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FOREWORD

This report was prepared by Arthur D. Little, Inc., Cambridge, Massa-
chusetts under USBM Contract No. HO0346045. The contract was initiated
under the Coal Mine Health and Safety Program. It was administered under
the technical direction of the Pittsburgh Mining and Safety Research
Center with Mr., Howard E. Parkinson acting as the technical project
officer. Mr., Michael W. College was the contract administrator for the

Bureau of Mines.

This report is a summary of the work recently completed as part of this
contract during the period May 1974 to May 1977. This report was
submitted by the authors in May 1977.

No inventions or patents were developed and no applications for inven-

tions or patents are pending.
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I. EXECUTIVE SUMMARY
A. OBJECTIVE

The objective of this task was to study and evaluate the feasibility
of developing compact transmit antennas and/or other means for efficiently
coupling VLF to MF radio energy between portable wireless communication
units in coal mines. The Bureau of Mines would like to achieve a
portable-to-portable range of about 1350 ft., especially in conductor-
free areas of typical U. S. room and pillar coal mines, namely areas
where electrical conductors such as power cables, trolley lines, and
communication lines are absent. In the presence of these conductors,
achieving the desired communication range is usually not a problem. The
1350 ft. conductor-free range corresponds to that required for two miners
to communicate between the leftmost and rightmost entries (spaced about
600 ft. apart) of a seven-entry mine development while also being
separated by a longitudinal distance of about 1000 ft. along the entries.
This requires an area-coverage capability that is not adversely affected
by the presence of the largely rectilinear grid of tunnels in the coal
seam. Thus, the frequency band from 30 kHz to 1 MHz was selected as

the band of primary interest for this investigation.
B. APPROACH

First, the ranges for completely wireless communication between
two portable radios using practically-sized loop antennas in represen-
tative coal mine environments were estimated. Antenna technology in
the VLF to MF band was then assessed in light of the range, intrinsic
safety, and wearability requirements, to determine the most suitable
antenna types for the application, and whether any of them could
significantly improve upon the overall performance predicted for the
reference loop antenna used in making the range estimates. Effort was
also directed in two related areas. The first was a study to determine
whether inductive coupling to cables and other conducting structures
in the mine could substantially increase the communications range, since

such cables, etc., are usually present where men are working underground.
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The second was a study to assess the potential benefits of using a diver-
sity reception noise cancelling technique, that utilizes both the elec-

tric and magnetic field components of the ambient noise, to substantially
improve the output signal-to-noise ratio of the receiver when a portable

unit must be operated in the vicinity of a strong source of electrical

noise.
C. FINDINGS AND CONCLUSIONS

1. Wireless Range Estimates

Estimates were made of the wireless communication range attainable
in an underground coal mine in the presence of mine generated electro-
magnetic noise, for man-carried radios of practical size and source
strength operating in the frequency band from 10 kHz to 1 MHz. A
conventional air-core bandolier-type loop antenna of strength M = 0.5 to
0.7 ampere-mzwasused as a reference source to gage the amount of improve-
ment in antenna performance required, if any deficiency in range, and
therefore signal strength, must be overcome solely through improved
antenna aesign.

It is shown that for mines having an effective conductivity of
10_2Mho/m (near the upper limit for coal), the deficiency in signal-to-
noise ratio, and thus range, is insuperable with man-carried equipment
at any frequency in the band of interest. In mines for which a three-
layer propagation model is applicable and the effective conductivity of
the coal is about 10—4Mho/m (near the lower limit for coal), the defi-
ciencies become much more manageable, particularly at frequencies between
about 300 kHz and 1 MHz. Here, moderate improvements in antenna/
transmitter design and/or reception techniques may be able to provide
modest increases in communication range.and reductions in battery size
and therefore weight of the portable units. However, the most likely
value or range of values for the in-situ conductivity of U. S. bituminous
coal must still be determined before a general conclusion can be drawn
on the percentage of mines in which the desired range goal in completely

conductor-free areas is likely to be achievable.
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2, Antenna Technology

Transmit antenna technology available in the VLF through MF bands
was examined for its utility in portable mine wireless radio appli-
cations. In particular, an assessment was made of the feasibility of
developing compact, portable transmit antennas that will efficiently
generate radio waves in coal mines. The size of such antennas relative
to wavelength classifies them as electrically small antennas which, by
their very nature, are poor radiators. No major breakthroughs have
occurred, or are likely to occur, to change this fact. Thus, the VLF-
MF mine wireless communication problem is one of optimizing the near
field and induction field coupling between two loosely coupled portable
electromagnetic field transducers (antennas) in the physical and noise
environment of a mine. The problem is made more difficult by the mine's
lossy conducting medium which introduces considerable signal attenuation.

As a result, the choice of a specific antenna should not be based
on its radiation efficiency. 1Instead it should be based on the overall
power efficiency and practicality achievable by the complete transmitter-
antenna system in producing the largest usable signal at the desired
range within the practical constraints of system overall size, weight,
convenience of use, intrinsic safety, and ruggedness for roving miners.
Thus, it 1s concluded that conventional air-core bandolier loop
antennas, and perhaps small ferrite-loaded loop antennas, will be the
most suitable and reasonable choices for roving miner portable radio
applications at frequencies below about 1 MHz. Furthermore, a transmit
moment of about 2.5 amp—m2 (peak) appears to be a practical upper bound
for intrinsically safe portable units for use by miners. Therefore, the
completely wireless range goal of 1350 feet will probably be achievable
only in the most favorable coal mine propagationand noise environments,
and range capabilities will not be significantly better than those
predicted for units having a transmit moment of 0.7 amp-mz. For fixed
station applications, horizontal-wire and vertical-rod mode exciters
may also offer comparable or better performance than planar air-core

loops, but in-mine measurements will be needed to resolve this matter.
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3. Coupling to Mine Conductors

To evaluate the potential advantages and practicality of extending
mine wireless ranges by coupling to existing conducting structures in
mines, theoretical coupling equations were developed. The equations
relate loop antenna strength, frequency, and its distance from two-wire
cables and structures, to the current and voltage induced in that
structure by the loop antenna. These equations allow one to compute
not only the loop-to-structure coupling but also loop-to-loop coupling
via the two-wire structure. Results computed for three frequencies
(3, 100, and 1000 kHz) indicate that:

e performance improves with closeness to the two-wire structure,
increased separation of the wires, and increasing frequency up
to about 0.5 - 1 MHz in a mine tunnel;

e loop-to-loop communications along a haulageway appear practical
in the presence of a trolley wire system and may also be usable
in the presence of untwisted cables and single wires attached
to the ribs;

. fanges of several kilometers are predicted for the 200 kHz -

1 MHz band when the loops are within about 2 meters of unloaded
trolley wire/rails;

e coupling to twisted pair cables is severely reduced over that
for untwisted pairs;

e performance should be significantly reduced for loops located
in tunnels adjacent to the one in which the conductors are
located.

4, Noise Cancelling Diversity Reception

A hybrid noise cancelling diversity receiving technique was
examined that would try to capitalize on the high levels of both
electric and magnetic field noise components present in many parts of
a mine at the frequencies of interest below 1 MHz. It is shown that
if the instantaneous correlation is high enough between the noise E and
H field components, it should be possible to improve the oﬁtput signal-
to-noise performance of a mine wireless system by cancelling a major

portion of the H-field noise picked up in a loop antenna by properly
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combining it (manually or automatically) with the E-field noise picked

up by a small dipole or whip antenna that would be insensitive to H-field
signals and the ambient H-field noise. This selectivity between signal
and noise is likely for portable units using loop antennas that generate
primarily H fields which couple to the receiver of other portables
primarily through magnetic induction.

