MISCELLANY

Radio Underground

South African experience of radio

communications in mines

hy Brian Austin

The wse of radiy communications underground in mines
L o Bistony alimvost as olbd s v isell As early as 1910
Crdpman researchers wsed rudho  elegraphy  appartss i
undergronml mimes as part of @ peological mvestigation,
Thowgh their purpose was not primarily o commumcate they
shiowed that sich sizpals didl imdeed propagate undergroomd,
A decade Tater, when thoughts hd eentmnly  turped (o
lelecommumcations, dedicated research was under way on
both sides of the Adlantic,

In the United States, the US Buareao of Mines published the
resulis of expeniments carmed out in 1922, while a veuar Later
i Engld an enthusiastic group ol wireless experimenters.
who included some professionals within their ranks. con-
ducted a sertes of tests al Destord Colliery near Leicester.
Investigutions contmuoed throunghaout the decade. especrally in
the LisA and Canada, 1o establish the best frequencies o use
and the elects of the geology on signal propagaiion, The
results, though promesing, highhighted many problems. Mosi
apparent was the tact that equipment, swtable for use on a
day -tomaday basis 1o the rugged and inhospitable mining emvi-
riviinent, just did nol exist, while the technology of the tine
eld vur lintde hiope For portable appacsus, In niy ways the
problem wis very sumilar o thin being faced by the miliar
— volves and their power supplies were just oo bulky. Real
progresy wonld reguire o new lweehnology altogether,

In South Alvwcn, o country vactuadly barlt on the Frunts ol
miining, the dden of using wireless communication in the gold
mines wis fiest mesoted in 1938 The invmediate need was
assist the reseue teaums who were called upon all oo fre-
cpently 1o battle underground Fires and to rescuae men rapped
by “lalls of ground™. Once they ventured Torward ol their
“Iresh air hase™, set up as close as possible to the scene of the
disasier. these men ol the Mines Rescue Brigade were
mcommumicado. Thiey were then entively on thieir own with
o mneans of contaet wilth anyone, Thus, reports in the tech-
mical press suggesting that a Brinsh company had developed
riho apparaius capable ol working o nunes created muoch
pnerest and an investigaton was immedianely called foron
Jolanneshurg, That was the beginmng of o programme of
research wmd development that went throsgh o pumber of
peaks and tronghs over the next By vears. This anticle traces
sotie of ats history and <desenbes the mdio sets thal were
designid W commmmicme divectly thiough the rock,

The Mining of Gold

Sonith Alncin zold mines bipst some of the most formida-
ble miming conditions in the worlid, The deepest vernical shali
descends more than 3.6km o the carth. The gold itsell is
bound 10 the “reef”. o namow band of carbomterous maternal
in places no more than a shver encased i very hard, gquantzite
rock, The viwk wemperature at such depths can exeeed 500C
while the humidiny, due o the crrenlated cooling water, can
bie close o saturation. Drilling wnd blasting produece abrasive
dust with the texturd ol grinding paste while the waler cor-
rodes flercelv. Such conditions dare severe Tor the miners
themselves: they are equally socfor any electronie eyupment.

AL minimg s an industrially intensive sctivity which relies
on heavy machimery and equipment powered by i network of
lugh voltage cables. Electrical noise therelore prohiferites
wherever these cubles exist And then there s the rock wself,

Fig. 1. Dr Trevor Wadley demonstrating the
Tellurometer fo the British Prime Minister, Mr Harold
Macmillan, on a visil to South Africa in 1960
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Though obviouslyly an electncal imsulator when compared
with copper. rocks of all types actually behave us quasi-con-
ductors because of the water that 1 naturally entrapped with-
in their imerstices. They therefore absorb electromagnetic
energy and so attenuate radio signals, Commumeation
ranges are therefore limited to distances much less than those
encountered above ground, So. any radio system intended
function i such conditons has o be especially designed to
cope not only with an exceedingly harsh environment but
also with one that hinders the propagation of electromig-
netic waves,

Soon after that first query about using radio underground
i 1938 the Second World War broke out and South Afrnica’s
mdustrial resources were all directed in support of the Allied
cause: The engineers and scientists in Johanneshburg who had
ingtiglly given some sceplical attention to the mining com-
municutions problem now found themselves diverted 1o the
highly secret subject of RDF. as Britain’s wartime radar tech-
nology was known at that time. All work in the Bernard Price
Institute of Geophysical Rescarch ai the University of the
Wirwatersrand was focused on developing South Afnica’s
own radar, based on the disclosures made to the Dominions
by Robert Watson Watt at Bawdsey just a few months befure
For the foreseeable future the gold mines, whose oulpul wis
vital to sustain South Africa’s economy, would have o cope
with just their telephones tor communications,

