for the wave to huave propuguted. This fuct is obvious osince
it is a fundamental requirement determined by the Poynting

vector.

[e]
Any measurement in this zone at 9 O involves both
of these components, thus the vialue of ”0 ciannot be obtnined

independently of E¢.

In order to be able to obtain values for the electrical
characteristics of the medium it is necessary to measure
both the attenuation constant u and phase constant p of
that medium. Vurious techniques for doing this have been
described in the literature, but are beyond the scope of

this study.

4.8 Practical meucurements

Numerous measurements have been performed underground,
at various frequencies, in order to examine the effect of

a typical mining environment on radio wave propagation.

Imicdiately 2viden* from these tests has been the
dispersion which oncurs with frequency. In other words,
different frequencies suffef different rates of attenuation.
This recult was expected. In addition though, it ig evident
that the fields encountered are considerably more complex
at the low frequency end (i.c. 100 kHz to 1 MHz) than above
1l MHz. This is due to the fact that the measurements, at
the lower frequencies, are being made within, or at least
close to, the near field zone, and obviously one is

encountering both far field and near field components,
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It becomes particularly difficult to analyse the resulting
measured aipgnal ctrempsths sincee these ficld components arc

not physically separable. At hijyrher frequencies the influcnce
of the radiation field iu definitely more evident, and meascure-
ments of its characteristics are considerably easier to make.
However, a. 12 frequency is increased further the rate o’
attenuation . :re:ses very rapidly, resulting in propagut.on
rangcs which themcelves do not extend far into the far field

ZCre.

From the work done on the characteristics of typical
rock samples, and particularly in the light of the findinrs
of other workers in the field it is possible to select as
fairly typical, a range of conductivity values likely to
occur in practice underground. The range limits are
selected bearing in mind two factor:, namely that in_situ
conditions, at mining depths, bring aubout an increase in
conductivity over that measured in the lubor.tory, and
similarly that the upper limits of conductivity would not
be expected to be as high as those found in surface layers,
whick huave been measured by a variety of geophysical
techiniques. These considerations have led to the

econductivity bein,s considered to lie in the range

.

107° « g < 10" S/m.

Permittivity likewise hus been discussed, and, as in
the case of conductivity, it should be possible to assume
a falrly typical value 6 which i determined by in _situ

conditions. Since this parameter has been shown not to vary
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drastically with frequency a fixed value, € # 10, will

be used.

Two basic conditions relating to loss tangent have
been shown to effect propagution. The frequency range

necescary to satisfy thcse will be examined.

5
For p < 0,6 and o = 10 ~ 5/m the operating frequency

necessary to satisfy this loss tungent restriction would be
. 4
f 2 3% x 10" Hz

The wavelength A\ in the rock is thus given by

)‘0

10*

= Ao

< 3 162 m.
) -3
For p < 0,6 and o = 10 S/m, we huve
f 2% x 10° Hz
and the wavelength, A, in the rock is
A s 51,62 m.
On the other hand, for locs tungent p 2 10, and
-5
o = 10 S/m, the frequency run;c necessary would be
f < 1 500 Hz
yielding 1 = 23,6 x 10° m
-3
and, for o= 10 S/rn, we have

f < 18 x 104 Hz

and A 2 23%6 m.
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Thus, bearing: in mind that the propusution of electro-
mametic eneryty via this loscy medium ie dependent both on
choice of operating: frequency and on a suitnble antenna
aystem to effeetively radiate and receive the enerey, Lhese
frequency limits btear clove scruliny.

Examination of equation 4 - 2 illuitrates that the
effective transfer of encrgy is dependent on the product of
gain G and efficiency n of the transaitting and receiving
antennas. These characteristics were related to one another

by the directivity, D, of the antenna, 4 - 9. Thus we may

write
2
n G =% 4 - 39
and from 4 - 11,
2.7 d
N .. -
Gmax A 4 10

ig the maximum gain of 2 small loop of diameter d in a lous)

medium, at a wavelength of operation A As has been streas

’
many times before, portability of equipment is of primc
importance in thie application, thus the higher frequencies

mu.t be used to maximise the antenna ¢ain, hence the loss

tan.ent condition p s 0,6 would seem to apply.

4.9 The test site

Various factors influence the choice of test site, not
least of which was its accecsibility. In addition, the
reology of the site had to be typical of gold mining are-nc,
and obviously be completely dev id of any metal objects

whatsoever, which could distort field patterns and also uct

ed
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ae Lransmission lines and radiating elements.

