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ABSTMCT 

A whole-mine demonstration experiment was pt'rformed t0 assess the 
practical feasibility and utility of the dedicated-wire technique for 
ov~rcoming poor trolley carrier phone system performance at a large 
underground coal mine, The technique involves the use of a single, 
low-loss, properly terminated and branched auxiliary wire placed in the 
raiJ haulageway. This auxiliary ·dedicated-wire allows signals to electro­
magnetically couple to the trolley wire/rail transmission line, and 
thereby significantly decrease the overall signal attenuation rate of 
the trolley wire/rail line, The ::..n-min:? dedicated-wire demonstration 
program and its findings and conclusions are described, The dedicat~d­
wire techniqu~ is shown t0 be a valid and practic2l one for significantly 
improving carrier phone system performance in coal mines, 

PROBLE:-IS \..'1TH CARRIER PHONE SYSTEMS 

The. trolley carrier phone system is one of the basic and important 
mine communication systems widely used in U.S. coa: mines, The trolley 
carrier phone syste~ i~ used in electric rail haulage mines for dis­
patching coal haulage traffic throughout a mine's rail network. 
Therefore, it is a vital communication syste~ that dire=tly affects a 

_ mine's ability to transport the coal to the surface safely and 
efficiently. 

Carrier phone systems have bP.en of great utility in operating mines 
throughout the years. However, problems related to poor signal propagation 
are quite common, These problems occur because the trolley wire pvwered 
electric rail Paulage system over which the carrier phone signals travel 
was designed to carry DC traction power to mine vehicles. The network 
of trolley wires and rails is, therefcre·, a notoriously poor transmissio:i 
medium for 100-kHz radio frequency (FF) signals. 1;1is poor radio "requency 
behavior has three specific ~auses: 
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Bridging loads - The trolley wire/rail system has to contend with 
numerous bridging loads which create undesirable RF transmission 
characteristics. From an RF transmission vie1,1J>Oint, the main bridging 
load offenders include the many rectifiers that supply traction power, 
as well as the many rootors, pumps, heaters, and lights placed across the 
trolley wire/rail. 

Table 1 lists the expected values of bridging i~pedance for a 
DWiaber of bridging loads commonly foun~ in coal mines. The table 
includes the value of insertion loss. Insertion loss is the loss in 
signal level that would occur on an otherwise unencl.illlbered transmission 
line of 200 ohms characteristic impedance when a single load is bridged 
across the trolley wire/raiJ. The table shows that a rectifier with 
a minimum setback from the trolley wire/rail exhibjts an impedance of 
about 2 ohms and produces a 34.1-dB insertion loss at 100-k..lfa, The 
reduction in voltage is 51 to 1, hence.very few of these load~ will 
quickly attenuate the carrier phone's transmitted ~lgnal to unusable 
levels. Furthermore, even a carrier phone with a 20-ohm standby impeciance 
in its receiving mo~~ produces a 15.6-dB insertion loss and a voltage 
reduction of 6 to 1. Similar offenders are the personnel heater~ 
.frequently used in coal mines. Thus, it doesn't take many of these to 
completely use up the transmitted carrier signal. 

Branches - The trolley wire/rail has numerous branches to serve 
the main ~iaulage requirements of extensive coal mines. Since the branch 
junctions do not control how the RF energy is spl~t to the branches, the 
distribution of the RF energy from a transmitter is unknown, 

Tern.inations - The trolley wire/rail is not terminated at its ends 
to produce a matched load co,dition for the RF carrier phone signals. 
Therefore, standing waves are created by the open-circuit mismatches, 
and contribute to the star.ding wave problems ~lso introduced by the 
bridging loads and branch•i!s. _ 

In the :ace of these transmissi,:,n problems, it is rather amazing 
that the trolley carrier phones are ,ls effective as they are in U.S. 
coal mines. This effectiveness is a tribute to the ingenuity and 
dedication of mine maintenance personnel who find ways to make the 
system work. However, most mines continue to have either intermittent 
or chronic problems with their carrier phone systems. 