The Wadley Connection

Undoubledly the most brilliant electronics engineer Lhat
Soulh Africa has produced was Trevor Lloyd Wadley (1920
— 1981}, see Figure 1. Probably best known for the
‘Tellurometer’, the microwave distance-measuring RS-
ment used for surveying, his fame was first established when
the Riacal Company in England turned his revolunonary
triple-loop HF receiver into the famous RAI7 in 1954,
lmmediately after the war, during which he had made signil-
icant comnbutions to the development of South Afnica’s own
radar system, Wadley conceived and produced the prototype
of that receiver which now bears his name. What was
arguably one of the greatest advances in receiver technology
ook place when he was on the staff of the
Telecommunications Research Luaboratory (TRL) of the
CSIR in Johanneshurg.

The simitarity of the letters TRL with TRE. the
Telecommunications Research Establishment in England,
has led some erroneously to conclude that Wadley designed
his receiver at TRE when, in reality, he never spent any time
there at all. It was all done in South Africa. Fascinating too,
in the context of this article, is the fact thal while heavily
engaged on the design of his receiver Wadley also urned his
mind to the problem that had lain dormant throughout the
war — the problem of communicating by radio underground,

In 1949 he wrote a report entitled “Radio communication
through rock on the Witwatersrand mines™. It had been com-
missioned by South Africa’s Chamber of Mipes and was
based on Wadley's measurements in the laboratory of the
electrical characteristics of rock samples typical of the gold
mining areas of the country. From those results, and his
ready appreciauon of the problem of designing rather special
radio equipment well before the availability of transistors,
he produced a document that defined in detail the under-
ground radio communication problem. The graphs i
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Fig. 2. Wadley's calculated curves of system loss with
fraquency in guartzite rock over various disiances

contned indicated how the rate of signul attenuation by the
rock increased rapidly with frequency. By contrast, the effi-
ciency of small antennas thal were necessary with portable
equipment decreased markedly as the frequency was low-
ered. Taken together the two yielded the total system loss that
had to be overcome for a given distunce between transmitter
and receiver. For any particular distance. theretore, there was
clearly an optimum frequency thit should be used. See
Figure 2.

Bul there were other factors as well which mitigated
against a simple solution. When fighting a lire the rescue
brigadesmen would be using breathing apparatus which was
bulky and uncomfortable.  Additional equipment. such as 4
radin, might just prove to be an impediment rather than the
aidd intended. To make matters worse speech was impossible
hecause all the bngadesmen wore mouth pieces and nose
clips. Communication was therefore by signs rather than
sound, Though the radio operator at the fresh air base mighi
transmit specch, the brigndesman in action some distance
away would only be able to reply by means of simple keyed
messages, certainly not even in Morse code.

Operating Frequency

In arriving at the operating frequency for radio under
ground Wadley had dismissed any possibility of using the
air-filled tunnels and stopes for communications purpose:
since they would only usefully convey signals whose wave
lengths were considerably less than the tunnel dimension:
und then only if they contained no bends or irregulariies -
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Fig. 3.The base sfation and its wagon-whee! antenna c. 1560

pnlthely sitwdtion im @ mone.  His reseorch, therelone, con-
centrated on finding the optimom frequency [Or trmsmission
throwgh the rock. This, e concluded, was between abow
[OOKHs and IMHe o the geologcul comditons Tound o
Somh Afpean gold munes and  pracucil communciion
ranges dunng rescue and fire-hghtung operatons. Lsing
portable egiipment with an bmput power of IW and o fised
station of seme B credter ot the fresh air base, he calcu
Bt thunt Iwo-way commumieaiion over 4 momum distance
of some WHm through ook should be possible under weal.
noise-Tree conditions al o freduency o aboul 350kHz

