor and the side slopes of the’
hill were similarly covered with dry long grass. The temperature
(dry bulb) for the measurements was a maximum of 37°C and a
minimum of 22°C compared with a range of about 5°¢ to 10°C
during the September measurements. Because the ground conditions
were very different from those of September the previous large

ground swings were not expected to be observed.
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Table 8.1 shows'thejground swings.forfthe 48

measurements.
Line G/S Line G/S " Line - G/S Line G/S

metres metres metres metres

1 0.20 4 0.23 6 0.30 9 0.13
0.15 0.28 0.28 0.11

2 0.28 0.27 0.22 0.12
0.11 0.24 0.22 " 0.11

0.24 5 0.31 7 0.15 10 0.10

0.30. 0.26 0.16 0.11

0.12 0.21 0.22 0.09

0.24 - 0.16 7 0.22 0.10

3 0.21 6 Q.37 8 0.20 0.11
0.25 0.35 0.22 0.10

0.22 0.32 0.13 11 0.09

0.24 0.30 0.15 0.11

TABLE 8.1

It can be seen from table 8.1 that the maximum ground

swing occurred on line 6 and not on line 1 as one would expect,
also the magnitude of this ground swing 0.37 metres is less than
expected. Several of the lines were measured by students in
September 1971 and again in September 1972. During the 1971
measurements the weather conditions ranged from fine sunshine

to cold conditions with some rain. The 1972 measurements were

taken in ideal weather conditions, i.e. warm, fine, sunny days.

Tables 8.2 and 8.3 show the range in ground swing

from the 1971 and 1972 measurements respectively;

Line 1 2 3 4 5 6 { 7 1 8 a 10 11
Ground Max {.41*% | .71 | .56} .71 ] .72 | .60 .48 .39 .26%| .25
Swing Min |.le6* { .28 | .28 .27 | .26 | .18*%| .30 .36 .15 .16
metres
*rain and wet weather 1971 RESULTS

TABLE 8.2
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Line 1 2 3 4 5 6 7 8

Ground Max] .28)] .40 |.44 |.73 {..38] .40 .46]| .22
twing min] .13 .21 |.22 |.22}.26] .38} .28} .15
fretres |

1972 RESULTS
TABLE 8.3

8.4.1 Reduced Distance

The reduced distances to station Bald for the 48
measurements are shown in table 8.4. The standard deviation for
a single observation and for the mean are shown. The mean value
being 4901.24 m. Itlshould be noted that the measurements made
on line 1 to 6 inclusive have much larger residuals than those
from lines 7 to 11 inclusive. Table 8.5 shows the 48 measurements
again reduced to station Bald but with each set fitted to the set
taken before it i.e. the 2nd set of measurements 2, 4, 6, 6, 4, 2
has been fitted to the lst set 2, 6, 10, 10, 6, 2. The standard
deviation of a single observation and of the mean is also shown.
The mean value for these observations is 4901.29 m. The accepted
value for the distance Bald to Bayliss is 4901.26 metres. Again
it can be seen that the residuals for the lines 1 to 6 inclusive

are much larger than those for 7 to 11l inclusive.

It is important to note that the magnitude of the residuals
is related to the magnitude of the ground swing, thus supporting the

technique of shielding part of the transmission to reduce ground swing.

8.4.2 Calculated Ground Swing

Ground swing curves were calculated, for lines 1 to 8
inclusive, according to Poder's theory, equation 6.1. The curves
for line 1, which are typical, are shown in figures 8.10 tc
8.19. These curves exhibit positive peaks for reflection
coefficients up to 0.4 and for reflections coefficients
greater than this the positive peaks are predominant with some |
negative values. The curves with reflection coefficients of 0.1,
0.2 and 0.3 are “reasonably typical" of the observed qround swing

curves but for values exceeding this the calculated curves are
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in no way similar to the observed curves. It must be noted that
equation 6.1 was based on the assumption that single point
reflection existed and further this reflection was very strong.
In view of this and also that the curves with large reflection
coefficients did not approximate the observed ground swing curves
it appears that multi reflections occurred on the measured lines,
hence equation 6.1 is not applicable. Curves were not calculated
for line 9, 10 and 11 because the crest of the hill at Bald acted

as a shield making equation 6.1 unsuited for these lines.
8.5 CONCLUSION

The results revealed that the physical ground
conditions have an effect on the observed ground swing. = Changes
in the physical conditions can cause a considerable change in
the magnitude of the reflection coefficient which is described
by Reed et., al. (1966 page 33) as "a complex quantity being a
function of the dielectric constant and conductivity of the
reflection surface, the frequency and polarisation of the
propagated wave and the grazing angle.” The actual value or
change in the value of the magnitude of the reflection coefficient
is difficult to calculate because the accuracy of the calculation
depends on the "accuracy with which the primary parameters
conductivity, permittivity, and permeability are known",

Reed et., al. (op. eit. pp. 90-1).

However, for carrier wave of 10 cm or less,
Kerr (1951 page 435) states "the critical factor in determining
specular reflection is the roughness of the surface, not the

conductivity and dielectric constant of the surface", but on
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page 423 he states "a satisfactory quantitative explanation of

roughness has not been found".

From this it can be seen that an analysis of the
magnitude of the reflection coefficient would be extremely
difficult. Experiments have been carried out into the
variation of the magnitude of the reflection coefficient
for horizontal and vertical polarised radiation over land
and sea surfaces. The results of these experiments show
considerable difference between the theoretical and observed
values of the magnitude of the reflection coefficient for

3 cm radiation. (see Kerr (1951 pp. 424, 433)).