Calculations to date indicate that potential signal-to-noise
improvements between 10-15 dB may be possible when the E and H noise
components are 80% to 90% correlated, a condition which may prevail in
the vicintiy of severe noise sources. Such a S/N increase could then
result in extending the range of a wireless communications system, or
reducing the power required to attain a given range in the presence of
high ambient electrical noise near one of the receiving units. Some
basic field measurements are required to determine whether the degree
of correlation between the E and H noise field components is high
enough to warrant a more rigorous analysis and further development

effort.
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II. MINE WIRELESS RADIO RANGE ESTIMATES
A. SUMMARY

The feasibility of achieving a wireless communication range of
1,350 ft (412 m) in an underground coal mine, in the presence of mine
generated electromagnetic noise, with man-carried radios of practical
size and source strength in the frequency band from 10 kHz to 1 MHz is
assessed. A conventional air-core bandolier-type loop antenna of strength
M= 0.5 to 0.7 am.pere—m2 is used as a reference source, to gage the
amount of improvement required if any deficiency in range,and therefore
signal strength,must be overcome solely through improved antenna design.
It is shown that for mines having an effective conductivity of 10-2 Mho/m
{(near the upper limit for coal), the deficiency in signal-to-noise ratio,
and thus range, is insuperable (by a vast margin) with man-carried equip-
ment at any frequency in the band of interest. In mines for which a three-
layer propagation model is applicable and the effective conductivity of
the coal.is about 10-Z+ Mho/m (near the lower limit for coal), the defici-
encies become much more manageable, particularly at frequencies between
about 300 kHz and 1 MHz. Here, moderate improvements in antenna/trans-
mitter design and/or reception techniques may be able to provide practical
solutions. However, the most likely value or range of values for the
in-situ conductivity of U.S. bituminous coal must still be determined
before a generally applicable system can be developed for achieving the
desired range goal in completely conductor-free areas of mines.
B. INTRODUCTION

The objective of this chapter is to establish some reference levels
of performance that can be expected in a mine environmment. A well-
defined, practical sized antenna that can be conveniently worn on the
body of a mobile miner, namely an air-core, multi-turn bandolier-type
loop having a transmit magnetic moment in the range of 0.5 to 2 ampere-
meterz, is used as a reference signal source. The theoretical field
strength generated by this source over the 1,350 ft range of interest
is calculated for two electromagnetic wave propagation models for the

underground coal mine. These signal levels are then compared with
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expected electromagnetic noise levels under mine operating conditions
to estimate corresponding ranges of communication. From these calcula=~
tions, deficiencies in transmitter strength become apparent, together
with the amount of improvement required at each frequency to achieve the
1,350 ft range goal. The potential for overcoming these deficiencies
through new developments in antenna technology in this frequency band
is discussed in Chapter III.

In the following sections of this chapter, performance estimates
are made for two propagation models for the mine environment; an infinite
homogeneous medium model, and a three-layer model consisting of a horizon-
tal layer of coal surrounded by rock which extends to infinity above and
below the coal.
C. THE HOMOGENEOUS MEDIUM MODEL

This section treats the case where the coal seam and the surrounding
rock are considered to act as one continuous, homogeneous, conducting
medium of infinite extent and conductivity ¢ , in which an infinitesimal
loop antenna of magnetigjdipole moment M is immersed. It is a model in
which the presence of air spaces represented by the rectilinear grid of
tunnels in the coal seam and the air-earth interface above the mine is
ignored, reasonable simplifying assumptions for the frequencies, mine
tunnel cross-sections, and mine depths of interest. In each instance we
compute the value of the magnitude of the component of magnetic field
perpendicular to the plane of the loop, for observation points which lie
on a radial line in the plane of the loop. We designate this component
as'Hzlin the following equations. For convenient reference and comparison
with this conducting medium case, we have also computed values for the
same magnetic field component w»nroduced by the same loop when placed in
an air medium.

1. Signal Field Strengths

If r is the distance of the observation point from the loop, f
is the frequency of operation, and M is the magnetic dipole moment, then
the magnitude of the field componentle| as a function of distance and
frequency is given for both the air and conducting medium cases by the
conventional field equations below (with terms grouped as shown for

convenience).
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Air Medium

M 1
’HZ’ = (1+X4_X2)A (1)
4nr?
wr
where X = — Q)
and c= (r:‘ouo)’l/2 is the velocity of light in free space 3)
Conducting Medium
M
IH4= €GA51G4+JZP+G2+ 2G+1)% (4)
4qyd
where G = r(w,uoa)l/z= V21/8 (5)
and o is the electrical conductivity of the medium

& is the skin depth
The conducting medium equations are those that apply when displacement

currents are negligible, a reasonable approximation in a coal/rock medium
of assumed conductivity o = 10_2 Mho/m at operating frequencies below
a few MHz.

Graphs of the field strength magnitudes are plotted versus frequency,
with range from the loop as a parameter, in Figures 2-1 and 2-2 for air
and conducting media respectively. A nominal value of o = lO_ZMho/m
was used for the conducting medium (near the upper limit for coal). 1In
both cases a source magnetic dipole moment M=NIA of value 0.5 ampere—meter2
was used, a conservative practical value for a man-carried radio. The
plotted field strengths may be interpreted as peak or rms amplitudes
accordingly as M is either the peak or rms dipole moment. Note that for
the air medium, Figure 2-1 shows that at given distance the magnetic
field]Hz| eventually increases with increasing frequency. This occurs
as the radiation field term exceeds the induction field terms, thereby
leading to higher field strengths at higher frequencies. Figure 2-2 shows
that the converse is true in a conducting medium. Namely for the

c = 10_2 Mho/m case, as the frequency is increased, the increasing
radiation field term is more than overpowered by an exponential attenua-
tion factor caused by the resistive losses in the medium. Thus, the
maximum achievable ranges are severely reduced in the conducting medium
over that possible in air, and it is seen that in this conducting medium
higher field strengths are obtained by reducing the operating frequency

instead of raising it.
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2. Range Estimates

a. Single Sideband Voice

Plotted in Figure 2-2 are magnetic field rms noise levels measured
in three coal mines(l’ 2, 3) for comparison with the signal strength
curves. The noise levels have been normalized for a single sideband AM
voice system effective bandwidth of 2.5 kHz. These noise data were all
taken in mine working sections with instrumentation having an effective
bandwidth of 1 kHz at spot frequencies. At the Robena and McElroy mines
the data were taken about 100 meters from working faces. The dip in
noise level around 130 kHz at Robena was concluded to be atypically low
and should not be considered representative. Both Robena and McElroy
mines employ room and pillar continuous mining techniques. At the Itmann
No. 3 mine, data were taken near the face area of a longwall working
section.

In Figure 2-3, the signal levels of Figure 2-2 have been replotted

for comparison with samples of wideband tape recordings of magnetic
field noise levels measured near operating machinery in four mines(z).
The noise levels have again been normalized to a bandwidth of 2.5 kHz.
Figure 2-5 contains a similar comparison of signal and noise levels, but
for noise level samples measured in rail haulageways. The noise levels
in Figures 2-3 and 2-4 were obtained by narrowband FFT spectrum analysis
of wideband tape recordings having upper cut off frequencies of 100 kHz

(Robena) and 200 kHz (other mines).