Tl antennies uxied wodld be severely compromsed by the
need tor potabeliny amd ease of deplovment, The porabie
stotion, Wodley suggested, nught use o mult-um loop
accommidated within the brim of the radio operator’s pro
techive “hard hat', while the fixed ann would, if at ull possi
tle, xet up a dipile some 120m m lenpth along 8 tunnel or
haluge. In pussing. he menthoned that the rils or prpes
Postemad wthon oo ovpical mume ought usclully sérve as one ler-
prniid ool e Pose siaton anlenodd ol D mdedle o meiion of
thie prosstbalities of indictive coupling between the antennas
and these conluctars of the electiie power hnes thal sepve
munny parts of o pong: Such adventtious coupling would,
indecd, play a mapr part in extending the range of the svs
toms thot follmved From Wadley's pioneering work

A Practical System

Ihere was o be d Lipse of some years before the first radio
sels destoned aeconding w Wadley™s research fimdings acto-
ally underwent s underground. The development  waork
was underiaken by the Electromcs Division of the Chambier s
Research Labortones and it resalied i the design and con-
stryction of 2 base station andd portable equipment believed 1o
represent the stale of the electronic ar at that time. These
umits are shown o Figares 3 and 4. Except for three ransis-
berrs o the audio stages of the base statieon recenver valve

Fig. 4. The portable equipment used by a rescue
brigadesman weanng breathing apparatus, mouth-
prece and nose clip
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technology was used throughout, See Figure 5, Given the
state of transistor development a mere ten years after ther
discovery this was not really surprising, Amplitude modulia-
lion was used in the base stion while on-off keying had 0
suffice in the portable umi for the reasons given earlier.

Careful considerntion of a typical mine layout had indica-
il that the dipole antenna suggested by Wadley for the base
station would wsually be incorrectly aligned relative 1o the
direction in which the portable units would be operating. In
addition. measurements made underground by the
Chamber's engineers Had shown that the rock-induced losses
i thi dipole antenna were excessive, On consulting Widley
abourt this he recommended that o wire loop antenna of Lirge
circumierence be substituted af the base station, but the need
for careful adjusiment of trmnsmitter wning and matching 1o
accommuodate any changes in loop geometry suggested that a
pgid, multi-turn loop of suitable imermedinte sizc was 4 bel-
fer option. The wagon-wheel configuration adopted can be
seen in Figure 3.

The uncomfonable lot of the brigadesmun wearing breuth-
ing appraratus and currying a portable transceiver weighing
some Gk i« shown graphically in Figure 4. The idea of plac-
ing the antenna in his hat had been abandoned. rather a loup
amtenns was eheased within the pre-formed carmying strap
that also housed o lovdspeaker positioned close 1 the operi-
for's eur, Though achieving reasonable performuance. this
portable apparatus soon proved to be unmanageible even for

the most dedicited of brigadesmen und a valiant attempt w0
solve o very pressing problem was stillborn,

Solid-state and Single-Sideband

By the misd- 19605 solid-stute devices suitable for applica-
tions such as this were readily available. and there were
many companies in South Afnea that could design and man-
ulacture this type of fadie equipment. The Chamber duly
awarded o contract 1o ene of them w develop the next gener
atiom of what soon became known as the “Underground
Ralio’

Wadley™s graphs still served us the busis for the sysiem il
n frequency of 335kHz wus selected. Efficient use of babtery
power sugpested that single-sideband (S58) midulation o
IOW PEP was much tw be preferred over the earlier AM.
while u tone-based keying system would stll accommodate
the volceless brigadesman and serve as a general culling and
alerting signal, Considerable reduction in equipment sie
wirs also possible without suerificing any of ils leatures und
so the same 1ype of apparatus, of the size of military man-
pack radio, (see Figure 6). could now be used at the fresh uir
base and by the brigadesman on the move, The antennis,
though, would difler because the fresh abr hase could deploy
a much larger Toop, Experiments had shown that a single tuim
of some 30m of wire could be set up easily by attaching 1t 1o
any avalable supports within an underground wmnel. The
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Fig. 5. Circuit diagram of the portable equipment
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lesop wirs then brought 1o resomamce and matched 1o the rans-
outres by means ol g switched capacior network contamed
m o siitable housing, The porable antenna, by contrast, sull
made use of o rigid Joop bul now it was howsed in o light,
PV ke pre-lormed into an elliprical shape with major axis
of about 4 metre. This shape had no - significance from an
electronienene pomt ol view bl achieved adequute loop
area in o physically manageable size. Seven turns of wire
were used and their induetance was resonated and matched
Dy, presel capacitons,