Obviously, hLowever, no single site would offer all the
liko»ly ¢reologrical variations typical of a vast mine. From
4 3rooctical point of view though, resultls obiained in an
nre o gelected for its bagsic suitnblility, would be of
voeditte ioterest rnd would provide the jruide lines for uny

¢i tineering vecommendiut Lom,

The site choien wus a section of 11 level at the Durban
Deeyp Gold Mining Company, near Roodepoort, Figure 4.4. It
wins acceseible via two shafts, namely 7 and 8, and consisted
0! w4 single haulwge, with cross-sectional dimensions averuaging
ntout 9 m osquare. The haulage was basicnlly horizontal, and is
ttunted at a depth of upproximately 500 m telow surface. It
vrould be borne in mind thnt gold mining dipths well in

)

ceoeocre of @ kmoare now tyoienl, thus this test cite is some-
t chullow. However, it io pufficiently far below .urface
well below the scdimentary overburden, and thus to e
w1tiin typical gold mining seological strata.
"ne geology actually consisted of quartzite interspersed
11 shaley bands, two sections of which are shown in Figsure
In addition a dyke, rich in Ilmenite, intersec:s ‘e
roouligre at one point, providing a useful geological
@locontinuity to the medium. The quartzitic rock surrounding

the dyke is ag homogeneous ag iso likely to be found in any

¢0ld mine, and the dyke, which ic about 7 m in width at the

——

oint of intersection with the haulage, is physically very

{

titferent from the surrounding rock, making its identification

L& ﬁ.':q’ .
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All measurements of field strength were made over a
dictance of about 250 m, which, though appeuring short by
communication standards, has in the past been chown to be
typical of the sort of range obtainable with completely
portable equipment. As ic evident from Figure 4.4 there is
come curvature in the haulage and the majority of mensure-
ments were made between points: which werce not within line
of sight. This situatiocn was not chosen to preclude
propagation via the airpath, as at first might seem to be
the case, since at the frequencies of interest, the wave-
lengths are all in excess of the cross-sectional dimensions
of the haulage, based on the loss tangent considerations

discussed earlier.

The measurement area was moved to incluue the dyke
within the transmission path in order to examine its effect,
since many previouu radio experiments in a variety of mines
had indicated qualitatively that signal attenuation does

increase when a dyke intervenes in the propagation path.

4.10 The equipment

In order to gain some insight into the propagation
mechanism within this lossy dielectric medium, measured
results of signal strength between transmitter and receiver
would be required at various frequencies over the range from
100 kHz to about 10 MHz. These limits were determined by a
variety of considerations as outlined previously. This r.nge,
of over six octaves, presented its own very real problems

from the point of view of suitable equipment. Of prime
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importance was the portinble aspect of all equipment used,
eince the mere logistics of mountin;; an operation of this
type required ease of movement within the test area, and

the utilization of a minimom number of personnel., No single,
portable transmitter was available which would satisfy these
requiremenis, thus it became necessary to use various pieces
of apparatus which would cover portions of this spectrum,

and by so doing, over a period of time, representative
measurements over as much of the required band of

frequencies as possible could be obtained.

4.11 Transmitting equipment
Three different transmitters were uced in these tests.

These are described below:

a) RACAL TR28 transceiver - 2, 4, 6 and 8 MHz channels

at nominally 10 W output into 50 ohms.

b) Chamber of Mines hand-held transceiver - 90% kHz

at nominally 1 W output into 50 ohms.

c) Chamber of Mines portable transceiver - 335 kHz at

nominally 10 W output into § ohms.

All are standard single sideband voice transceivers,
designed for two-way voice communication, and have the
facility for tone transmission and it was this mode which
was used to provide a constant level signal for measurement

purposes.
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4.12 Receiving equipment

In order to obtain quantitative readings of sigiul
strength as distance and frequency are changed, it is
necegsary to be able to measure some voltage or current
within a receiver and express signal strength at the input
to that receiver in terms of this measured quantity.

bviously equipment designed to provide two-way communica--
tion does not normally provide this signal strength readout,
thus it was necessary to include it as an "add-on" accessory

Lo existing equipment.

Since items (a), (b) und (c) above are all transceivers,
the receiving section was used in conjunction wiih the
associated transmitter. The automatic gain control function
of a receiver provides a readily accessible point from which
to extract a voltage which varies in proportion to the input
signal. This was duly done in the cuses of the 2 to 8 MHz
transceivers and the 90% kHz transceiver. The equipment was
calibrated in the laboratory, and this calibration checked
4t various intervale throurhout the duration of the tests
to ensure accuracy and repeatability. Figures 4.6 and 4.7

cshow these calibration curves.