1. W. D. Bensema, M. Kanda and J. W. Adams, "Electromagnetic Noise
in Robena No. 4 Coal Mine'", NBS Technical Note 654, April, 1974.

2. M. Kanda, J. W. Adams and W. D. Bensema, "Electromagnetic Noise in
McElroy Mine'", NBSIR 74-389, June, 1974.

3. M. Kanda, "Time and Amplitude Statistics for Electromagnetic Noise
in Mines'", NBSIR 74-378, June, 1974.
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Examination of Figures 2-2, 2-3 and 2-4 reveals achievable ranges
in the vicinity of about 50 meters for marginal quality conventional SSB
voice communication, and then only above about 100-200 kHz. These range
expectations, based on direct-loop-to-loop coupling between man-sized
loops in a homogeneous conducting medium of 0 = 10_2 Mho/m.  (without the
aid of any nearby conductors) in the presence of representative noise
levels in operating mines, are unacceptably low compared with the
desired range of 1,350 ft (412 m). At "quiet" times or locations these
performance ranges can be expected to increase somewhat, but probably
not drastically if the mine is not in an emergency power-down condition
Increasing the transmit moment from 0.5 to 2 amp - m2 will not make a
significant difference either. Section D of this chapter examines the
range implications for a different propagation model which to date has
been found to apply in several mines.

b. Narrowband Paging

A second reference example (a somewhat extreme one) has also been
examined for the same homogeneous conducting medium having 0= 10_2 Mho/m,
to see 1f it would produce a significant improvement in range. Namely,
it was assumed that the very large transmit moment (M = 1500 ampere - m2
for a pillar - encircling single-turn loop) and the very narrow band-
width (B = 10Hz) associated with recently developed audio frequency call
alert mine paging éystems could be safely generated and maintained over
the 10 kHz - 1 MHz frequency band of interest. Such a transmitter
strength and configuration might be associated with a fixed base station
or repeater. The corresponding signal and noise field strength levels
were computed and compared with each other to determine the increase in
range that would occur. The above signal level and bandwidth changes
represent a 94 dB improvement in signal-to-noise ratio. In practice
such a large increase will be unattainable at the higher frequencies
because of the high voltages required (because of the loop inductance)
to generate the current levels in the tramsmit loop to produce the M of
1500 amp—mz, and because the pillar-encircling loop lying in the horizon-
tal plane is unsuitable for exciting the favorable TEM propagation mode

in a three-layer model, which now appears to be a more represenative

model for coal mines.
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The signal field strengths were calculated as before, using the
infinitesimal magnetic dipole field approximation, which will be accurate
enough for estimating maximum operating ranges beyond 100 meters, in
spite of the rather large finite size of the pillar-encircling loop.
Thus, the signal field strength curves can be obtained by scaling up the
Figure 2-2 signal curves, and the noise curves can be obtained by scal-
ing down the Figure 2-2 noise curves. The rescaled signal and noise
curves are plotted in Figure 2-5. These curves indicate that between
about 200 kHz and 1 MHz, ranges would be limited to about 100-200 meters,
but that between about 10 kHz and 200 kHz, it may be possible to achieve
communication ranges out to between 200 and 300 meters, which still fall
short of the 1,350 ft (412 m) range goal. Furthermore, this would
represent only the "talk out" range from a base station. Because of the
significantly lower signal strength available from a man-carried trans-
mitter compared to that available from the pilar mounted transmitter,
the "talk back'" range from the mobile miner would still be substantially
smaller and inadequate.

Thus, we find that if the mine environment is found to behave like
a homogeneous conducting medium having a conductivity of 10_2 Mho/m or
greater, the desired range goal will be unattainable. However, it has
been found that some mines may possess much more favorable wave propa-
gation characteristics that tend to improve the outlook. These are

discussed in the following section of this chapter.
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D. THE THREE-LAYER MODEL

A second, and more plausible model, namely the three-layer propa-
gation model has been developed recently by Arthur D. Little, Inc.(a’ 5)
to explain the unexpectedly favorable results of radio transmission
measurements(6) made at frequencies in the 50 kHz to 1 MHz band with
loop antennas in a conductor-free area of a coal mine, Consolidation
Coal's Ireland Mine near Moundsville, West Virginia. The measurements
indicate that communication ranges in excess of 1,000 ft are attainable
in this mine when both transmit and receive loop antennas are oriented
to lie in a common vertical plane. The model which explains the observed
behavior is one in which the coal is assumed to have a low conductivity
compared with that of the surrounding rock above and below the seam.
The propagation mode is then considered to be approximately a dipolar,
two dimensional TEM mode with vertical E-field and circumferential H-
field in a horizontal slot (the coal seam) between two identical, higher
conducting, half spaces (the rock). This model, as did the homogeneous
medium model, ignores the presence of the mine tunnels, a good approxi-
mation in view of the large ratio of wavelength to tunnel dimensions.
The model also represents a considerable simplification of the stratifi-
cation of the layers of rock above and below the coal. We do not intend
to justify this model or present detailed derivations here, since that is
amply treated in the cited references. We only plan to excerpt, summarize,
and use the results of that investigation for the purpose of assessing

transmitter requirements to attain the 1,350 ft (412 m) communication

range goal.

4, Arthur D. Little, Inc., "Propagation of Radio Waves in Coal Mines"
Chapter IV, Final Report on Task F, Task Order No. 1, Contract
No. HO0346045, October, 1975.

5. A. G. Emslie and R. L. Lagace, '"Propagation of Low and Medium
Frequency Radio Waves in a Coal Seam', Radio Science, Vol. 11,
No. 4, pp. 253-261, April, 1976.

6. T. S. Cory, Summary Data Report No. 2 - "Mine Wireless Propagation
Test Program - Ireland Mine Test Data at Medium Frequency', prepared
for Collins Radio Group of Rockwell International for U.S. Bureau
of Mines under Contract HO0346067, Subcontract C-615171.
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1. Signal Field Strengths

The three layer model is represented in Figure 2-6 which shows a
cross section of the simplified geometry with the transmitting and
receiving loop antennas in the vertical plane containing the path of
propagation., The conductivity, GC, of the coal seam of thickness 2b is
considered to be several orders of magnitude less than the conductivity
oL of the adjacent rock. The vertically-oriented transmitting loop
antenna produces, along the path of transmission in the coal seam, a

horizontal magnetic field H, and an approximately vertical electric

field Ez' The fields are aimost constant over the height of the coal
seam. In the rock above and below the seam the fields die off expon-
entially in the positive and negative z-directions, respectively. At
large radial distances from the antenna the fields decay exponentially
at a rate determined by an effective attenuation constanta, which
depends on losses both in the coal and in the rock and on the dielectric
constant of the coal. There is also alH#r factor at large radial dis-
tances r due to the cylindrical spreading of the wave.

The zero-order mode magnetic field H, in the plane of the transmitting

¢

loop is given by

MK
Hy =—— H® (k) (6)
8b,

where
M = NIA is the magnetic moment of the transmitting loop antenna
be =b + 1/2 Gr is the effective half-height of the coal seam
§r = z-direction skin depth in the rock
k = B-iais the complex propagation constant in the radial direction r
H{z)'(kr) = derivative of the first order Hankel function for an

outgoing wave
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A detailed derivation for H¢ , together with formulas for the phase and
attenuation constants g and  expressed in terms of the conductivities
(oc,cr ) of the coal and the rock, permittivity Kc of coal, the frequency
f and the half-height b of the coal seam are given in references 4 and 5.
The common radial skin depth in both coal and rock is 6 = 1/a.