However the polarisation of the MRAl0Ol tellurometer
radiation is 45° with the transmitted wave and the received
wave separated by 90°. (Wadley, 1958) As there has been no
research conducted on the magnitude of the reflection coefficient
for radiation with 45° polarisation, Poder (962, p. 4) suggests
that the reflection coefficient can be found "by splitting the
incident signal in two components (vertical and horizontal)
and then multiply each of them with the respective reflection
coefficient, and then find the sum of their projections on the plane
of the receiving antenna". The uncertainties in horizontal and
vertical polarised waves between experimental and theoretical values

must therefore be compounded for 45° polarisation.

The change in the physical conditions between
September 1970, when the lines were covered with short wet grass,
and December 1970 when the grass was long and dry must have
caused a change in the magnitude of the reflection coefficient.
It should be noted however that the grass was wet for some of the
1971 measurements and the observed ground swings were not

excessive.
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We will see a more dramatic reduction in ground
swing by shielding when the amplitude of the ground swing on the
unshielded line is large as evidenced by the measurements on the
line Ovens to Callaghan where the ground swing amplitude was

reduced by about 85 per centum.

For lines which show a small amplitude in their
ground swing the shielding effect is less dramatic, although
the percentage reduction in amplitude is still considerable.
For the line Bald to Bayliss the reduction was between 45 and

80 per centum.



142

Line Distance \Y w10* Line Distance \Y wv10"
1 4901.14 -.10 100 6 4901.20 -.04 16
.13 -.09 81 .14 -.10 100
2 .29 +.05 25 .26 +.02 4
.28 +.04 16 .27 +.03 9
.25 +.01 1 7 .27 +.03 9
.20 -.04 16 .23 -.01 1
.19 ~.05 25 -26 +.02 4
.17 -.07 49 .26 +.02 4
3 ‘ .24 -.01 1 8 .25 +.01 1
.20 -.04 16 .17 -.07 49
L1200 -.12 0 144 ' .27  +.03 9
.15 -.09 81 Lo .26 +.02 4
4 .27 +.03 9 9 .29 +.05 25
.19 -.05 25 .28 +.04 16
.13 -.11 121 .28 +.04 16
.27 +.03 9 .27 +.03 a
5 .17 -.07 49 10 .29 +.05 25
.20 -.04 16 .29 +.Q5 25
.24 +0 Q .25 +.01 1
.26 +.02 4 .23 -.01 1
6 .32 +.08 64 .28 +.04 16
.33 +.09 8l .27 +.03 9
.27 +.03 ] 11 .26 +.02 4
.25 +.01 1 .23 -.Q1 1
4+0.93
L1.12
£1301
MEAN = 4901.24
0single obs. +0.052
= +0.008

a
mean

UNFITTED VALUES

TABLE 8.4
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+

Line Distance \Y w 10%. Line Distance Y wlo
1 4901.24 ~-.05 25 6 4901.28 -.01 1
.24 -.05 25 .26 -.03 9
2 .29 + 0 0 .32 ° +.03 9
.28 .01 1 .32 +.04 16
.29 + 0 4] 7 .32 +.03 9
.28 -.01 1 .29 % 0 0
.29 + 0 0 .32 +.03 9
.28 -.01 1 .29 + 0 0
3 .34 +.05 25 8 .33 +.04 16
.31 +.02 4 .29 r 0 0
.30 +.01 1l .33 +.04 16
.13 -.1l6 256 .29 + 0 0
4 .31 +.02 4 9 .34 +.05 25
.25 -.04 1le .30 +.01 1
.31 +.02 4 .29 + 0 0
.25 -.04 16 . .28 -.01 1
5 .42 +.13 169 10 .29 + 0 0
.24 -.Q5 25 .29 + 0 0
. 30 +.01 1 .33 +.04 16
.32 +.03 9 .35 +.06 36
6 .32 +.03 9 .26 -.03 9
.33 +.04 16 .25 -.04 16
.31 +.02 4 11 .27 -.02 4
.32 +.03 9 .25 -.04 16
+0.78
Z—0.60
r830
MEAN = 4901.29
single obs. +0.042
o = *0,006
mean

FITTED VALUES

TABLE 8.5
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9. FINAL CONCLUSION

This work clearly shows that users of the model MRAIOL
tellurometer must calibrate their instruments for zero error.
The zero error of this tellurometer is cyclic and dependent on
the A reading but the magnitude of the cyclic term is of the order
of one centimetre and the overall effect of the cyclic component
can be masked by the fact that the instrument has centimetre
resolution and the accepted distance is taken from a ground
swing curve. Tests taken on measurements with a range in A
readings from about 2.5 to 5.5 show that the addition of the
cyclic term in the zero correction expression only marginally

reduces the standard deviation of a measurement.

If a calibration base of known length is not available
then the technique of measuring a line (of unknown length) and
then measuring the line in sections proved a reliable method.

It is recommended that when this method is used in practice, the
line should be divided into nine sections so that the total of
ten lines covers the range in the A readings. The resulting
zero correction will then represent a mean value and should

minimise the cyclic effects.