Teats at 33% kHz were only conducted at a later stage,
and by that time u selective voltmetcr made by Bridel and
Kjaer was availuble. This B & K 2007 is a precision
instrument covering the frequency range 100 kHz to 300 MHz
and 1s capable of measuring input voltage levels from 2 pV

to 100 V, at bandwidthe of 2 kHz, and 200 kHz (above 35 MHz
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oper:ting frequency). Huad it been available earlier the

rencurement problem would have been conciderably simplified.

Examination of Firuicer 4.6 qand 4.7 show: that in both
cuses signals above some gpecificed level c¢un cause the AJG.C.
circuit to overlond, in other words the response to chuanjes
in input becomes highly non-lin2uar, resulting in invalid cut-
put readinge. Tnis fuct did prove troublesome and precautions
had to be taken to eliminute its effects. It was, however,
particularly anncying when measurements were being taken
within the vicinity of the dyke on 11 level, because what
appeared to be ancnulies in signal strength readings due to
the effect of the dyke, were in some instances caused by this
A.G.C. overloud. However, vurious tests, with transmitter ana
receiver further apart, to reduce signal leJéls, indicated
that the "dyke" effect was present, and bore clocer investigi-

tion.

4.1% The antenna

For wideband measurements of signal strength characteric-
tics with variation in distance between transmitter and
receiver, the antenna gsystem uced provided by far the major
problem area in the system. This fact is made clear by
consulting the bnsic transmission equation (4 - 2), repeated

here for clarity.

Pr s .3 73§ 2 = 2aR
o - < e 4 - '11
I G n" \gvm)

Any measurement of a is made considerably easier if the

number of variables in the above equation is kept to a minimum.
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Of interect in this study are the variation in a with ) and

R. Thus P, and n, by being held constant would certuinly

t
fucilitate this. Control over Pt is a simple matter,

whereas G and n present problems since both are frequency

dependent.

Using the relationchip in (4 - 9), numely

and the fact that small antennas should preferably be used

in order to most accurately simulazte the conditions of
portability, D may be assumed equzl to 1,5 's used before,.

In addition, the mere fuct of measurements being made at
frequencies as low as 100 kHz would indicate that any

antenna erected within the contines of a mine tunnel would

be considered "small" in terms of wavelengths, which is, after

all, the criterion.
Thus we may write
2 2 2 1
(Gn)® = (n°D) 4 - 42

from which (4 - 41) may be solved for a yielding

P
o 1 r r . y .]J e i TTR 7 A = AR
a = ?.H l-lrl P—t-,- ‘ 1\;TLI-)—X)_J o ¥

Now, at a fixed frequency, (in an area where the
medium is assumed to be homogeneous, meaning fixed ), then

a may be determined by measuring Pr’ if n is known.

Similarly, if R is fixed, a can be determined in like

manner, but again only if the antenna efficiency n is known,
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In the likely event of mn bein;s unknown it ic possible
to determine a by making two meacurements of received power
(or voltage) and culling theue PI.1 und Pp respectively, ut

distance Ry and R, respectively, from the source.

Thus we may write

B 2 A2 q_‘ ~-2aR, 4 - 44
PY‘1 B Pt n 4 (4" 1} -
= 2 n2 Al -2aR , 4 - 45
and Prg Pt n? G <4n32} o
Therefore
P .2 a(R, - R
Iy - (R_{} . 2a( g 1) 4 - 46
r R,
2

from which we obtain

) -
a = 1 In ' h') nepersy/m 4 - 47
2(Ry - Ry) . \R ‘
2

or, since measuring received voltage is more direct than

power
v R,
a = 1 1In g nepers/m 4 - 4
2

wh:.ch follows because the receiver input impedance is

common to both measurementga.

In order that the method:s iiscussed hers may be used
to obtain values for a, it is acselutely necessary that all
measurements of field strength e comducted im the are: of
far field influence. At the lower emd of the frequenc)
range under discussion here, the wawelengths in the medium
arc considerable, and since the high loss tangent criterion

may apply, this far field zone may only really domimate over
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the near field components many hundreds of metres from the
source. Since an exponential decrease in signal strength
occurs due to a, in addition to spreading looses, the sipynal
level in this fur field zone may be minimal and thus too
small to enable accurate measurements of it to be made, in
order that a may be calculated. It is thus necessary to
employ more transmitter power or an antennu system
exhibiting higher efficiency or both. Transmitter power
and equipment size go hand in hand, hence an increase in
this area is not practicable, particularly when one beuars
in mind that to effect an increase in range by a factor of
two requires, in a4 typical case, where a might be 0,01
nepers/m, an increase in power by a factor of about 30
(Appendix C). The medium was considered to have e, = 10,

p = 15 and the frequency of operation to be 200 kHz.