The best overall fit of the above propagation model to the Ireland

mine experimental data was found

to occur for coal and rock con-
ductivities of 1.4 x 10_4 Mho/m and 1.0 Mho/m, respectively, using an
assumed coal dielectric constant of 7 (a value consistent with dielectric
constant data obtained by NBS)§7)Although these values of conductivity
are reasonable for bituminous coal and rock shales, they do lie close

to extreme values for each. Namely, the value of 1.4 x 10—4 Mho/m for
the conductivity Oc of the coal required to make the theory fit the
experimental data lies within the lower part of the range of conductivity
values for bituminous coals; whereas the conductivity value Ur of 1.0
Mho/m required of the adjacent rock layers, although high, lies within
the uppermost part of the range of reported conductivity values for some
types of shales and slates under certain conditions(s).

Using these conductivity values, theoretical magnetic field strength
curves have been computed and plotted in Figure 2-7 at three frequencies
(57.5, 350, and 920 kHz) for a transmit loop source strength of M= 0.7
ampere - m2 which is oriented and positioned as shown in Figure 2-6 in
a high-coal seam of thickness 2b = 2 meters. Also plotted for comparison
in Figure 2-7 are field strength curves at the three frequencies of 10,

100, and 1000 kHz for the same source strength and configuration, seam

thickness, and rock conductivity, but for the substantially higher coal

7. D. A. Ellerbruch and J. W, Adams, "Microwave Measurement of Coal
Layer Thickness'", Nat. Bureau Stand. (U.S.) NBSIR 74-387,
September, 1974.

8. E. I. Parkhomenko, Chapter III, Electrical Resistivity of Rocks,

Electrical Properties of Rocks, Translated from Russian and
Edited by G. V. Keller, Plenum Press, N.Y. 1967

21

Arthur D Little Inc



conductivity of o.= lO_2 Mho/m used in the homogeneous medium model in
Section C of this chapter. The higher value of 0 1lies within the
upper part of the range of values for bituminous coal(g). Examination
of Figure 2-7 reveals that dramatic changes in propagation loss can occur
as the conductivity of the coal is increased from 10_4 to 10_2 Mho/m.
The low coal conductivity produces a substantially lower signal attenua-
tion rate and only moderate variations of signal strength with frequency
for the indicated ranges of distance and frequency. On the other hand,
the higher coal conductivity results in substantially increased attenua-
tion rates and large variations with frequency, that in turn cause the
strongest signals to occur at the lowest frequencies, as in the homo-

geneous model.

2. Range Estimates for FM Voice

Plotted in Figures 2-8 and 2-9 are comprehensive noise plots which we
have used together with the field strength curves of Figure 2-7 to arrive
at new range estimates for wireless voice communication with man-carried
personal radio systems in mines. We chose in this instance, a narrowband
FM radio communication system having an IF bandwidth B = 12 kHz, receiver
noise figure F = 6 dB, transmit magnetic moment M = 0.7 amp-mz,and loop
effective turns—area NA = 1 m2, similar to a system presently being dev-
eloped for wireless mine communication applications by Collins Radio Group
on Bureau of Mines Contract HO0346047. The rms noise levels used to
characterize the mine electromagnetic noise environment in Figures 2-8
and 2-9 were derived from samples of magnetic field, time-averaged,
rms noise levels measured (with 1 kHz bandwidth instrumentation) at
spot frequencies in the frequency range of interest in three coal mines

(1, 2, 9) of the National Bureau of Standards.

by Bensema, Kanda, and Adams
In the frequency band of interest, the average rms noise levels generally
decrease at a rate on the order of 1/f with increasing frequency, and
exhibit relatively large variations during typical mine work shifts. The
magnitude of these long term variations in average rms level also decrease
with increasing frequency in the LF to MF band,commonly being on the order
of 45-50 dB at frequencies below about 100 kHz and decreasing to about

25-30 dB at frequencies around 1 MHz.

9. W. D. Bensema, M. Kanda and J. W. Adams, "Electromagnetic Noise in
Itmann Mine'", Nat. Bur. Stand. (U.S.) NBSIR 74-390, June, 1974.
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23
Arthur D Little Inc



RMS Magnetic Field Strength in dB re 1uamp per Meter

{For 12k Hz Bandwidth)
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The wireless communication ranges are estimated for the above radio
system and noise parameters and a radio circuit grade of performance goal
within the Circuit Merit Figure #3 classification, the minimum figure
normally considered for commercial radio service. To obtain this level
of performance the minimum average rms carrier-to-noise ratio at the
receiver must be at least 10 dB or better for the mine noise conditions
prevailing during the communication intervals.

The range estimates are shown in Table 2-1 for active-mine electro-
magnetic noise conditions and quiet receiver-noise-limited conditions.
Table 2-1 shows that only very short and inadequate communication ranges
are predicted for all noise conditions and frequencies for the high con-
ductivity coal case (o o = 1.0 x 10—2 Mho/m), as was the case for the
homogeneous medium model. The extremely high rates of signal attenuation
for this case also make communication ranges very insensitive to even
large upward or downward changes in local levels of average rms electro-
magnetic noise. For the low conductivity coal case ( g, = 1.4 x 10_4 Mho/m) ,
the communication ranges are substantially increased to more practical
values that approach the 412 m (1,350 ft) range goal. However, these
extended ranges are also more sensitive to variations in local rms
electromagnetic noise levels, because of the greatly reduced rates of
signal attenuation when the coal conductivity is low. This effect is
illustrated in Table 2-1 by the wide spans in estimated ranges under
active-mine noise conditions. Active-mine noise levels can also
occasionally fall below intrinsic receiver noise levels. When this
occurs, the maximum range will be limited by, and identical to, that
dictated by receiver noise not mine noise. These receiver-noise-limited

ranges are also shown in Table 2-1.
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TABLE 2-1

RANGE ESTIMATES FOR WIRELESS COMMUNICATION WITH PERSONAL PORTABLE FM

RADIOS IN A HIGH-COAL SEAM

(Seam Height of 2m, and Kc = 7, bounded by rock of conductivity Or =
1.0 Mho/m, for coal conductivities of 1.0 x 10‘_2 and 1.4 x 10_4 Mho/m)

Communication Range in Meters(ft)
Noise Conditions

Frequency Coal Conductivity Receiver Noise
(kHz) o, (Mho/m)
10 1 x 1072 45 (150)
100 1 x 1072 65  (200)
1000 1 x 1072 45 (150)
57.5 1.4 x 107 140 (450)
350 1.4 x 107 290 (950)
920 1.4 x 107% 365  (1200)

Source: Arthur D. Little, Inc.
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Mine Noise

5-45 (50-150)
30-65 (100-200)

25-40  (75-125)

15-140 (50-450)
120-290 (400-950)
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3. Discussion of Implications

The findings of the three layer model based on the Ireland mine
experimental data indicate that communication ranges within striking
distance of the 1,350 ft (412 m) goal are attainable under some noise
conditions in at least one mine having the right combination of rock
and coal conductivities, in particular, a low value of coal conductivity.
If this behavior is found to be common in coal mines, it is conceivable
that the range goal could be reached through the clever application of
of currently available antenna and transmitter technology. However,
it is reported(%%at the conductivity of coal can take on a wide range of
values, encompassing at least two orders of magnitude, which could
result in different seams or mines within the same seam having drastically
different attainable communication ranges. Therefore, it is important
to determine whether the favorable Ireland mine conditions are typical
or exceptional for bituminous coal mines in the United States. This
should be accomplished by performing similar propagation measurements
in several more coal mines in several of the major coal seams, to obtain
data from mines having both similar and different geological properties
regarding both the coal seam and the surrounding rock. Only then will
it be possible to confidently determine the most favorable operating
frequency, and the associated performance limits, for a mine wireless
communication system using currently available technology in the 10 kHz
to 1 MHz band.