Care must be exercised when applying a zero correction
derived from conventional pointing if the observers tilt the
instruments in the vertical plane during the measurements in order
to reduce the ground swing. The expérimental work shows that for
tilts up to 3° the zero correction doss not differ greatly from
the value for conventional peinting, but beyond this range the
zero correction changes greatly. The experiment supported the
tilt value of 2° suggested by Kupfer (]967) to be the ideal tilt

for the reduction of ground swing.
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The experiments conducted into ground swing show how
difficult it is to predict the ground swing for a particular line.
The theoretical expression by Wadley (2958) was sﬁppoxted over
the short base line for medium instrument heights but at large
instrument heights the resulting ground swing was most probably
due to antenna swing. It is also interesting to note that over
the short base line (183 m) at normal instrument heights (giving
small path differences) the observed ground swing was probably
antenna swing. Extreme care must be exercised when using short
base lines for zero error calibration to ensure that the
instruments are not set up at critical heights. At critical
heights the effect of ground swing can cause large anomoliés
in the displayed distance, yet when studyiig the ground swing
curve no anomalies appear to exist. Tables were calculated
showing the expected critical heights over the 183 m base for
a level surface and for an even sloping surface. The actual
observed critical height fell between these two predicted values

for the first critical height.

The monumental work of Poder (1962) into
reflections dealt mainly with lines over highly reflecting
surfaces and as a result its application to this work was very
limited. Poder error curves were calculated and used wherever

possible.

The effect of instrument tilt on éround swing was
examined and the results indicated that if both instruments are
tilted upward to a value of about 3O then the ground swing is
reduced, however, as the ground swing on the original line was
small no firm conclusions can be drawn from these experimental

results.
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The technique of using artificial shields to reduqe ground
swing on lines exhibiting large ground swing values is clearly demonstrated
on the lines measured in the Bathurst area of N.S.W. The results of a
detailed experiment into the effect of natural shields on one of the
Bathurst lines revealed a considerable reduction in the amplitude of
the ground swing even though the unshielded line did not exhibit a

large amplitude ground swing curve.

The change in the amplitude of the ground swing curve was
apparently caused by a change in the magnitude of the reflection
coefficient. Changes in the magnitude of the reflection coefficient
are very difficult to predict and research has shown a considerable
difference between practical and theoretical values of the magnitude
of reflection coefficient for horizontal and vertical polarised radiation.
As the tellurometer has 45° polarised radiation the situation is made
more difficult and it is suggested that future research should be

concentrated in this area.
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APPENDIX 1

OPERATING INSTRUCTIONS, RECORDING FORMS AND
REDUCTION FORM. :

1.1 Operating Instructions

The operating instructions provided by the manufacturer
in the handbook were found to be confusing and because of this a
more compact set of instructions was written. Ofknécessity an
initial setting up procedure must be agreed updn by the operators.
The system adopted in all measurements by the School of Surveying

based on the author's experience is also given.
1.2 1Initial Set up for Master and Remote Instruments

Before measurements are commenced operators must agree
on
(i) Time at which contact is to be established.
(i1) Which instrument is going to be master.

(iii) Compass bearing on which to base initial orientation.

1.2.1 On arrival at instrument station.

1. ‘Mount instrument on tripod, and point antenna in
general direction of the other instrument.
(Accurately centre instrument).

2. Fit the small-mirror assembly to the R.F.Head.

3. Connect the battery supply cable to the battery
terminals (note red lead to +ve.terminal) and plug
the cable into the 12v. battery socket on the
instrument. Allow 15 to 25 minutes for the oven
lamp to cycle.

4. Plug in headset.

5. When oven lamp is cycling, switch warm up switch to on.

6. After about 30 seconds set operate switch to on.
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7. Set Monitor switch to Batt. Reéding {(on monitor
meter) should be 20 to 25.
8. Set Monitor switch to Output Reading (on monitor meter)
Carrier tune to 4. should be 15 to 50.
9. Set Monitor switch to Mod and speak/measure switch
to measure. Switch to all patterns in turn, reading
on monitor meter should be 45 on all patterns except
E which should read 35.

10. Set Monitor switch to sig, speak/measure to speak.
1.3 Master function

The action required to be carried out and the position
of the switches for the coarse readings and the fine readings is
shown in table 1. The numbers for each instruction of the master

function correspond to the numbers for the remote function.
1.4 Remote Function

The action required to be carried out and the position
of the switches for the coarse and fine readings are shown in

table 2.
1.5 Field Recording Sheet and Reduction Form

The field recording sheet suggested by the manufacturer
was also found to be inadequate and two new sheets were designed.
One sheet for 10 fine readings and the other for 20 fine readings.

Examples of each of these are included.

A tellurometer reduction sheet has also been designed

and is included for completeness.