SOME COMMONLY USI:D SOLUT 10NS 

There have been many attempts at curing the problems mentioned 
above. One has been the tuning of rectifiers. Sometimes this is done 
by placing a capacitor at the junction of the rectifier leads and the 
trolley wire/rail line. If the rectifier is set back far enough, a~out 
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TABLE 1 

CHAR~CTERISTICS OF BRIDGING LOADS 

Estimated 
Impedance Insertion Loss 
at 100 kHz Loss* in 

Bridging Load (ol-:.ms) (dB) Voltage 

Rectifier with minimum setback 2 34 .1 51 

Rectifier with 50-foot setuack7 9t 21.6 12 

Rectifier with 100-foot setback7 19t 15.9 6 

Carrier phone with 20-n receiver 200 15.6 6 

Carrier phone with 100-fl receiver 1000 6.0 2 

Jeep or po.real bus motor 5000 1.6 1.2 

44-ton locomotive motor 600 8.5 2.7 

Vehicle with two 150-W, 32-\' 300-V 60 8.5 2.6 
headlights isolated resistively** 600-V 120 5.3 1.8 

lllumin~tion lights (assumed to 300-V 450 1. 7 1.22 
be 200-W load) 600-V 1800 0.5 1.06 

Single insulator 200,000 o. 0043 1. 0005 

1 mile of insulators with 12-f.>ot 
spacings (440 insula to ;:s) 1. 90 1. 2 

10(;0-W personnel heater 300-V 900 6.5 2.1 
600-V 3600 2.1 1. 3 

50UO-W personnel heater 300-V 100 16 . 3 6.6 
600-V nn 7.6 2.4 

Notes: 

*This insertion loss is that calculated for an othen.•ise unencumbered 
trolley wire/rail •iaving a 200-u characteristic impedance, using the 
formula 

2R + Z 
0 L = 20 loglO ~ 2-R~-

where R is bridging load ~esistance. 
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For a trolley wire/rail having a large number of loads, load interact;on 
will cause the total net transoission loss, in most practical cases, tv be 
less than the sum of thes~ tabulated losses due to load interaction. 

**At the trolley wire carrier frequency the bridging impedance of a loc,.:>motive 
or vehicle appears to be dominated by the headlights. }lutors have impedances 
at carrier fre4uencies that are somewhat larger than these values and there­
fore the load imposed by the lights only is considered. Newer ve~icles with 
DC-to-DC converters that supply the light o:ircuits have appreciably less 
effect. 

tThe bridging impedance of a setback rectifier is higher in value than one 
vith minimum setback due to the feed wire inductance. These figures assume 
a feed wire inductance of 0.3 µH/ft and a frequency of 100 kHz. The values 
of Z will be somewhat less, but 1,ot significantly for 88-kHz operation. 
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50 feet to 100 feet from the trclley wire/rail, the inductance of the 
power leads can be tuned to raise the effective rectifier impedance at 
the carrier frequency. Similar tuning has been used on fixed motors, 
and in some instances on jeeps and locomotives. 

The r.iost effective prior practice was the use of the pager telephone 
wire pair driven in common mode as an auxiliary carrier sigrial wire. 
This practi~e requires the use of signal couplers interconnecting the 
trolley wire/rail and the pager telephone line at several locations. 
Some large mines may use as many as 50 to 100 of such couplers. 

The problem with this practice is twofold. First, each coupler 
takes an unspecified amount of carrier signal power off the telephone 
line and transfers it to the trolley wireirail line. This uncontrolled 
and unmatched transfer takes place at a somewhat arbitrary number of 
locations in th·~ hope of carrying carrier phone signals throughout the 
mine rail network. Second, the telephone lines operating in collllDOn 
mode suffer from many of the same problems as the trolley wire/rail 
line, namely, uncontrolled branching and lack of terminations.· Therefore, 
the carrier phone signal distribution still remains largely uncontrolled 
and arbitrary. Furthermore, as a mine expands, thi~ uncontrolled signal 
distribution results in nulls, or deadspots, in the trolley wire signal 
appearing throughout the mine. This, in turn, leads to changing the 
position of these couplers or adding couplers according to some inadequate 
empirical or "time honored" rules of thumb that produce only temporary 
,relief because of the absence of real control on the RF signal transmission 
characteristics. 