Such a measurement program has been defined and is presently being
implemented for the Bureau of Mines by a measurement and analysis team
consisting of T. Cory/Spectra Associates/Collins Radio Group on
Contract H0366028 and Arthur D. Little, Inc., on Contract HO346045, Task
Order No. 4, respectively. The preliminary findings to date indicate
that two other mines also in northern West Virginia and in the Pittsburgh
seam exhibit behavior and coal conductivities similar to that found in
the Ireland mine, while another mine in Illinois in the Herrin No. 6
seam exhibits significantly higher signal attenuation rates by about a
factor of three and a coal conductivity of about 10_3 Mho/m. Thus, the

issue remains unresolved at the time of this writing. However, if large
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variations in conductivity turn out to be common from mine-to-mine, it
is unlikely that improved antenna technology alone will ever be capable
of providing the significant improvements in system performance that will
be required for 10 kHz to 1 MHz operation in mines with high conduc-
tivity coal. An assessment of the likely impact of antenna technology
on performance is discussed in the following chapter.

It should be noted that the quiet-area range predictions of
Table 2-1 should be most applicable for conductor free areas such as
the part of the Ireland mine in which the signal propagation measurements
were made; whereas the aétive—area range predicitons are probably pes-
simistic, because the active, noisy areas are generally those where con-
ductors such as trolley wire/rails and power and telephone cables are
also present. In the latter situation one would expect that communica-
tion ranges could be considerably increased by the lower-loss transmission
line type of propagation made possible by the inductive coupling of the
fields from man-carried loops to such nearby conductors. Single con-
ductors or cables will act as one element of a transmission line, with
the highly conducting rock and/or moderately conducting coal serving as
the return current path, while trolley lines have the rails as return
‘conductors. Since miners requiring radio communications are very likely
to be working in the vicinity of such conducting structures, this situa- —
tion, as opposed to the completely conductor-free situation, may become
an equally important operational requirement influencing the choice of
frequency. Therefore, the coupling of loop antennas to two-wire trans-
mission line structures is treated in Chapter IV. On the other hand,
methods of reducing the deleterious effects of mine generated radio
noise should not be overlooked as a means of improving the signal-to-
noise performance and thus the communication range. For example, the
effective level of received noise can in some cases be reduced by up to
10-20 dB by simple processing, such as clipping and blanking, if the —
noise is highly impulsive in nature. The potential benefits of yet
another method, a special noise cancelling diversity reception technique
that may be particularly suited to the mine noise environment, are pre-

sented in Chapter V.
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III. ANTENNA TECHNOLOGY
A. SUMMARY

Transmit antenna technology available in the VLF through MF bands
is examined for its utility in portable mine wireless radio applications.
In particular, an assessment is made of the feasibility of developing
compact, portable transmit antennas that will efficiently generate
radio waves in coal mines. The size of such antennas relative to wave-
length classifies them as electrically small antennas which, by their
very nature, are poor radiators. No major breakthroughs have occurred,
or are likely to occur, to change this fact. Thus, the VLF-MF mine
wireless communication prcblem is one of optimizing the near field and
induction field coupling between two loosely coupled portable electro-
magnetic field transducers (antennas) in the physical and noilse environ-
ment of a mine. The problem is made more difficult by the mine's lossy

conducting medium which introduces considerable signal attenuation.

The choice of a specific antenna should, therefore, not be based
on its radiation efficiency. Instead it should be based on the overall
power efficiency and practicality achievable by the complete transmitter-
antenna system, in producing the largest usable signal at the desired
range within the practical constraints of system overall size, weight,
convenience of use, intrinsic safety, and ruggedness for roving miners.
Thus, it is concluded that conventional air-core bandolier loop antennas,
and perhaps smaller ferrite-loaded loop antennas, will continue to be
the most suitable and reasonable choice for roving miner portable radio
applications at frequencies below about 1 MHz. Furthermore, a transmit
moment of about 2.5 amp—m2 (peak) appears to be a practical upper bound
for intrinsically safe portable units for use by miners. Thus, the
completely wireless range capabilities will not be significantly better
than those predicted for units having a transmit moment of 0.7 amp-mz.
For fixed station applications, horizontal-wire and vertical-rod mode
exciters may also offer comparable or better performance than planar
air-core loops, but in-mine measurements will be needed to resolve the

matter.
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The following sections of this chapter treat some of the basic
principles and limitations of small antennas operating below 1 MHz in
both free space and conducting media, together with an overview of
specific antenna types considered for manpack portable applications and
for base station applications. The types of antennas treated are the
class of electrically small antennas in general and, specifically,
conventional whip antennas, active whip antennas, conventional air-core
loop bandolier antennas, ferrite loaded loops, specially resonated multi-
turn air core loops, self-resonant air-core helical loop antennas,
horizontal-wire mode exciters, and vertical-rod mode exciters. There
is an extensive body of published reference information which covers
the subject matter in considerable detail. The approach taken in this
chapter is to provide an overview of this antenna technology and its
significance to the mine communications problem at hand. The reader is
referred to the specific references to obtain a more detailed treatment

of the material.
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B. ELECTRICALLY SMALL ANTENNAS

The desire is to obtain a small, lightweight, unobtrusive, effective
antenna that can be conveniently worn by a roving miner for use with a
personal radio operating somewhere in the VLF to MF range of 10 kHz to
1000 kHz (1 MHz). The antenna's impedance characteristics should also
be relatively unaffected by the antenna's position on the miner's body
and the antenna's proximity to his body or structures found in under-
ground coal mines.

Resonant length dipoles, monopoles, and loops have maximum dimensions
on the order of a quarter to one-half wavelengths, which make them good
radiators, namely, good couplers of power from a transmitter to the
surrounding space. They produce radiation resistances typically on the
order of 35 to 80 ohms and zero net energy storage, or reactive impedance,
at their resonant length frequencies. Therefore, they can achieve very
high efficiencies, be conveniently driven from conventional sources, and
easily meet conventional single-channel bandwidth requirements.

Electrically small antennas present a considerably different and
more difficult design problem than the more conventional type of resonant
length antennas. An electrically small antenna is defined as one whose
size is a small fraction of the wavelength, more specifically less than
1/10 of a wavelength. Such antennas possess fundamental limitations on
their electrical characteristics and performance that are directly
attributable to their size compared to wavelength alone. Portable
antennas for roving miner applications at frequencies below 1 MHz fall
well within the small antenna size limits. Therefore, their performance
will in fact be governed by the limitations and characteristics imposed
on electrically small antennas.