4.14 Experimental results

Presented below are the results of the many measure-
ments made at the Durban Decp test site. These measuremente
were made at six discrete frequencies, namely 335 kHz,

903 kHz, 2182 kHz, 4066 kHz, 6520 kHz and &227 kHz.

No special significance must be attached to the actual
frequencies. These happened to be available in the equip-
ment (4.1) used, and give i reasonuble spread over the
medium frequency - high frequency overlap region of

interest here.

These measurements will be discussed by presenting
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the six discrete frequency results. Each frequency will be
discussed separitely, after which the overull variation in
medium characterictiecs will be examined, from which the
effect that the medium hao 9n the propagation of electro-

magnetic energy can be obtained.

4.14.1 335 kHz

The variation in signal stirength received
(in uV) with distance from the transmitter which delivered
a constant output of 10 W to 2 matched small loop antenna
is presented in Figure 4.8. The signal strengths were
expressed in decibels with respect to one microveolt (dBuV)
nund three orientutions of the lcocops were used. In each cacse
voth loops were orientuted us described, that is, both
coaxial, or both coplan:» and vertical to the footwall, etc.
The receiver was fixeu .t approximately 240 m from the duam
will, and the trancmitter was moved in steps of a few metreg

at a time.

It will be noted that at distances less than about
15 m from the source antenna, ‘he coaxianl untenna orienti-
tion yields the strongest signuls, confirming that this is
the Hr field, which containc no component which decays as
L/R. Of particulur interest, however, is the fact that the
two coplanar antenna orientutions do not yicld the same
variation in signal strength with distance, as would surely
te expected of them, since it is the coplanar aspect and
not their orientution with respect to some arbitrury

reference such is the footwnll, which should determine
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their performance. This difference suggects that the
surrounding medium is affecting propagation of signals
launched with different angular orientations, in different
ways. It is thus indicative of some geological discontinuity
since the change in electrical'characteristics of the medium
has been shown to be due to changes in geological detail.
The effec. was also noted at 2 MHz, and would also possibly
have oczurred at all other frequencies had the various
antenna combinations been employed there as well, but which,
for reasons made cleur luter, were not. Three references

in the literature will be cited, after discussion of these
measurements, wnich confirm both theoreticully and
experimentally the existence of this propagsation anomuly due

to geologicul discontinuities.

Further examination of Figure 4.8 shows that, at about
60 m from the source, the slope of the curve due to the
coplanar horizontal orientation of the antennas changers
rather rapidly, indicating a definite decrease in attenuation
compared with both the coaxial and coplanar vertical cases,
That this is not an isolated result due, possibly, to
experimentul error, it was confirmed by many measurements
of the various signals, taken in the same urea.

In the far field zone the l/H rate of attenuation
should dominate. No obvious dominance is cvident from these
figures, which is taken to indicate that the measurement
area did not extend far enough, if at all, into this zone.

Thus, as 335 kHz, with the trancmitter, receiver and antennu



- 87 -

ch.uracteristics us uced here, the fields prevailing over the::
measured distances were complex, chowing no reual dominance of
one component over another. From an operational point of
view this meuns that antenna orientution, for optimum
performance, will vary depending on the dictunce between

transmitter and receiver.

This fact has been noted in muny experimental exercices
using this equipment in the past, and the results presented

here confirm the complex naturc of the fields at 335 kHz.

In order to determine the uttenuation characteristics
of the medium at this frequency, using the techniques
discussed previously, it is essential that far field
components be employed. If it is assumed thut the coplunur
horizontal component discuscsed above, is indeed *hat which
decays as 1/g, then its slope will yield the attenuation
"constant" a of that section of the mediwm in which the
reasurements were taken, when the variation of log VR is
piotted against distance R. This is done in Figure 4.9,
which shows the variation of all components, so modified,

with distance.

A least squares fit of the data relating to that portion
of the curve which exhibited minimum attenuition with distunc

yielded a value for a equal to 0,12 dB/m (see Appendix D),

The last discernible reading on the rcceiver selective
voltmeter was 2 uV. The 3%%5 kHz transceiver used ac a signal
source was designed, obviously, to provide voice communication

and this function was in fact used, while making the si;mal
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strencth measurements, to co-ordinate operutions between
transmitter and receiver. During the many measurement
csessions no electricul noive wiae heard in this test area,
thus communic:ation whe limited only by Lhe noisce gencrated

internally by the cquipment.

Perfect, but weuk, voice communication was possible
out to the maximum separation distance attainable in this
site of approximately 235 m via the rock, and occurred with
antennas orientated in the "coplanar horizontal" position.
No signals were audible for the coaxial orientation at all,
thereby indicating that the "radiation field" was being

received.