THE DEDICATED-WI~E TECHNIQUE 

The dedicated-wire technique is based on having a cor:rollable RF 
signal path throughout the entire mine, unencumberef oy bridging loads 
and uncontrolled signal splits at branch points. This approach uses 
an auxiliary transmis~ion lin2, consisting of a single wire supported 
on the wide side of the haulageway and the rail return, which is 
terminated in a rr.atched load at each of its ends. Wren carrier phone 
coverage is wanted to places on Lranch lines, matched signal splits 
are used to distribute the RF power in a totally controlled manner to 
all the deslred branches. 

Under Bureau of Minec Contract H0346045, we investigated several 
means for improving carrier phone communications in mines. Part of this 
work involved measurements for characterizing the trolley wire/rail as 
an RF transmission line. The Renton mine outside of Pittsburgl1 was 
visited to perform measurements ou a disconnected section of the trolley 
.-ir~/rail and obtain information pertinent to predicting the tranmission 
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of carrier signals on the trolley wire/rail line. These measurements 
revealed the need to develop a better theoretical understanding of 
carrier signal propagation along trolley wire/rail lines, particularly 
with regard to tiu:. influence o: the conductive rock/coal medium 
surrounding the trolley wire/rail. Jau,es Wait and David Hill, of NOAA 
and ITS respectively, under an independent Bureau contract, developed 
a theoretical model to predict the influence of the surrounding con­
ductive medium on the signal attenuation rate along the trolley wire/rail 
tran~mission li.ne. It was sho\o1tl that the added loss imposed by the 
conducting medium is extremtly small compared to the losses produced 
by the many bridging loads and branches ~n the trolley wire/rail line, 
but is a major component of the low signal loss along the unencumbered 
dedicated-wire/rail 1i1.e. 

Another part of our work involved the development of a theoretical 
n.:>del to describe how a dedicated-wire could improve the transmission of 
carrier phone signals in coal mines. The dedicated··-wire technique is 
based on providing a parallel low-loss transmission line comprised of 
the rails and a single conductor strung in the haulageway. The natural 
electromagnetic coupling between the dedicated-wire/rail line and the 
trolley wirt/rail line provides the nece$sary amount of signal coupling 
to maintain a useful sigl"al level on the trolley wire/rail throughout thv 
mine's rail haulage n~cwork. The theory shows that the signal levels on 
an extremely lossy trolley wire/rail can be markedly improved by the 
use of such a dedicated-wire. This is particularly true for dispatcher 
to vehicle and vehicle to djspatcher communications, because the 
dispatcher's carrier phone can be connected directly to the low-lo$S 
dedicated-wire. The theory predicts that trolley wire/rail lines with 
attenuation rates as high as 20-dB per kilometer can be converted to 
lines which exhibit only 1-dB or 2-dB per kilometer by installing a 
single parallel dedicated-wire in the haulageway. 

The theoretical model represents the trolley wir~/rail as a 
continuous, lossy transmission line. An actual trolley wire/rail is a 
poor transmission line because of the many discrete bridging loads noted 
above. The theory treats the trolley wire/rail as a line characterized 
by continuously distributed, uniform shunt and series loss, while the 
dedicated-wire/rail is treated as a low-loss line having only continuously 
distributed, uniform series loss. For most examples examined by this 
theory, a repre~entattve loss of 1-dB per kilometer was used for the 
dedicated-wire/rail line in the absence of the trolley wire/rail line. 