175

‘T 979vY4%

*R0URYSTU JO JUISINSWOW PUOOSS IOF pojseder sFuTPESX SUTF PUB @B8IBOD JOJ eanpsedoxd eA0GE 8YJ DUB DOSISAST MOU T8 SUOTHOUNJ JUSWNILBUT | 62
*(eaoqs 8%) SsJUTpEeT 88XBOO JO 3108 DPUOOSS OXBY, | °82
*pejoTdmoo useq SABY SIUTPEST GUTJ UM SFUTPTEI °39W PUCOEs OB, ‘L2
‘2 ‘T ‘g fL°crc 4C ‘2 sSurqes IeTaTEO YITA °*GZ 03 2T sdejys jwedey | -9z |
" eeds u u *Su134e8 IPTIXBO T dn 0F 03 FowEX JONAIBUT | °GZ |
" u ‘seowm M " *HSHHATH ¥ DIOOGY 1T 306100 367 puw JYOOT oxez eswelasy | ‘Y2
" " yeods “ u *y ejomeg 03 UOJTAS 03 o30maI JonIisUI | °f£e
“ " ‘88U o M : *TTOU 3063Y00 387 pue TOIJUOCD NOPB6T 83BICY | °22
" " yweds “ " *¥00] orez ofeduy -esIeA®y ‘-Joy ejomey 03 OF 03 ©J0WET JONIIBUT | °*T2
" M ‘8Bow " " *Suriges JOTITED ‘QUVAHOL V PIOSEy °TINU 308IICO UTVLGQ ‘OO OXSZ esedTey | 02
" M yeeds " u 'y o30mey 03 0F 0} 830WST JONILEUY | 61
" " " u " ‘17U 308XI0D IOF TOIJUOD 3INOPBET 83BYLY | BT
“ “ *seew 9IS NI *j0OT OXoz eFeSuy °pPIBAIOJ ‘*JOY ejouweg ‘exnsee) 03 OF 03 €30WEX JONIISUT | L1
“ “ " aumy NI *I04TUOW U0 § = OX8Z *eung eUJ X0J IetaIsd *fpy | °97
" " " 4 wndino | 100 *enTeA pIooer pus Peey zojTUOm UO gndjmo ‘xew ooy | *CT
“ a yeods nIs NI *pIEE ©q MOU WO Yoeeds ¢‘JOJTUOW UC UOTIDSLIOP °XBu TIIUN XOTITVO esweIouy | *V1
v a9ysei| oy | seeds | gandang| 100 *andqno °xew JoJ -{pe puw | 0} Ie3SER JO IOTIIVO 398G | (T ,
V Je388R| JOJ seeds DIS NI *S5UTPeS °36W 3BITI X8} PUB T O3 SUMY JOTIIRO 386 0} SJOWST JONAIBUY | T |
(souTpBex eul)) WHISYH
g -T9388N " " " " ‘d » " M " " g » ) " ‘11
0 X898BN " " " . ‘0w M ’ u u " D » " ‘01
Q X93s8N M u “ " ‘T ow » M " " a =« M *6
T JeyseNi JI03 seou IS NI *5 98YBO)H UT TIOOSBI ‘ITOU 306II00 B JOJ TOIJUOD INOPBEX 83Wl0Y °F I8V 03 YOI TAS ‘g
Y Xe388K| XoF *geeu DIS NT *y ©8X60) UT SUTPRET PICOOGI PUB TN JO8IX00 B J0J TOIIUCD 3NOPeaX 838304 | °/
V Je3Bey| 03 yeods oIS NI *300T OXOZ OFBOTST PUB Y 930WOX 03 UO3TAS 0F 630U8I JONIFBUY °9
* (U0T300I TP i
v IesEn  I03 seen oI NI owes UL eAou o.nvo,mnhuopoa PUB TOIJUOO) TN 308II00 ¥ IOJ TOIUOD IMOPEAT ©4830I PUB YOO oXez ePeBuy | °G
Y o889y o3 Jyeeds nis NI “oIMSBOW 03 YOJTMS 0F 930MeX JonIysur | °*V
A s (otpocu o3
vV Io3seR) 303 yeods | ey, 8L quomeAow owes °SALS .nouunooAuo *gqox *ddo dus.oov *X0}TUOM UO TJUTPBOI § - OX6Z ® JOJ otmy Iotxaed °*{py | °€
¥ aojeey| J03 yeods | sndang{ 00 *JOFTUOW U0 SUTprox JusIIno uoﬁm *yew J0F [oxjuco gndjno *fpy ;
sx03TUOW WO PuTprex °*XeW 308 ‘Tojtuyy YITA 9vedcy "JSUT JO UOTLOOITP 45NLPE 0F 6jomex JONXISUT | *Z |
Y de3sen| a0 Xeeds nis NI je1qysesod mou 40B3uU00 yooedg °I04TUOW UO UOT4O09LIOP *Xew TIjun JUTI368 JGTIIBO OSBOIOUT ‘€ 38 J9TaXB0 368 | °1 ,
uxe33ed | esI8A8I| eanEREm| JOJTUON | DIV NOLIOV (sSuTpEST ©8TL00) WIISYH
(preaxoy| /xeeds




176

‘¢ dT1dvYL

*e0UBSTP JO JUSWAINSBSW PUCOSS JOJ pejsedex SSUTPBEI SUTJ PUB OSIVOO IOJ 6Impeocoxd 9ACqE OY} DUB DPAST A8 MOU arT RUOTIOUWDT JusunIAeUT| *62
*(ar0qe §8) SSUTPBST 9BIBOO JO 388 PUOOSS o8y, ‘g2
*pejo1dwoo uesq sAvy BRUTPBSX SUTJ UsyM 8AUTPBST *jew puooes axeLl °*le

2 ‘T ‘g ‘Leccr 4C ¢z sBurjges Tetxawo YiTA Gz 03 2y sdegs jeedey] -9z

*Joy ‘ejomey| xo3 yeeds | Jndynp| PIBAIO] ‘°Joy ejomey ‘ysedg ‘qeg °andyno *xew Io3 *fpe ‘Buryqes Jeyxzmo T du oF ‘pajonaysur veyy| gz
‘uotzom oN! 2

Yy ejowmey u " @ “ ‘¥ ejomey 03 YO3TAB ‘pajonaysut usym; °€2
‘uoT3o® on!  *2z

*Joy oqowey| asx " " M ‘Joy ejomey ‘esIeAsy 03 QO3TME ‘pajonxysurl a9y, *T2
‘uoT10® oNf ‘02