The minimum speech signal, which was still understand:

on the 335 kHz transceivers, was measured in the laboratory

as 0,22 uV p.d. If thic vulue of Vr is now used in the

expression
4nRVr
nG)\:ve_aR 4 - §O
t
with R = 235 m
Ve = 7,1V
a = 0,12 dB/w 0,014 nepers/m
we obtain
nG 2\ =2,46 x 107° 4 - 60

Now, from 4 - 9, G = n D, thue

n® D A = 2,46 x 107°
and since the antennas used were elemental dipoles, D = 1,5

therefore

:1‘1(‘



n2 x = 1,64 x 107° 4 - 61

If, using Figure 4.9, the signal level at R = 100 m

iz used, and n G ) is calculated, as above, we find:

At R =100 m log VR = 2,8
thus VR - 631, giving
VvV = Vr = 6,31 v
therefore
nGxr=4,5x10" 4 - 62

which compares very favourably with 4 - 60, being only

1,83 times greater, and thus, bearing in mind that the

signal level Vr, used to calculate 4 - 60 was not necessarily
all that accurate since the observations mude both under-

ground and in the laboratory were subjective.

This result is heartening since it would indicate
that the value of a obtained from the slope of the "coplanar
horizontal" curve is representative of the area in question,
and indicates also that this antenna orientation produces
field components, so aligned with respect to the surrounding
medium, such that they suffer the least attenuation of all

components, with distance.

4.14.2 907 kHz

An output power of 1 W was fed into a
small portable loop antenna, mutched to 50 ohms and was
received via a similar matched loop and hand-held trunsceiver,
Actual signal strengths were determined by reading these off

on the calibration curve shown previously in Figure 4.7.
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Shown in Fijure 4.10 is the variation in signal strength,
presented as decibels with respect to one microvolt, with
distance between transmitter and receiver, R, in metres.

It was noticed, while making the meusurements, that the
orientation of the receiving antenna changed from basically
"coaxial" to the "coplanar" positions described in the
previous section, for all readin;s beyond 13,7 m from the
transmitter. No definite coplanar horizontal or coplanar
vertical position was employed, rather an orientation some-
where between the two, since the loops were worn across the
operator's chest and one shoulder. The change in orienta-
tion, for maximum signal stren;th was most noticeable and

in the light of the previous results, is felt to be significant.

Two basic slopes are evident, which éoincide with the
observed changes in antenna orientation necessary to maximise
signal strengths. Those points lying further from the source
than about 14 m were plotted in Figure 4.11,as 1n VR with
distance R. The slope of these points is 0,029 nepers/m

or 0,25 dB/m.

Now, as for 335 kHz, using 4 - 59, with
R =29 m
Vt = 7,1V
a = 2,25 dB/m
we obtain 4 - 6%

and nGx=1,01 x 10~ 4 -~ 64
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which again compure favourably with the equivalent values

94

ottuined at the lower frequency. It is interesting to
compare 4 - 65 with 4 - 61, where we find
2.
(n? ) ) -3
(n? ) 1,64 x 10 3
n 2 R =
535
Now, if we consider € to be cerstunt over the
ange of frequencies being examined here, (see 3.1.4),
\
then we may compare the wavelengths in the medium as
follows:
Aap= c
) 2.9 B -
—92“—?)'6%10,"»7 4 - GOt
A335 V7
Thus, substituting 4 - 66 into 4 - 69, we obtain
= -t = ]1,0¢ 4 - 6
335 Oy 31
This result is based on 2 - 1) where, if p < 0,6,
then the wavelength in the medium )\, and that in free
space xo, are related by
X )\.__0 4 - ot
Vo
r
Assuming a median value of o for €pt this condition
would be satisfied if the medium conductivity, for each
case, were
6,7 10_b S
22 £ [ x S/
05)5 I8 3/
and < 18 x 10~ S/m

9903
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Usin; the measured values of a, and the expressions

2 =11 and 2 - 12, numely that if p < 0,6 then

a 1,04 x 10° o dh/m

and, if p 2 10, then a = 0,545Vf (kHz) o dB/m, we can calculute
a by assuming u vi.ue for e as above, for < 0,6, and
. 1-) b ’ ‘)

directly for p 2 10.

Thus, for p < 0,6, the conductivity o would be

a [E€.
o 1"3 4_6.