1. Electrical Smallness

Free space wavelengths for operating frequencies from 10 kHz to
1000 kHz take on values of 30,000 to 300 meters respectively. Comparing
these wavelengths to the maximum conceivable dimension d = 1 meter for
1 <d< 1

a personal antenna worn by a roving miner, we get 30,000 ~ X 300 °
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which immediately places such an antenna well inside the category of
"electrically small" antennas, namely, antennas having d < f%. The
more the size of an antenna is decreased with respect to wavelength the
more it behaves as a high-Q, lumped-element energy storage device and
as a very poor radiator of power to the surrounding space. These
limitations are fundamental and are imposed by the antenna's size
compared to wavelength, as 1llustrated in a classic paper by Chu(l) in

1948 and by Harrington(z) and Wheeler.(3’4)

Thus, electrically small,
lossless, whip-type dipole antennas behave as capacitors, and loop-type
antennas behave as inductors. Their input impedances are highly
reactive and have only a very small resistive part defined as the
radiation resistance--a resistance whose value decreases rapidly with
decreasing frequency (i.e., increasing wavelength).

2. Radiation Resistance

The radiation resistance R_ is a measure of the power radiated by

an antenna. It is given by(s)
h
_ 2,7e.2 _ 4 NA,2
Rre = 807 (TTO s Rrg = 320w (;5) . (1, 2)

for dipole and loop antennas respectively, where he is the effective
height of the dipole and N and A are the number of turns and area of
the loop. Note the strong inverse dependence on wavelength. The
radiation resistance R, is the real part of the input impedance of a
lossless antenna, and %Ioer represents the real power radiated.
Namely:

P_ =3I “R_, (3)

where Pr is the total radiated power computed by integrating the
electromagnetic power density in the far field over the surface of a sphere
concentric with the antenna, and Io is the antenna input current which
produces the radiated field. Substituting into (1), (2), and (3)

practical antenna dimensions of 0.5 meter diameter for a 10-turn

loop, a 0.25 meter effective height*for a dipole, and a 1 ampere

input current to each from a portable mine wireless unit operating

at 300 kHz, we find that the radiation resistances and radiated powers

*For an electrically small unloaded dipole having a triangular
distribution of current which is maximum at the terminals and zero
at the ends, the effective height is one-half the dipole length.
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are:

5.5 x 10" ohm R 1.5 x 10 ohm

Te rl

R

P

2,75 uw P
re rf

.0007 uw

for the dipole and loop antenna respectively. At a frequency of 30 kHz,
the upper boundary of the VLF band, the above values would of course be

further reduced by a factor of L for the dipole and for the

1
100 10,000
loop. When compared with the resistive losses associated with practical
antennas, these radiation resistances become insignificant. This fact
accounts for the extremely low efficiencies attainable from man-carried
antennas at these low operating frequencies. Thus, other factors take
on a much greater importance than efficiency in forming a basis for
antenna selection.
3. Efficiency
The efficiency of the antenna alone is defined as the ratio of the

power radiated to the sum of the power radiated and the power dissipated

in the ohmic resistance Ry associated with the antenna conductors,

P
rad Rr
E,°% + P “Rr+R' (4)

rad dis d
This is the best that can be done. For example, if the above-mentioned
10-turn, 0.5 meter diameter loop was made of #16 AWG copper wire, its
resistance of 0.73 ohm including skin and proximity effects would give
the negligible antenna efficiency of only 2 x 10_72. The efficiency
of the transmitting system is further degraded by the resistance
associated with the source impedance, and the resistance associated
with any tuning circuitry that may be required to drive the highly
reactive antenna from practical power sources. These equivalent
resistances must be added to the value of Rd’ thereby reducing Ea' To
arrive at the overall system efficiency, which impacts on power supply
requirements, and in particular battery life, account must also be
taken of coupling coefficients and losses associated with impedance
matching and coupling circuitss; and the efficiency of the transmitter/

(2,3) (6)

power amplifier electronics too. See Wheeler and Watt for

concise treatments of these topics.
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4, Quality Factor-Q

The high-Q, reactive nature of the small antenna points to the
need for tuning and matching circuits to provide the transmitter with
the proper real impedance load to optimize efficiency, power transfer,
or some other performance parameter. The tuning and matching elements,
like the antenna itself, are not ideal. Thus, resistive loss is intro-
duced by these elements, which reduces the attainable efficiency and Q,

and increases the antenna circuit bandwidth.

Figure 3-1 from reference (7) presents a curve of the behavior of the

(D

intrinsic Q of electrically small antennas, based on the work of Chu.
The quantity '"a" represents the radius of the minimum size sphere
within which the antenna can be enclosed. This Q is a measure of the
electromagnetic energy stored in the near field of the antenna compared
to the power radiated into the far field by the antenna. Namely,

_ W X peak stored:energy
T average power radiated °

Q

Note the strong dependence on the radial dimension "a" expressed in

wavelengths in Figure 3-1 and how rapidly Q increases with decreasing
antenna size compared to wavelength, leading to the very narrow,
intrinsic bandwidths characteristic of electrically small antennas.

At an operating frequency of 300 kHz, the 0.5 meter maximum
antenna size of interest gives a 2ma/A value of approximately 0.001,
which from Figure 3-1 results in a Qr well in excess of 106. The
antenna's intrinsic radiation bandwidth (Af = fO/Q) is therefore less
than about 0.1 Hz at 300 kHz. Fortunately, neither of these values of
Qr or Af is desirable or attainable in practice for roving miner
portable radio applications. For example, net Q's of about 100 are
typical for the antenna and its tuning circuit as a result of resistive
type losses. This results in a more practical bandwidth of 3 kHz at
300 kHz, but in a poor net radiation efficiency of much less than 0.01%
(from the alternate efficiency expression E = Qﬁr/Qr presented below).

5. Power Factor

The intrinsic antenna behavior can also be conveniently expressed

(3)

in terms of the radiation power factor introduced by Wheeler:
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FIGURE 3—1 BEHAVIOR OF ANTENNA INTRINSIC Q [BASED ON CHU(’)]
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Rr 1
Pfr = = = RuC =?2: (5)

where Rr is the radiation resistance and L and C are the intrinsic
inductance and capacitance of the loop and dipole antennas respectively.
This concept of power factor is a convenient and descriptive one for
understanding antenna behavior and limitations of performance. For
example the expression for antenna efficiency, including the resistance

of the tuning elements, can be written as

E = Pfr - Rr - QZr (6)
pfr + pf’Q Rr + Rl Qr
R 1
where pfl = oL =R&wC= 6_ , Rzisthe ohmic resistance of the antenna

and tuning elements, Q2 %s the Q due to these ohmic losses alone, and
Qﬁr is the Q which includes both ohmic and radiation losses. sz will
of course be increased further by the real part of the source impedance
seen by the tuned antenna circuit, and pfr will be decreased by the
efficiency of coupling to the tuned circuit. The reader is referred to
Wheeler(3) for a more detailed presentation and for sample efficiency
calculations for some specific antenna types.

6. Effective Volume

Wheeler also presents the extremely useful concepts of antenna
effective volume, V', and the volume of what he denotes as a "radian
sphere," V., or a "radian cube," Vc' V' is the physical volume of the
antenna multiplied by a shape factor greater than unity, ke for electric
dipole-type antennas and km for magnetic dipole-type (loop) antennas,

(4)

as depicted in Figure 3-2 from Wheeler. The shape factors are
defined to have values such that the indicated inductance and capacitance
formulas give the correct values of L and C for specific antenna

(3,4)

geometries of interest. VS is the volume of a sphere of radius

equal to one radian length, namely é%; and V., is the volume of a(;u?i
with side dimensions of one radian length Tt It has been shown ’
that the radiated power in the far field of an electrically small

(d <-f%) antenna of either type is accompanied by stored energy which

is mostly located in the antenna near field within the radian sphere.
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FIGURE 3—2 EFFECTIVE VOLUMES AND RADIATION POWER
FACTORS FOR ELECTRICALLY SMALL ANTENNAS
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Furthermore, the radiation power factor, pfr, which is the ratio of this
radiated power to w times the stored energy, is found to be proportional
to the ratio of the antenna's effective volume V' and the volume of

either the radian sphere VS or radian cube Vc' Namely,

<

(7,8)

<.'|<i

_ 1
’ pfr T 6w
s c

-2
pfr )

=

These expressions allow a very convenient and rapid method of computing
the radiation power factor (together with the Q and radiation resistance)
and comparing it with the circuit ohmic loss power factor to determine
the efficiency of the tuned antenna.