¥ ejomey “ “ M “ 'V ejomey O3 UO3TMS ‘pejonaisur weuy! 41
‘uoTIOR Ol *gT

" " *Seem u " ‘PITBAIO] ‘°JOY 010WSY ‘eIuswsy ‘05 UOLTAS ‘pejonaisut ueyy| /1

’ TuoTioB of|  °91

‘uoTade of| ¢y
" " M " " ‘PIEeY 6q Mou uwd Yoeeds °3083u00 863BOTPUT SuTpBeX ‘Xe  I03TUOW YOjmp| Py

“ u " 1S " *83UTPBEI °jeW 38T OB} POIONIIEUT ueus ‘aremM ‘HIe o3 yojTag| €7
*Joy ejomeyi o3 ¥eeds | ndang | gno ey ejomey yeodS jog -yndino *xem a03 *fpe pue T 03 I0LX 8O 308 ‘POJONIIBUT UeYy | 2T
(sBurpwex oUTy) FLOKEY

m L 3 " " " n cm ] 1) " n H 1] u ¢ .H.H

Q " L1} L] L " 00 ] 1) ) " " 1.} L] OOH
a " " " " ¢ M " u M M " " 6
¥ ejomey " u " " *H ejouwey 03 Yo3Ims ‘pejdnrrequl ST jespeey uT TeUSTE 8/0y T weyy | °g

. ‘uorjom oy | )

YV ®jowey " » " " °V 9jomey o3 YO3TME ‘pajoniysur weyy | g

, ‘uUoT3oB O | °G

" " ‘sBou M u ‘OINSBOR 03 YOJTAS ‘DPOjOnIIBUT Ueyy | °f
‘uor3oe o | °f

" " u " “ *TO3TUCW JO UOT300TJOP X BE JOF jUeUNI3SUT *(pe POJONIYISUT Ueyy | °Z

Ny o3y yeeds oS | ano ‘PIBSY 6q Mou weo yosedg *IojTUOW JO UOTIOSTFED *xem JI0F YoIBY °HIS 04 I0}TUOW 399
Foy &jomway ao3y yeeds | quding | 100 *andino *xew 103 *fpy °G o1 sun] JeTITBO 306G 1
uxeg3ed |esyesex | eanssem JO}TUOR | OV ROILOV nn.wnwdaou ©8I800) HIORIY
PIEAIOT /Aeeds




177

UNIVSHSITY OF NEW SOUTH WALES

SCHOCL OF SURVEY ING

TELLUROMETER FIELD SHEET
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APPENDIX 2

CALIBRATION OF FREQUENCIES

1.1 Eguipment

The equipment used to measure the carrier frequencies
and the modulation frequencies of the tellurometers used in the
work were housed in the Sydney County Council Testing Laboratory
at the School of Electrical Engineering, University of New South

Wales.
1.2 Modulation Frequencies

The modulation frequencies were measured in 1967 and
1969, these results are shown in table 1 together with the

manufacturers value.

Special "take off" points have been provided on the
main circuit board of the tellurometer so that these frequencies
can be measured. The central panel has to be removed and connections
made to the terminals labelled TJ3 and TJ17 (Tellurometer 1965
page 37). The earth connection TJ17 was found to be difficult to
use so a "general earth" (the instrument chassis) connection was
used. As the power output from the pattern frequencies was very
low the signal was amplified by use of a videcamplifier before
being compared to the known fregqueny in the Hewlett Packard
Frequency Counter. This known frequency is compared twice every -

day with the Sydney County Council standard.
1.3 Carrier Frequencies

The reason for measuring the carrier frequencies was
to calibrate the instrument so that the carrier settings (1,2,3, etc.)

used in the experiments could be associated with actual frequencies.
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The instruments were set up about 4 feet in front of a horn which
was connected to a 3 centimetre wavemeter (Hewlett Packard type
X532B) and the freguency read directly with the above meter and
checked by measuring the 100th harmonic on the fregquency counter.
When changing the carrier frequency the ocutput was maximised

as is done in the field.
The results are shown in table 2, values are in MHz.

Examination of the results of the modulation frequency
measurements for both instruments reveals that for the patterns
E,D,C and B there is reasonable agreement between the measured
values and those set by the manufacturer. These patterns are
used in conjunction with the A pattern to resolve the ambiguities
in the distance and would need to have large differences from the
standard values in order to introduce errors into the coarse

readings.

The measured values for the master A pattern of both
instruments show an agreement to -5ppm (parts per million) with
a maximum difference over the two year period of 5 ppm. The
values for the remote A and remote ref patterns of instrument
NO. 110 show an agreement to within 11 ppm and a maximum change
over the two year period of 10 ppm bringing the values to within
2 ppm of standard. However, the remote A pattern of instrument
No. 113 for the 1966 measurement showed a difference of -42 ppm
from that value set by the manufacturer. This value was adjusted’
to standard by the manufacturer and the 1969 measurement revealed
an increase of +8 ppm. The remote ref pattern for this instrument

remained stable at a value 2 ppm higher than standard.
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MODULATION FREQUENCIES MHz

Instrument No. 110

Instrument No. 113

Manufacturer's

PATTERN 1967 1969 1967 1969 Values
A MASTER 7.492 381} 7.492 377 | 7.492 380 7.492 372} 7.492 377
E do 5.993 903} 5.993 901 | 5.993 896 | 5.993 906| 5.993 902
D do 7.342 532) 7.342 532} 7.342 533 | 7.342 540} 7.342 529
C do 7.477 390} 7.477 382} 7.477 389 7.477 391 7.477 392
B do 7.490 876] 7.490 878 | 7.490 847 | 7.490 894| 7.490 879
B REMOTE 7.489 875 7.489 879 7.489 860 | 7.489 860{ 7.489 879
C do 7.476 384 7.476 379 | 7.476 390 7.476 391 7.476 392
D do 7.341 529} 7.341 534 | 7.341 537 ) 7.341 537 7.341 529
E do 5.992 906 5.992 904 | 5.992 899 | 5.992 902] 5.992 902
A do 7.493 388 7.493 378 | 7.493 335] 7.493 385] 7.493 377
REMOTE REF. | 7.491 386 7.491 379 }17.491 379 | 7.491 379] 7.491 377