- - -4
vielding o = %a_lf__*’;-, 1,79 x 10 §/n

e

i 9 20 V—bﬂ 2 = z - S/m
° =165 x 108 © 7010 x 10
at 903% kHz.
Or, if p 2 10,

then G =

2
. 0 .25 © 1 l\‘-d ./
a = W — X ) o/ n
W, 045/ L8 ' £

at 90% kHz.
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I these repulte are exaanined, the first point which
comcs to mind ir that the conductivitiec yiclded for the two
lose tangent conaitions are very cimilar. However, an
necunplion was mede as to the value of €p, and the validity
of this assumed vilue shoula be examined. From the calculzted
viilue for o it is possible to find what value of p obtains given
hese rock chauracteristics.

—

e
Weq €y

Thus P =

-4
1,79 x 10

2n x 335 x 103 x 8,85 x 107'°x 6

= 1,b at 33% kHz
and similarly,
p = 1,24 at 9035 kHz,

Whereag, if p is assumed greater than or eqaal to 10, then

to satisfy this would require the following values of €pe

€, S 0,78 at 335 klz

3

and €p S 0,46 at 90% kHz.

These values of €, are particulurly low, suggesting

therefore, thet at theoe frequencies, for the rateg of
attenuntion ag measured, the loce tangent condition

p 2 10 does not apply.
in order that p « 0,6 should apply, for the

conductivitien as calculated, would require values of €

of sbout 16 at 5%% kHe and 1. ot 90%. Now thesge are not
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unrealistic values, but since it has been found, (2.6.3),
that the in situ value of €n does not differ drastically
from that measured in the luboratory, and is almost
independent of frequency, the ascsumed value of €, = 6 will

be retained as bLeing typical.

It, therefore, appears that the loss tangent applying in

’ —_—
c1tu woula e p = U,b 1t the respective conductivities were

, =5 o . -4
less than about 6,7 x 10 ~ S/m at 335 kHz, and 1,8 x 10
S5/m at 903 kHz. OCn the other hand the intermediate rarge

of values of p apply for the values of ¢ obtained from

It seems reasonable, therefore, to accept the valus
of 1,05 for the ratio of =antennu efficiencies at 90% and

335 kHz as given by 4 - 67.

Tne .antennas used at these two frequencies were
elementary magretic dipoles, but were not physically similar,
and numter

gince they differed both in the respective areas A,

Measurement: nude at these four higher
frequencies will be examined as o pgroup since the same
apparatus was used in their ;eneration and detection, namely,
the TRZ2R transceivers n: described in 4.11. se was made of
two types of antennas ut 2 MHz, these being a 1,8 m verticul
mononole, which, at this frequency particularly, may be

regarded as an elemental antenra, and a circular loop of
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0,5 m diameter of one turn, which is also elemental. At the
higher frequencies only the monopole was used since the loop
could not easily be resonated and matched. This subject will

be discussed in Chapter 5.

Figure 4.12 shows the varintion in received signal
strensth, in dBuV, with distinee K, in m, between tranomitter
and receiver at the four frequencies. 1t will be noted thut
a marked discontinuity occurs at a distance midway btetween
transmitter and receiver. What appeared initially to be due
to the dyke, which intersects the travelling way at that point,
was shown to be due more to the A.G.C. non-linearity brought
about by the magnitude of the received signal at that
separation distance. This is illustrated in Figure 4.13,
where the 2 MHz case was examined in more détuil using four
antenna confi urationa. In all cases the rate of signaul
decay beyond the dyke is shown tc be more regular than inat
evident from Figure 4.12. There is also no peak in signal
strength within the dyke, as was the case in Figure 4.12, and
the non-linearity in tne sy=tem at close spacing is also
evident due to the lack of correlation between the 2 MHz

readines at distances legs than 60 m.

The dispersion through the medium is evident from
Figure 4.12, with the 8 MHz o1/mnl bein - strongest at minimum
separation, but decidedly weukest at the limits of measurement.
Similarly 6 MHz shows up well ut short distances whereas the

2 MHz signal is stronger than that at 4 MBz at the same point.

The reason for these variationsis due to the trade-off between



Wwor
SieMAL S-rz:uc.vu__darv-

LiMIiT OF AGC LIMEARITY

1o}

- A A A i A A "y
o [+] 20 d0 40 50 &0 R 80 a°%0 00 1O V20
A

Oignal strength with distunce i, between transmitter
and receiver ut 2 MHz (o), 4 MHz (Q), 6 MHz (A), and

8 MHz (x).



- 100 -

antenna efficiency and attenuntion via the medium. The chort
monopole is considerably more efficient as a radiator at

8 MHz than it is at 2 MHz. With the transmitter and

receiver lesc than 60 m apart this greater efficiency gives
rise to a signal which, even though it is more severely
attenuated by the medium, is stronger than that radiated

with less efficiency and which suffers less attenuation at

2 MHz.

The rate of attenuation at 8 MHz was such that in-
sufficient data was available to be statistically meaning-
ful. The measured values of the attenuation constant a are
shown in Tablie 4.1 for Z,4 and 6 MHz, and, according to the

£

position in the travelling way where ithe measurement was made.