Other Applications

By now applications wiher than underground emergencies
stiggested themselves, @ least 1o those engaged i the under-
aroundd radio project. Wherens Wadley s onginal calculations
arhcated thit o rmge ol the order of YOlm oaght be aschies
able dectly through rock, undereround tests showed thin
this was optomistic, A conservative estimale, based on
mimeriis (esis i many mnes and at different depths below
the surlace, showed that 300m wits more reabistic. However,
ranges much greater than this were not upcommon when
electrie power cuables or other continuous condugetors
spanned the route between two radio installations, while the
Amencans reported unexpectedly large distances [rom the
sels that they had bought from the Chamber of Mines, In
their case the radio sipnal was trapped within g coal seam by
fighly conductmg lavers of rock above and below, Tt soon
became apparent thar these vanous guiding  mechamsms
waonld preatly increase the mnge and this suggested thi

Fig. 6. The 335kHz solid-slate 10W 558 lransceiver
and elliptical loop antenna ¢. 1972

rachio communmications could oud in improving the eificiency
ol miming actvities oaderground.

Resistance to Change

Despite mounting something of a campaign [0 convingee
mine managers of the useful role that improved commum-
cations underground could play n the day-to-day opera.
nens of a mine thewr reaction was, m the main, rather
muted, Miners are. as a breed, conservitive and are not
given o ready acceplunce of new-fangled padgetry howey
er remarkable it s in the eyes of its designers! What wus
needed, of course, was a proper operational research study
i order 1o quaniily these perceved benefits, particularly
i fnancial terms. but none wis ever done. However, infer-
est had certminly been arovsed within the Chamber ol
Mines Research Organization itsell and this wis most evi-
dent wmongst those eéngineers who were endeavouring o
replace drllimg and blusting by various torms ol mecha-
nized mining, such as rock-cutting by hydraulically pow-
ered machines, Such activities were. by their very mature,
less labour intensive than conventional mining with explo-
sives bal they mvolved equipment that could break down
and so would require eepair and maintenoanee. Effective
commuiication between ull personnel invalved, therefore,
wus surely vital, Wired telephone cocuits would suffice
between fixed points bul roving mainienance men were
alwavs bevond ellective reach, until now, However, the
obpection was that the underground radio was sull oo big
and oo cumbersome

Fig. 7. The B03kHz hanaheld transceiver being used
in & mechanized goidmine stope ¢, 1976
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Fig. 8, The 903kHz SSB generator and product detector using
ceramic filters driven by a 451.5kHz oscillator

A Handheld Transceiver

In 1974 work commenced at the Chamber's laboratories on
developing a handheld radio transcever that would provide
voice communications between miners and maintenance men
on the move within the narrow confines of a mechanized gold
mine stope. Aguin it was the Wadley graph that suggested an
optimum operating frequency for the equipment. Rasing this
to about | MHz would lead 1o a reduction in range but it would
produce a consequential reduction mn system loss of more than
4{dB. The reduced range could be wlerated because the stope
within which the experimental rock-cutting machines were
operating was only a couple of hundred metres in extent, and
it was well-served by power cables and steel-armoured
hydraulic hines. Tests soon showed that IW PEP at about a
megahertz would be more than adequite especially if a high-
er-powered base station and large loop antenna were set up
within the underground store that served as the command cen-
tre for the mechanized operations.

The transcerver that was subsequently produced 15 shown
in Figure 7. It was known as the TXR-1 and operated on
Q03kHz as a result of the particularly simple method wsed w
generate and detect the S5B signal shown in Figure 8 In
onder to reduce costs as much as possible use was made of
455kHz ceramic filters to produce an upper-sideband (LUSB)
signal. By using two of these filters in cascade. and a crystal
vscillator at 451.5kHz. it was possible o gchieve adequate
rejection of the unwanted sideband. By adding thas USB sig-
nal 1o that from the same oscillator in a second balanced
modulator an output at Y03kHz was produced. The process
was merely reversed when recetving.

Power amplification at both audio and radio frequencies
was straightforward and so & remarkably simple. vel effec-
tive, transceiver small enough to be held in the hand was the
outcome. The ubigquitous multi-turn loop served as the
antenna but now it was made flexible and was wormn by the
operator in the fashion of a bandolier. Experience had shown
that no perceptible change in performance was noted even
when the loop changed shape, as it would do during normal
use. This Ninding was significant because rigid loops had
plagued all previous designs.