TABLE 1.
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CARRIER FREQUENCY MHz

YEAR 1967 1969
Carrier Setting 110 113 110 113
. 10,055 10,054 10,056 10,044
8.0 067 064 073 062
8.5 078 093 088 082
(§1=N] 098 098 094
. 109 110 113 113
2.0 132 126 144 123
2.5 155 143 160 147
3.0 l66 161 177 167
3.5 180 183 189 189
4.0 198 204 205 204
. 219 238 231 220
5.0 239 240 253 238
. 260 263 272 267
. 278 281 285 282
6.5 287 304 306 304
. 321 324 331 322
7.5 338 339 355 338
8.0 360 358 371 360
. 378 381 382 379
1.0 392 398 402 387
414 415 422 420
1.8 425 429
2.0 432 435

TABLE 2




184

APPENDIX 3 -

CALIBRATION OF THERMOMETERS
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NATIONAL STANDARDS LABORATORY — DIVISION OF PHYSICS
UNIVERSITY GROUNDS, CITY ROAD, CHIPPENDALE, N.SW. TELEPHONE 680566. TELEGRAMS CORESEARCH SYDNEY

MB: EAS
B15/2//349 13th #arch 1967

Department of Civil Zrgineering,
University of New South Wales,
P.0. Box 1,

KENSINGTON. HSW

Attention: [Iir Robinson

Dear Sir:

Ernelosed herewith are Heporis (ref.: Heveine 27955
and 27956) on Celsius scale thermometers Noe. 110273 and
PT16274 respectively, submitted to this Laboratory for test.

Yours faithfully

Ayt

Giovernelli)
Lo DAIVESLCH

COMMONWEALTH SCIENTIFIC AND INDUSTRIAL RESEARCH ORGANIZATION, AUSTRALIA



COMMONWEALTH o JBBIS | OF AUSTRALIA

COMMONWEALTH SCIENTIFIC AND INDUSTRIAL RESEARCH ORGANIZATION

" NATIONAL STANDARDS LABORATORY
REPORT ON THERMOMETER

Thermometer No.: PT16273, Type: Mercury in glass, solid stem.
Range: _ 5y o Immersion: Not mearked,

20" to 30°C. : : Tested: To the reading, vertical
Divided to 1 degC. Limit of accuracy: = (0,2 degC.

The corrections to the thermometer have been determined relative to the International Practical Tem-
perature Scale by reference to Commonwealth standards of measurement of temperature. The results of the

comparison are given in the table.

Temperature Observed correction Temperature
reading to thermometer _
reading
0.10°C -0.10 degC 0.00°C + 0.20 degC
10.00 -0.20 9.80 "
15,00 -0.10 14.90 "
25.00 +0.05 25.05 "
35-00 +0005 35005 "
0.15 -~ =0.15 0.00 "

/2o

NS.L. 27955
S.B.15/2// 349

Reference:

R. G. GIOVANELLI

PR k
Checked by: (/U[) Dote: 104 March 1967 Chief, Division of Physics

A laboratory Certificate, Statement, or Report may not be published except in full, unless permission for the publication of an
approved abstract has been obtained, in writing, from the Chief of Division.
Crntiniiad

N.S.L. 1002A/2
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CONTINUATION OF REPORT ON THERMOMETER No. PT16273.

-2 -
NOTES

Note 1. Limit of Accuracy. The statement of limits incorporated in the third column of the table
indicates the accuracy to which the corrected readings may be considered reliable. The limits
have been estimated on the basis of a 99% confidence level, i.e., there is considered to be
only one chance in a hundred that the stated result is in error, due to all causes, by more
than the limits given. .

Note 2. Immersion: If the thermometer is used under conditions in which the temperature of its
liquid column differs from that obtaining at the time of fest it may be necessary to apply a
further correction for the expansion (or contraction) of the liquid column.

Note 3. Test Procedure. When a thermometer is heated and re-cooled to its initial temperature the
bulb does not return immediately to its initial volume. In order to subject the thermometer
to, as far as possible, reproducible conditions the test procedures outlined below were fol-
lowed.

(a) Care was taken that each test temperature was the maximum to which the thermometer
had been exposed up to that stage of the test.

(b) Following the calibration of the thermometer at the highest test temperature the ther-
mometer was left at room temperature for at least 24 hours before the correction given
in the last line of the table was determined.

The agreement of the corrections in the first and last lines of the table shows that the
thermometer is satisfactory (to within the limits of accuracy given) for use up to the highest
temperature at which the test has been made.

If a temperature is to be measured to the accuracy quoted in the third column of the

table, the thermometer should be used only after an adequate time has elapsed since its last
heating to a higher temperature.