An example of the theoretical results are shown for the 
geometrical configuration and conditions illustrated in Figure 1, where 
we assume the following dimensions in meters: 
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.d - 5 a .. .015 X - .5 1 a 

d .. 2.5 b .. .0015 y • 2.2 2 a 

h = .3 C • .1 X • 1.25 
C 

y • 0 
C 

In the example, the dedicated wire is placed at X • 2.2 meters, 
Y ~ 2.2 meters, for calculations of signal strength versus longitudinal 
distance, Z, from the transmitter. In the example of •igu~e 2, the 
dedicated-wire voltage and trolley wire volt~ge are plotted for the 
transmitter connected to the d~dic~ted-wire. All voltages are measured 
with respect to the rail which serves as a cor.:mon conductor. For 
comparison, the unfavorable trolley wi , e voltage for the transmitter 
connected to the trolley wire in the absence of the dP.~icate<l-wire 
is al so shown. 

The theoretical results for the dedicated wire were so promising 
that the Bureau of !-lines sponsore,: a small-scale demonstr~tion at an 
operating coal mine, under Contract Jv377098. This det:10nstration ~a~ 
me.de at Consolidation Coat's ~ntour r-o. 4 c-oal mine south of Pitlsburgh. 
About 20,000 feet of No. 12 insulated wirt was installed in the mine. 
The installatio~ included one matched signal split to a loading area 
and two end-of-line terminatlons. The i~prov~ment in communications was 
significant. In fact, the branch signal split to tht loaJing area 
provided direct cor.ununications between the dis~atcher ar.d locomotive 
operators at this distant load point for the first time at this time. 

SELECTION OF .'.-IINE FOR LARGE SCALE DE.'to:;srRATIO!\ UF DLDICA'i"ED-WJ!lE 

The results of the Montour No. 4 experiments ;.;ere sufficiently 
promising that the Bureau of :-tines decided :o conduct 2 large scale cine 
experimei1t. Under Bureau of }iines Contract J030e036, ,1e -1erf'! asked to 
locate a candidate mine, install a dedicated--1ire, and measure the 
oerformance improvernen t achieved. Th~ following criteria were used to 
identify and screen pntential candidate ~ines. 

• Severe problems with the trolley carrier phones 

• 300 or 600 volt DC trolley po~ered rajl haulage 

• Main line track haulage extending 5-10 miles with 
branching 

• Carrier phones uf solid-state vintage 

• Production of about 0.5 to 1 million tons per year 

• More than ten sections 
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• Higt, coal 

• Economically vi~ble in che long ter~ 

• Reiatively low hazard regarding roof and gas emission 

• Preferred location in the vicinity of Pittsburgh, 

Morgdntown, ~~eeling, Charleston, Birmingh.:lm, or St. Louis 

Four candidate mines were visited and evaluated befo;-e the final 
selection ~f Consolidation Coal's Ro~inson Run Ne,. 95 coal mine in 
Shinn3ton, West Virginia. This mine is a large, high-production, 
long\J'all-type, drift-entry coal mine ~ith about 11 miles 0i 300 volt DC 
main line ttack haulage. The mine exhibited severe tr.:>lley carrier ;>hone 
communication problems during the r~latively wet springtime. This poor 
perf o.lll.'.lncc occurred annua 11 y. and caused considerable consternation and 
operational <l!fficulties. The mine, therefore, welcomed our attempts 
to improve its t~olley carrier ptione co1m11unications. 

The mine had al ready t.::ken steps to improve its trolley carrier phone 
co11Z11Unlcations by _ installing an auxiliary s!.gnal wire throughout the 
main h:!ulageways of the mine. Ho1Jever, this signal wire was not equipped 
with sign.al splitt~rs at the branching junctions, nor with matched 
ter.ninatic-ns at the ends of the lines. In addition, frequent use 1.'.l.s made 
of signal couplers intcrconnecteJ between the signal wire and the trolley 
wire. A simplified scale map representation of the trolley .::arrier phone 
net-~rk along the wine haulage.~ys is sholo't1 in figure 3. This figu,~ 
shows the m..1in relllOte carrier p:cne transc2iver at East ~ins 128 b~ock 
used by the dispatcher, ,'.ind the numerous signal couplers . This tr.:.:1s::eiver 
is located \.•ell inside tl:e mine at a n:.ore central location in an attempt 
to adP.quatel y reach all vehicles in the mine. 