Figure 3-3 illustrates how well the volumetric comparison method
allows a quick grasp of the fundamental limitations imposed by antenna
size alone on the radiation power factor, the Q, and the radiation resist-

(4)

ance., Figure 3-4 depicts comparative examples of the effective
volumes of several common dipole and loop antenna types. The figure
reveals that long and thin electric dipoles occupy a much larger
effective volume than the volume of the physical conductors. Note

also that the effective volume of a multiturn "flat" square loop is

not much different from that of a corresponding single turn loop, and
that the effective volume for both is approximately given by the

volume of a sphere of diameter equal to the side dimension of the loops.

(3,4) that short, flat air-core loops provide a

It can also be shown
much larger effective volume than long, thin, solenoid-type air-core
loops of comparable maximum dimensions. The converse is true for
electric dipole antennas; namely, the long thin type provides a better
volume utilization than a short capacitor-plate type.

An exception to this rule is the loop antenna loaded with a long
thin high-permeability core as depicted in Figure 3-4. In this case
the loop's effective volume is similar to that for a comparably-sized
long thin dipole, where the loop dimensions now include those of the
core; namely, the thin dipole antenna shape factor applies in computing
the effective volume. Thus, in some applications a core-loaded loop

may offer shape advantages that outweigh the somewhat greater
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Source: Arthur D. Little, Inc.

FIGURE 3-3 ILLUSTRATION OF RADIATION POWER FACTOR LIMITATIONS
IMPOSED BY ANTENNA EFFECTIVE VOLUME RELATIVE TO
VOLUME OF A RADIAN SPHERE
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FIGURE 3—4 COMPARATIVE EXAMPLES OF THE EFFECTIVE
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effective volume offered by a flat air-core loop of equal maximum
dimension. Additional limitations imposed by the properties of the
core material must, of course, also be considered in practice. The
opposite behavior is experienced by electric antennas loaded with
dielectric material; namely, the effective volume is reduced by the
presence of the material.

Applying this effective volume method to either a thin electric
dipole or flat air core loop of maximum dimensions d = 0.5 m gives a
radiation power factor and Qr on the order of 10"9 and lO9 respectively.
Taking the ratio of Qr to a practical tuning circuit er of 100
results in a negligible radiation efficiency of 0.00001%.

7. Application Implications

The above described fundamental limitations imposed on electrically
small antennas are severe. Thus, it is not surprising that portable
two-way radio systems for most conventional applications on the surface
are designed to operate at frequencies in the VHF and UHF bands and to
a lesser extent in the HF band, bands in which wavelengths become less
than, or comparable to, the size of a person. However, the HF band,
with the exception of some military applications, is still by and large
mainly utilized for radio communication between either fixed stations
or sizable mobile platforms such as ships, planes, and motorized
vehicles,which can accommodate larger antennas than people can. Even
man-carried HF military transceivers, such as the PRC-74, need to
utilize clumsy inductively loaded whips about 2 meters long.(g)
However, the efficiency of even optimally loaded 2 meter whips falls
off rapidly at the low end of the HF band when the whip becomes less
than about 0.05 X.(lo)

Below HF the problems get rapidly worse, even for fixed station
transmitters. To achieve reasonable efficiencies, the ability to
construct large, low loss antenna structures tuned by large low loss
circuit elements becomes important. The tall radio towers used by
AM broadcast stations in the MF band are perhaps some of the more
familiar examples.(ll) At LF the problem worsens and the antenna

structures and tuning circuits get larger and more difficult to
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design,(ll’lz)

such as the one shown in Figure 3-5. At VLF the antennas
become huge structures which stretch the state-of-the-art of both
electrical and structural design technologies in order to achieve high

(6,11,4,13)

efficiencies. Thus, VLF transmissions between fixed and

mobile stations are generally one way, by necessity.

(6)

Two Navy VLF transmitters, one at Cutler, Maine, and the other

(6,4)

at Northwest Cape, Australia, represent extreme examples in that
they are the largest antennas in the world and yet still fall within
the defined 1limits of electrically small antennas. Figure 3-6 depicts
plan and elevation drawings of the Australian antenna installation,(4)
which is over 1000 feet high, more than 1.5 miles in diameter, and
operates at a frequency of about 15 kHz (X = 20 km) at an efficiency
greater than 50% (the Cutler, Maine, installation is greater than 80%
efficient). It is basically a vertical electric monopole (whip)
antenna over an extensive man-made ground plane. It is heavily top-
loaded with diamond-shaped cable grids to increase the antenna
capacitance and provide a uniform vertical current distribution. These
antennas are good examples of the extreme measures required at VLF to
get high efficiency operation. For a comprehensive treatment of VLF
radio systems in general and antenna system design problems in particular,
the reader is referred to the text by Watt.(6)
To attain the Navy's overall system objective of very long (global-
type) ranges, which at VLF takes a megawatt of radiated power, the
option of throwing away high multiples of this radiated power into an
inefficient antenna system is not available to the designers. As
shown in Section III.B.3 of this chapter, high efficiency requires the
radiation resistance to be on the order of, and preferably greater than,
all ohmic losses in the antenna structure and tuning and matching
networks. To accomplish this at VLF requires as great a physical
height as practically possible together with extensive top loading to
increase the antenna's effective height, and thus the radiation resistance.
It also requires the difficult and specialized design of the antenna

(6,11,12) to reduce all

structure, tuning elements, and ground plane
'‘possible ohmic losses to on the order of 0.1 ohm,the approximate value

of the radiation resistance.
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FIGURE 3-6 EXAMPLE OF STATE-OF-THE-ART
LARGE VLF ANTENNA IN NORTHWEST CAPE AUSTRALIA
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Since the antenna is still small electrically, it still behaves
basically as an energy storage element having high reactance (63 ohm)
compared to its radiation resistance (0.14 ohm). It therefore has a
high intrinsic Q and narrow intrinsic bandwidth. One of the prices of
achieving a high efficiency, by keeping the total ohmic resistance
comparable to the low radiation resistance, is the antenna's narrow
resonance bandwidth of about 130 Hz at 15 kHz. This is accompanied by
huge amounts of reactive power, 435 MVA, 2.63 KA at 165 KV, which the
antenna and tuning element structures must also accommodate, in addition
to the real input power of 2 MW into about 0.3 ohm, 1 MW of which gets
radiated.

The narrow bandwidths imposed by high efficiency VLF antenna
systems constrain such systems to coded data-type communications instead
of voice. 1In the Navy VLF submarine communications application this
affects the maximum allowable bit rate of transmission,which is not
considered an unacceptable limitation. 1In a mine wireless radio voice
communications application the high-Q, narrow bandwidth problem is a
severe one, and of course unacceptable. The mine wireless application
requires at least about 2.5 kHz of bandwidth for a single-sideband
system and about 12 kHz for a conventional narrowband FM system. Thus,
the transmit antenna size comstraint for portable mine wireless voice
communication applications, together with the system bandwidth required,
make a goal of high radiation efficiency not only unattainable, but
also undesirable for the VLF, LF, and even MF, radio bands from 10 kHz
to 1000 kHz.