—-—mo——-——

NSL 27955 ;
Reference: S e
$.B.15/2// 349 U
%, %...R. G. GIOVANELLI
Checked by. /LV Date:  10th March 1967 Chief, Division of Physics

NATIONAL STANDARDS LABORATORY
N.S.L. 1003/1¢c/2



COMMONWEALTH 4 SIS OF AUSTRALIA

COMMONWEALTH SCIENTIFIC AND INDUSTRIAL RESEARCH ORGANIZATION

NATIONAL STANDARDS LABORATORY
REPORT ON THERMOMETER

Thermometer No.: FT16274. Type: Mercury in glass, solid stemn.
Range: _20° to 50°C. Immersion: Not murked,
Tested: To the reading, vertical

Divided to 4 degC. Limit of accuracy: = 0.2 degC.

The corrections to the thermometer have been determined relative to the International Practical Tem-
perature Scale by reference fo Commonwealth standards of measurement of temperature. The results of the
comparison are given in the table.

Temperature Observed correcﬁonA Temperature
reading to thermometer
reading
0.50°C -0.50 degC 0.00°C + 0.20 degC
10.00 +0.15 10.15 "
15.00 +0.25 15.25 "
25.00 +0.30 25.30 "
35.00 0.00 35.00 "
0045 -0.45 0.00 "

/2 een

NSL 27956
Reference: S
$.B.15/2// 349 R »
ke R. G. GIOVANELLI

Checked by: y Date: 10th March 1967 -:.-Chief, Division of Physics

A Llaboratory Certificate, Statement, or Report may not be published except in full, unless permissior for the publication of an
approved abstract has been obtained, in writing, from the Chief of Division.

N.S.L. 1002A/2 Continued
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CONTINUATION OF REPORT ON THERMOMETER No. 116274,

-2 -
NOTES

Note 1. Limit of Accuracy. The statement of limits incorporated in the third column of the table
indicates the accuracy to which the corrected readings may be considered reliable. The limits
have been estimated on the basis of a 99% confidence level, i.e., there is considered to be
only one chance in a hundred that the stated result is in error, due to all causes, by more
than the limits given.

Note 2. Immersion: If the thermometer is used under conditions in which the temperature of its
liquid column differs from that obtaining at the time of test it may be necessary to apply a
further correction for the expansion (or contraction) of the liquid column.

Note 3. Test Procedure. When a thermometer is heated and re-cooled to its initial temperature the
bulb does not return immediately to its initial volume. In order to subject the thermometer
to, as far as possible, reproducible conditions the test procedures outlined below were fol-
lowed.

(a) - Care was taken that each test temperature was the maximum to which the thermometer
had been exposed up fo that stage of the fest.

(b) Following the calibration of the thermometer at the highest test temperature the ther-
mometer was left at room temperature for at least 24 hours before the correction given
in the last line of the table was determined.

The agreement of the corrections in the first and last lines of the table shows that the
thermometer is satisfactory (to within the limits of accuracy given) for use up to the highest
temperature at which the test has been made.

If a temperature is to be measured to the accuracy quoted in the third column of the
table, the thermometer should be used only after an adequate time has elapsed since its last
heating to a higher temperature.

————— o—-——-—..
NS.L. 27956 :
Reference: LT
S.B.15/2// 34_9 e LS e
ol ~2-~ R. G. GIOVANELLI
Checked by. /,«Z Date: 10th March 1967 Chief, Division of Physics

NATIONAL STANDARDS LABORATORY
N.S.L. 1003/1¢c/2
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APPENDIX 4
MODIFIED METHOD OF MEASUREMENT

4.1 Conventional Method

The conventional method of reading the tellurometer
model MRA1Ol is to null a meter by means of a resolver. This
gives a value of the distance, in metres, for the particular
carrier frequency. The actual measuring procedure for pattern
A, fine reading, is given as an example (Instruments are assumed

to be tuned) as follows:-

The pattern switch for the remote instrument is set
to remote reference and that of the master to master A. The
zero lock on the readout dial of the master is engaged. This
zero lock holds the graduated dial on a reading of zero and
prevents the graduated dial from moving when the resolver is
turned. The null meter is now centred by means of the resolver.
(A null in the correct direction is assumed). The remote is
instructed to switch to remote A. This causes the zero setting
on the null meter to move. The zero lock is released and the
null meter is centred by means of the resolver and now the
graduated dial moves with the resolver. The reading on the
graduated dial is recorded. This measuring process is repeated
for the reverse function and also for a series of carrier

freguencies to give the desired number of fine readings.
4.2 The Null Meter

The null meter is graduated as shown in figure 1.
A central graduation is marked O and the meter is evenly
graduated with ten graduations each side of the zero. The

value of each graduation is 5 units. When the meter is nulled
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the needle is in coincidence with the central graduation.

4.3 Modified Method

In several experiments with the model MRA1OL
Tellurometer it was necessary to take a large number of measurements
from the one set up. The variation of distance between these .

measurements was small so the above method of measurement was

modified.

The method is described as follows:- When a
measurement is taken the needle on the null meter is set to zero.
Now if the distance is changed (i.e. either decreased or increased)
the needle will move off centre. If the new reading on the null
meter is recorded (as null meter units left or right), then
provided the null meter has been calibrated, the new distance
reading can be deduced guite easily by application of the

correction shown in table 1.