OPTI~IZZD DEDICATE.!>-~IRE CO~FIGURATICN 

Figure 4 illustrates t~e c~nfiguration of the optimized dedicated­
vire install at ion at Robinson Rlm 'line after conversion from the configu­
ration shown in Figure). We converted the existing auxiliary signal vire 
into a fully controlled, dedicated-wire installation with the assistance 
of mine personnel during a single shift under non-operational strike 
conditions. This was accomplished by installing four si&nal. splitters 
indicated by the_ rtar configuration of res .. stors, installing a tot.il of 
six tet"lllinations indicated bv the grounded resistors at the ends of 
dedicated-wire, and by removing all 12 dgnal coupler•; connected between 
the dedicated-wire · and trolley wire. 
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In dealing with the transmission of RF signals alorg a dedicated­

wire/rail transmission line, it is important to know its characteristic 
impedance. Our measurements and calculations of characteristic impedance 
in mines have shown that the dedicated-wire/rail characteristic impedance 
vill range somewhere between 150 ohms and perhaps 300 ohms for most 
practic~l conditions. We have chosen 200 ohl:!ts as the representative 
characteristic impedance for the dedicated-wire/rail transmission line. 
Therefore, the component values for all signal splitters and lin~ 
termination resistors are· based on this selection; namely, the termi­
nations are 200-ohm resistors, and the signal splitters consist of 
three 67-ohm resistors. 

The signal splitters were fabricated hy installing three power 
resistors connected to a common junction inside Hoffman hexes with three 
access ports. The port~ allow each of t~ree signal wires at · a branch 
point to be attached to a corresponding resistor via a terminal ~trip. 
Signal terminations were fabricated in equally simple fashion by placing 
a single resistor in a Hoffman box ~ with one terminal connected to a 
rail bond and the other resistor terminal connected to the end of 
the signal wire, To facilitate checking t: ,,! condition of the dedicated­
vire, the resistors were isolated from ground by a series capacitor. 
Figure 5 shows the configuration of these boxes. 

COMPARISON OF "BEFORE" AND "AITER" PERFOfillA..'\CE 

Comprehensive carrier phone signal measurements were ~de throu&hout 
the mine rail haulage net~ork before and after the conversion to~ true 
dedicated-wire configurati~ ·• The values of trolley wire voltage produced 
by the dispatcher's transmitter at a large nu=:ber of points were measured 
and plotted versus distance from the trans~itter, to produce a "signal 
map.-" The cur.rent in the signal wire was also measure, at each trolley 
vire voltage measurement location, to relate trolley wire voltage behavi~r 
with signal wire current b~havior. 

"!1le following observations were made of the general behavior shown 
by the "before" measurements. 

• There was a common occurrence of standing waves in the signal 
vire current. This is not surprising because of the unmatched branches 
and the unterminated ends of the signal wire. 

• There were several locations where sudden, large and unpredictable 
changes occurred in the signal wire current level. This condition was 
produced by the branches and also by the signal couplers connecting 
the signal wire to the trolley wire/rail. The signal couplers were found 
to cause significant current drains from the signal wire at some locations. 

• There was a non-optimum transfer of current from the dispatcher's 
transmitter to the signal wire due to the nonmatched -condition of the 
signal wire/rail line. 
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• Then: were locations where fixed tran·sceivers located throughout 
the mine drew cxce£sive current fro~ the signal wire due to low standby 
impedance of the transceivers. 