The Substrata Communicator

The consistently good results achmeved with the “03kHz

equipment, whether operated directly through rock over dis-
tances of the order of HMim or over much greater distances
when coupling indirectly into power cables, opened the way
for a major development in underground radio communica-
tion. Small, portable equipment with an operating life of at
least eight hours between recharging the battery was clearly
feasible and a concerted design programmge began at the
Chamber of Mines laboratories in 1976, Within the yeur the
TXR-2 prototype had appeared. This was a sophisticated
SS5B transceiver capable of operating on any 3kHz channel
between 1(WkHz and 2MHz. It embodied the most up-lo-
date technology with a receiver that was particularly immune
to the effects of strong. adjacent channel signals. This
requirement came about because of the perceived need, in
practice, to operate a number of the units in close proximity
to one another but on different, though adjacent, frequencies.
Such a situation would pccur were radio communications (o
assume uan mereasingly important part in the operation of 4
mechanised stope.

The similarity of this multi-channel operation with mili-
tary radio nets was evident and the harsh mining environ-
ment made the equpment specification easily the nival of its
military eounterpart, Commercial production of the equip-
ment was agreed and 1 1977 the Chamber of Mines entered
inta an contract with Racal (South Africa) — though soon to
separate from its Bnish parent to become Grinel - to devel-
op such a system based on the Chamber’s specifications,

The SCI00 Subsiraty Communicator. as it was called,
appeared within a year (see Figure 9), li weighed less than
2kg and was g rugged, walerproof  transceiver containing o
frequency  synthesizer for mulu-channel operation f
required. Its multi-turn loop anteona funciioned also as the
holding strap which secured the radio around the miner’s
torso, The SCI100 was jomned. soon after, by the SC2UK), i see
Figure 10). a repackaged unit complete with an adjusiable
antenna twning network. Intended specifically for use at the
fresh air base by rescue brigadesmen, or whenever u dedicar-
ed base station was required. the SC200 could also be oper-
ated remately over a two-wire ling from a point up to 20km
away, This followed the successful demonstration of remote
control by the Chamber's research personnel when an operi-
tor on the surface communicated with a roving miner 3km
below ground in a stope just Im high. A remotely controlled
hase station provided the final radio link to the mimer through
[{)0m or more of rock. What was clearly a simple extension
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Fig. 8. 5C100 Substrala Communicator and its
bandaodler antenna n use underground ¢. 1981

of the wse of o master or base statwon withim a radio nerwork.
thas leature was impoctant because it meant thal the mwho
system could  easily be hnked to the mine's telephone
metwork for use dunng enther normal operitions or o an

l..'“lh':”._'l.'lll.'_"..

Commercial Exploitation

By 1980 more than 100 of the SCIH200 radios were in
service i South Afocan gold and coal mines amd numerous
demonstraiions were given within the industry by the com
mercinl compimy Tomed o market this equipment, Tntéres)
hud been aroused abroad as well, but there was competition,

Bescarch i England and on the Continent had soneé in a
different directnon, Due w the naure of the mines (mainly
ciral ), which were highly mechamzed, o commumcation sys-
lem  Dasad LEfHTE |'iH|||I||I'Ij_' transmussion  lines, known as
“leaky feeders™, was the fovoured wohmgue. These lines
were slung throughout the travelling ways and working areas
ol e andd prowvided excellent voice contact between VHE
ruchos withan thew immediate vicinity, Transmission directly
through the rock and coul was not a regquiremiemt and the
radion were scen, primarily, as part of the coal production
process i non as emergency alds inop ensis, This was pre-
cisely opposite o the South Afvican gold mining experience
el pellected the nuture of mining wsell,

Eisewhere, in Austenlin amd Canoda, the Sowth African
svalem was looked ul with interest, But South Adrica’™s own

1||-I

Fig. 10. 50200 base-stalion fransceiver.

munes were slow o react. Phinigh recognising the radios’
worth, both duning emergencies and, mcreasingly, for some
day-to-chay miming acuvities, the Sgupment was seen i be
somewhal penpheral — and 1t was expensive. Trs manufaciur
of, b was primanly concerned with prodecing - milinary
vommumcations hurdware. for which there was a ready muar-
ket The expected saturation of the mines with radios did noi
vecnr, ab least mot at the rate the manabcturers bl |1|.IFIL'-'.|. for,
and soon the project foundered, vet again. Like the sunspot
cyeles 0 whach o was ofien joctadiary commpared, South
AINCH s Torys inlo mine commumications seemed 1o |1;-;|L
about once per decade. Maybe they will come again? RB
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