The values shown ure the confidence limits resulting from a

nwnber of measurements.

TABLE 4.1

Variation of the attenuntio: constant, a, with

Tfrequency and position in the travelling way

: Position ir
Frequenc MHz 2 ) 6 o ‘
uency (MHz) 1 travellings way
) 0,44 0,41 0,72 ) -

Attenuation +™ ' ol with dyke

(J"ll ()' it O’U‘v
Constant (a' 0.49 0. .52 0 579 . , ‘

: ! »” without dyke

(¢ 1n dB/m) 0,46 0,54 0,02

It ie interceting to note that the values of a at 2 and
4 MHz are very similur, and particularly, that with the dyke

intervening in the pnth, a 4t 4 MHz is in fact less than
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that at 2 MHz, on averige. In the aren with no dyke in the
signal path the increace in attenuution constant with
frequency occurc, as expected.

From Figure 4.15 the effect of the untenna on the
system is apparent. Again, as in the caces of 335 kHz and
903 kHz, the couxial orientation shows a greater rate of
attenuation thuan any of the others, once again confirming
that the fields rudiated, due to these different orientations,
are different, and, therefore, thut the fur field, or

radiation component is precent.

The vertic:l rod und horizontual loop configurationc
produce virtually cimilar field strengtho. 1t should be
noted at this point thut the verticul rod,.(plus its
image) constitute a verticul electricul dipole and the
horizontal loop is the equivalent, or vertical magnetic
dipole, both of which are the elementzl antennas as used

in the previouc field analysis.

With the transmittin. aund receiving loope orientuted
coplanar and vertically the ciynal strengths were slightly
weaxer than for the rrevious confirurations. Since this
result was surprisin.-, for thc cume reasons as mentioned
in 4.14.1, it was checked and found t0 be correct, with
the general form of the curveo in Figure 4.1%, Orientatin.-
the loops vertically like thic, results in the magnetic
field component bein;,  horizontal and the electric field
bein~ verticul within the medium, as illustrated in Figure

4.14.



- 102 -

1o0r
Siarm AL StremeTH dBuY
b—-j
|
.. \\
8ot ' \
N\
AN
\
>
ol o i i Lt o A.GC. Linwsar vty
“’
“o}
O " = A

A A A A A A N
20 40 %50 &0 70 Qo o oo o 120
K (w)

A

FI1GUKK 4,13
Signal strength with distunce, R, between transmitter
and receiver at 2 MHz, with vertical rod (0), coplanar
horizontal (Q), copluanar vertical (a), and coaxial (x),

loops.



AN NN NN N NN L

O ko

TX Loor R Looe

~sNOT TO SCALE-

T T T X ¥ VU N T XY YXYX

FIGURE 4.14
Field ¢istribution for coplanar vertically

orientated loop antennas

For differing field strengths to result merely by
interchanging these E and H components (by vertical or
horizontal alignment of the loops) must indicate thut
inhomogeneity exists within the medium whi;h by a "wave-

Fuiding" type action allows more effective propagation due

to excitation by the one field component than the other.

Inve ,tigation of thi. phenomenon is beyond the scope
of this study, but is well documentea in the literature,
and from practical recults reported therein has been shown
to play a definite role in sub-gurface electromagnetic

propaga tion.

Both Wait (19¢. ind Ligych (1967) present theoretical
analyses which confirm the ence cf such modes in non-
omogenecus mediu, and Em.lic od Lagace (1976) ofter both
vheoretical and experimental cvidence which resulted from

work done at frequencies similar to those used here, in

United States coal mines.
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4.14.4 The compocite attenuation curve

Ditie is now available on the variation of
the attenuation constunt a, with frequency. This, being of
fundamental importunce in the design of a communication system
is shown plotted graphically, and compared, on the same set of
axes, with the curve derived by Wadley (1949), in his original

work on the feasibility of radio communication underground.

As was pointed out in Chapters 2 and 3, the values of
conductivity o, and permittivity e, as measured in the
laboratory, are not indicutive of the situation prevailing
below the surfuce of the earth,. Thus the variation in
attenuation constant a, with frequency, as presented by
Wadley in his paper, contrasts interestingly with that
determined here, and to illustrate this, the‘two are shown

in Figure 4.15.