"&fore" and "after" performance is comp.::ired in two sample plots. 
Figure 6 shows the trolley wire voltage and the dedicated-·wire current 
in the Northeast ~bins region of the mine. This is the region furthest 
from the dispatcher's transceiver. The current lev~l in the dedicated­
wi re after the conversion is significantly higher, and is accompanied by 
a significant increase i11 the trolley wire voltage level .>v1:er much 
of the Northeast M.:lins. These plots also illustrate that the perfo rmanr-e 
is s i gnificantly improved. in spite of the fact that the matching is 
imperfect along the dedicated-wire in thi~ region (as indicat~d by 
the residual standing vave in the dedicated-wire current). The standing 
waves are due to the fact t~t ::he characteristic impedance varied 
as~ function of distance along this h.'.lulageway because of the heavily 
S.'.lgging dedicated-wire installation in this re~ion. Th~ favorable 
behav ior found even under hi~b.ly variable installation practices under­
scores the robustness of tne dedicated-~~re technique in the face of 
adverse mine environments. 

Figure 7 shm,rs the "before" and "after'' behavior in the !.'est ~ins· 
region of the mine. The "after" curve illustrates the e~~ected stepwise 
drop in dedicated-wire current when a split is passed; while the "before'' 
curve shows the uncontrolled n.Jture of the sii;nal wire current, and the 
severe current drains caused by two of the sign.al cuuplers (indicated 
by Z's in the figure). In addition, the voltage curves indicate the 
significant fmprovec,cnt in trolley wire voltage even to substantial 
distances of 0.5 miles beyond the termination of lhf" dedicated-~ire. 

Computation of the sign.-il attenll.'.ltion rate on the dedicated-wire 
sho.-ed an averabe value of 0.33 dB per thousand feet or i.74 dB per 
mile. Tbis value is Slll.'.111 enough that strong sig:\als can be expected on 
the dedicated-wire even for an extensive net~~rk of such a wire. 

Fll\Dl~S 1u,1> COSCLUSIONS 

The effectlv~nP.ss of the dedicated-wire technique as a means for 
significantly improvinR and extPndirg the perfo?'lll.'.lnce of trolley carrier 
phone comm:anic;it ions has been desa::>nstrat.ed in two operating mines. The 
installation of a dedicated-wire can be 113de with the simplest possible 
equlp111ent and parts. It can be accomplished by suspending a single 
No. 12 or la~~er insulated ~ire fro~ the roof or rib on the vide side 
of the ainc haulage-way like a pager phone line installat i on (~ec U. S. 
Code of Federa l Regulations, Title 30, Chapter l, ?aragraph 7~.516-2). 
and then applying tenaination~ and signal splitt~r~ where the haulagevay 
layout requires them. The si~l splitters and terminations are simple-­
consisting of three resistors contained in a protective electrical 
enclosure for spliiters, and a sing~e resistor and series c~pacitor in 
a similar enclosure for tenainations. Furthermore, all terminations and 
and splitters are located at ~11 known places in the nine; i.e •• 
tenain.ations at the ends of the dedicated-wire and splitters at the 
aain junctions of the ratl h.1ulage network. This makes maintenance of 
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the system easy, allowing problems to~ lUickly diagnosed anrl per­
forman~e easily maintained, usually with simple ohmmeter measurements. 
This ease of maintenance has been ·verified by the maintenance personnel 
at both cines where we have installed and demonstrated the dedicated­
wire technique. 

We note that these improvements in carrier phone system performance 
and maintenance are gained without any connections whatever bet~een tht 
dedicated wire and the trolley wire/rail. In this wav, the potential 
hazard of inadvertently transferring the high voltage DC on the trolley 
wire to other signal w'res in the mine is cocpletely avoided. Further­
more, the dedicated ...,ire can readily be extended .'ls the mine expands 
\lithout resorting to the "bl.'.lck m.:igic" procedures associated with loc.'.lting 
signal couplers in "ap;>ropri.'.lte" pi'aces to provide adequate signal levels 
along the trolley wtre/rail. 

In summary, we feel that this dedicated-wire technique has great 
proraise for solving trolley carrier phone problems in nines in an 
efficient, econon:.ic.'.ll, safe, and easily maintained fashion. 
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