In the series of measurements taken using this method,
the first fine reading in the forward mode was taken using the
conventional method and recorded as an indicated distance. The
length being measured was then changed (by tilting, height change
etc.) and as a result the needle of the null meter moved from
the central position. The new position of the needle was recorded
as null meter units left or right, hence the new distance could be
deduced. The above process was repeated for the reverse function
of the instruments and the whole series again repeated for a
change of carrier frequency. This method proved to be most

useful and also reduced the time for a series of measuremen
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4.4 cCalibration of the Null Meter

The calibration of the null meter was carried out as
follows:

The tellurometers were set up at the terminals of the
line on which the experiments were to be made and the process of
a normal measurement was carried out. The null meter was set to
zero and the readout noted. The needle (of the null meter) was
then set to each of the 10 graduations left and right in turn
and the readout {(distance) was recorded. This process was
repeated in the reverse function and on three different carrier
frequencies covering the total carrier range. The mean of the
six readings for each graduation was used to deduce a correction
(in distance) for the particular graduation. The null meter of
Instrument No. 113 was calibrated as above with Instrument No.
110 as master. Instrument No. 110 was then used in the master
mode with No. 113 as remote so that the null meter could be
calibrated. The results of the calibration are shown in table 1.
It can be seen that near the zero setting, the value of one
division which represents 5 units is about 3 centimetres and
therefore if one estimates the null meter reading to one unit

then the distance is being estimated to about 0.6 centimetres.
4.5 Experiment

The modified method of measurement was used to monitor
distance decrease during a large experiment, conducted in part,

into the effects of bushfires on radio communication systems.

Operation Euroka was the code name for a mass
fire-firestorm experiment held on October 23rd 1962 at a site
3 kilometres from Langley Homestead, 40 kilometres from the

Bruce Highway and about 240 kilometres north west of Rockhampton,
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Queensland, Australia. The 20 hectare area of the experimental
site contained 6000 tonnes of dry brigalow timber stacked in 30
windrows, about 8 metres wide with an 8 metre separation distance
between the windrows. Around this area was a cleared area of
about 120 hectares beyond which was a further area of 1200

hectares of felled timber.

Two lines about 735 metres long were selected across
the burn site so that one line passed about 1.3 metres and the
other about 2.5 metres above the tops of the windrows. A profiie
of the line 1is shown in figure 2 and it can be seen that there
is a cleared area of about 137 metres between each instrument
and the windrows. This area was a safety area and no personnel
were allowed in this area during the burn. To gain the instrument
heights necessary to give the clearances stated above, one
tellurometer was set at ground level and another tellurcmeter was
set on a landing of a tower erected for communication experiments
by the Post Master Generals Department at the southern end of the
line. The tellurometer at the northern end was positioned so that
both instruments at the southern end could be seen and at an
instrument height of about 2.5 metres. The northern instrument
could then measure to either instrument at the southern end to

give the two lines.

The intention was to monitor the one way distance,
from the northern end, on the lower line during the burn, until
contact was lost or became difficult due to the heated atmosphere,
then switch to the upper line and continue to monitor the distance.
This continual monitoring was done using the modified method of

measurement.
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4.6 Measurement and Calibration -

The two lines were measured using conventional methods
before the burn and were reduced for slope and refractive index.
These lines were used as base lines for additional survey work
necessary to "fix" the position of several camera stations and
towers around the burn site. The null meter of instrument No.

113 was calibrated, with both instrument No. 110 and No. 114 as
remotes, on master carrier settings of 8.0, 4.0 and 1.8, in the
manner described in 4.4. The results are similar to those shown

in Table 1.

Immediately prior to the ignition both tellurometer
lines were measured on 7 carrier settings in order to verify that
the instruments were functioning correctly. The tellurometers
on the lower line were tuned with the master instrument reading
a carrier setting of 4 (about 10.198 GHz). The forward and
reverse A fine readings were taken and from ignition the null
meter deflections were recorded. Meteorological readings were
taken during the first hour of the burn at the master stations
but these readings were not representative of the whole line.
At time B+60 minutes the upper line was observed and the
variations monitored for seventeen minutes. At B+77 minutes
the lower line was again observed and the null meter monitored

until B+92 minutes.

On the following day both lines were measured usihg
the conventional method. Some of the windrows were still
smouldering but there was not enough heat in the ashes to WOorry

personnel walking between the windrows.
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4,7 Results

No difficulty was experienced in measuring the lincs
either before or after the burn although on two carrier settings
on the preburn measurement some tuning difficulties were
experienced. The reduced distances for the pre-burn and post-
burn measurement agreed to within 0.02 metres. The distance
decrease on the lower line for the first 60 minutes of the burn
is shown in figure 3. It can be seen from this figure that the
greatest distance decrease occurred at time B+43 minutes, which
would be the time of greatest heat intensity over the fire area.
Other experiments conducted at the site also gave the time of

B+43 as the greatest heat period.*

At time B+60 minutes when the higher line was observed,
no difficulty was experienced during the measurement and the distance
as recorded was the same as that recorded for the preburn measure-
ment. However over the next 17 minutes this line showed a decrease
of about 0.0l metres. From B+77 minutes to B+92 minutes the
lower line was again monitored and its length remained stable at
about 0.01 metres short. No tellurometer measurements were taken

after B+92 minutes.
4.8 Conclusion

The results show very clearly that, as expected, the
distance decreased during the burn and from this decrease the time
of maximum heat intensity could be found. No tune was lost during
the burn on the lower line and it is assumed that the upper line
would have yielded a similar result. If tellurometers are to be
used in future experiments of this nature it is recommended that
the lines be such that they pass very close to the top of the
windrows so that the direct transmission passes through the

section of greatest heat.

* Operation Euroka. An Australian Mass Fire Experiment.
Preliminary Report. Williams, D.W., Adums, J.S.,
Batten, J.J., Whitty, F.G. and Richardson, G.T. 1969.
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NULL METER

FIG. 1.
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"THE TELLUROMETER DURING THE BURN

AT OPERATION EUROKA"
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