The attenuztion measured in situ is higher than that
predicted from laborato®y measurements, but the basic form
of the curves is very similar. It is thus clear that
the lower the frequency the less the signal is attenuated
by the medium. The fact thnt the attenuation between about
2 and 4 MHz ir roughly conctant, in the vicinity of the dyke,
raises an interecsting point, and this is that a "high
frequency window" might exist which would allow sigmals to
propagate throwr-h an otherwise opaigque medium.

This possibility was cugyrested by Gabillard, Degague,
and Wait (1971) and was based on the assumption that the

electrical characteristics o, p and ¢ of the medium were



AvreuuATion dB/w

FRequecy (MHa)

—a—-

-

o

o8¢

Attenuation

between

with

98t

tlxoﬁ'\'

waaley

n
i

o7r

witl

[}

I e
B

ash

oSt
a4t
Q3r
o2

o'}

frequency showing the comparison

theoretically determined values (o),

|

L

Durban Deep gold mine (Q),

o,



- 106 -

constant with frequency (i.e. over the frequency range of
interest), and independent of frequericy; that the length
(d1), of the elementul antenna, was much less than the
wavelength in the medium; and that the product Idl wacs

constant over the frequency runge.

Of these, only the restriction relating to g, p and ¢
might prove problematic:.l. The others, by suitable choice
of antenna and transmitter can be met. Considering the
results in Figure 4.15 again, the quection is raised whether
the nz2ar constancy in o between 2 und 4 MHz as measured, was
due to an anomalous effect of the dyke, and if so, whether
this i3 an indication of the existence of this "high

frequency window."

Viewed practicually, however, even if this situation
does exist, its uscfulness in the day to day mining
environment would seem to be rather limited since anomalies
such as dykes make up only & smull percentage of the basic
strata and cne ic left more with the view that this
propagation mode is an academic curiosity, since all »ther
evidence suggestis an inc. ease in conductivity with frequency,
even though permittivity may, and permeability certainly, be
tauken to be conctunt over the runge of frequencies being

examined here.

4.1% The conductivity of the medium

On the assumption that the permittivity of the
medium is constant over the frequency range of interest here,

oo |

the general expression for a, (2 - %), may be solved for the
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loss tangent p, and from tl.is, the value of o obtained for
the various frequencies,

Solving (2 - 3) for p we obtain

1

o) Z

2
o :
p = [1;2 &, +1f-1] 4 - 71

and, since 0 = W €€y P the conductivity may be

calculated. Table 4.2 precents these values.

TABLE 4.2

Values of lecs tungent (p) und conductivity (o)
calculated from the meuasured values of attenuation

constant (a) for € - 6 (assumed)

Frequency (kHz) | s, £ — i b 18/n) —_—
335 2,1 5,35 x 107°
9073 1,48 4,46 x 1074
2 182 0,91 1,12] 6,6 x 107 8,2 x 10
4 066 0,40 0,60| 5,4 x 107" 8,4 x 107"
6 052 0,47 0,65| 9,5 x 10°* 13 x 10"

Ii ilhese measured values of conductivity are compared
with those obtained from laboratory samples taken from the
same Durban Deep uarea the results are interesting. Over
frequency range of about 18 : 1, the conductivity varies
by about 5,5 : 1. The laboratory sample, over the range
of frequency showo a conductivity variation of about 6,
cee Figure %.2. However, it wiil be noted that there igc
nbout a two order of magnitude difference, confirming the

statements made in Chapter 2.
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CHAFTEK 5

adis

THE SMALL LOOFP ANTENNA
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5.1 Introduction

The type of antenna used in this underground communicatior.
environment is all important. This fact has emerged irom the
analysis of the basic propayation equation 4 - 1. As was
di.cussed in chapter 2, the antenna characteristics of
efficiency (n) and gain (G) play a vital role in irnfluencing
the total system loss between transmitter and receiver. It
was seen there that these quantities were related by the

directivity (D) cf the antenna.

Since, in & mining environment, . .pient portability
is of utmost importance, the antenna would be limited in
size. This fact, viewed in the light of low frequency
operation being obligatory for effective penetration of trne
dissipative rock, means that the small ant?nnb is ar
inefficient radiator, and since reciprocity holds, is
likewise and inefficient receiver of electromagnetic energy.
Thus, both n and G , are affected, due to their

interdependence, by the propagation and eguipment constraints.

It wac also evident, from 2 - 19 and 2 - 20, that,
of the two elementnl antenna types which are candidates for
this application, namely the electric and magnetic dipolec,
the magnetic dipole or small loop antenna is to be favoured
since power is dissipated in its immediate vicinity far less
rapidly than is the case for the electric dipole, or "rod"
antenna. In addition to this, must be added the further
advantage in favour of the loop, that being its more

suitable physical shave for use in a cramped environment,
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