8. Impact of Conducting Media

When electrically small antennas are immersed in a conducting
medium as in the case of the mine wireless application, additional
factors come into play which dominate the choice of methods and
antennas to optimize radio system performance. First and foremost is
the severe signal attenuation introduced by the resistive losses
experienced by the waves in the conducting medium. The conductivity
of the medium introduces power dissipation external to the antenna

conductors. This reduces both the radiated and reactive fields and
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powers that would be present in a free space medium, thereby greatly
reducing the attainable communication range. This effect is well depicted
in Figure 2-1 in the preceding chapter. Furthermore, the free space
definitions of radiation resistance and radiated power are no longer
meaningful measures of performance or antenna efficiency. The so-called
radiated power is no longer a fixed value independent of distance in the
antenna far field, and the radiation resistance is no longer a measure

of the input power coupled to or consumed by the medium extermal to the
antenna.

Limitations imposed by signal attenuation and representative
mine development practices have led to the relatively modest range
goal of 1350 feet for the portable, or mine wireless system, a range
which falls well within the free space near field region, and by and
large, within the induction field region in a coal mine conducting
medium. Consequently, the mine wireless communication situation is
reduced to a near and induction field coupling problem between two
loosely coupled and mobile electromagnetic field transducers (antennas)
embedded in a lossy medium. Thus, the choice of antenna for the
portable mine wireless application will not be based on its radiation
efficiency, but on:

e the overall power utilization efficiency of the transmitter-
antenna system in producing the largest usable signal strength
at the desired range, and

] the overall practicality of its implementation with regard to
overall system size, weight, convenience, and mine worthiness
for the roving miner application.

Before proceeding to the discussion of specific antenna types in
the following section, we compare the behavior of the received signals
produced by the principal field components of electrically small loop
and dipole transmit antennas embedded in a conducting medium. The
portable antennas retain their electrically small classification because
the reduced wavelength (defined as A = 2mx skin depth in the conducting
medium) remains much greater than the antenna size for the frequencies

and conductivities of interest. Equations for the Ee and He field
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components produced by ideal infinitesimal electric and magnetic dipole
sources, respectively, are used to compare the loop-to-loop response
with the dipole-to-dipole response. The field component equations apply
for the condition o >> we, which generally applies throughout the
frequency band and range of conductivities of interest for the portable

mine wireless application.

For dipoles: Ee = Ig (1 + vyr + Y2r2)e_Yrsin6 (9)
4mro

For loops: He = NIA3(1 + yr + erz)e_Yrsine (10)
4mr

2 . 2 .
where vy = jwpo-w €U * jwuo.
The equations are for z-axis oriented infinitesimal dipole and loop

(14)

antenna elements, and I is the uniform current in the antenna
elements. The equations apply for a loop fully insulated from the
medium, and a dipole insulated along its length but grounded to the
medium at each end of the dipole. h is the length of the dipole
element, A is the area of the current loop,and N is the number of
turns in the loop.

Taking the ratio of the open circuit output voltage induced in
the receive antenna of each pair of like antennas (i.e., dipole-dipole,
loop-loop), we get the comparison factor

V_ (dipoles) I h2
Fio = 3c (loops) .2 < 2 . (11)
’ oc 0P NI, Awuo

Substituting into (11) the representative values of h = 0.5 m, A = 0.2 m2

based on a 0.5 m loop diameter, N = 10 turns, u=u_ = 4m x 10_7h/m,
conductivity o = 10—2 mho/m, and frequency f = 300 kHz, we find that

Fd,z reduces to
I
I
Fd,l ‘(12) ) (12)

Therefore, it becomes apparent that based on this measure of performance
for antennas in a conducting medium, the advantage enjoyed by the dipole

over the loop in free space does not apply in a conducting medium. A

47
Arthur D Little Inc.



similar conclusion was reached by investigators(ls’l6)

at the University
of Innsbruck in Austria during the course of a VLF through-the-earth
communications project funded by the U. S. Air Force. Furthermore,
when the difficulty of driving the antennas to obtain the required
currents Id and Il is also factored into this comparison equation,

the loop antenna is clearly seen to be the most favorable antenna.

For example, the resonant impedance of a tuned loop having a
bandwidth of 12 kHz at 300 kHz is about 10 ohms, whereas the practical
grounded dipole source is faced with the spreading resistance of its
two ground connections to the medium. These two connections can
take on values greater than 200 ohms, based on a simple 0.5 m ground
rod termination at each end of the dipole in a medium having ¢ = lO—2 mho/m.

If both antennas are driven by the same voltage, the resultant performance

factor Fd,l is given by:
2 Z
h L
F = ——| = (13)
d, L N2A2wu0 Zd

Substituting the above parameter values, and taking into account the

increase in the effective length of the dipole antenna caused by the

insulated ground rod terminations, we find that Fd L * 0.1. Since the
b

medium conductivity ¢ also appears in the numerator of F when Zd is

the spreading resistance of ground rods, this performancg,iomparison
should remain insensitive to the conductivity of the medium for the
conductivities and frequency band of interest. The lower resonant
impedance of the loop will also allow better receiver utilization of
the induced open circuit voltage. Thus, the loop exhibits a clear
performance advantage over a typical grounded-dipole antenna.

The advantage of the loop becomes greater when compared to a
whip-type dipole antenna,(G) which would be the practical choice over
the grounded dipole for a roving miner's portable radio. This whip
would be a completely insulated antenna not grounded to the medium at
each end. The impedance of this antenna worn by a miner standing in
a tunnel will be a high capacitive reactance instead of the modest
resistance of the grounded dipole. The spatial coupling to the

surrounding medium would also be reduced.

48
Arthur D Little Inc



Examining the impact of the input impedance change, we find that
the capacitance represented by the short whip worn on a person is very
low (approximately 10 pf), and subject to large variations(l7’18) due
to "stray" capacitances such as those introduced by the whip's variable
proximity to the body and mine environment and by the large tuning coils
required to resonate such a small capacitance at 300 kHz. This
situation typically requires that a lumped capacitance much larger than
the antenna capacitance be placed in parallel with the antenna, to
allow the use of a practically sized tuning inductor at 300 kHz, and
to prevent changes in the resonant frequency caused by varilations in
the effective antenna capacitance. This lower reactance shunt path
will divert most of the tuned circuit current into the large shunt
capacitor instead of the high reactance antenna. Antenna current
reductions of 100 to 1 are not uncommon, thereby putting the short
whip-type dipole antenna at a considerable practical disadvantage for
the present roving miner application. The following sections of this
chapter discuss the feasibility and potential utility of specific

antenna types.

C. PORTABLE MANPACK ANTENNAS
1. Conventional Whip Antennas

The objective for the portable mine wireless application is to
obtain an antenna that is not only effective but small, rugged, and
convenient for a miner to wear. Electric dipoles or whip antennas fail
to meet this objective in all respects at the desired operating fre-
quencies in the mine environment. Therefore, only a brief review of
some of the major shortcomings is given below.

The size, convenience, and ruggedness problem can be appreciated
by comparison with HF band manpack hardware used for tactical radio
communications by the military, a user which generally attempts to
optimize the same characteristics of concern to a mine wireless
application. A case in point is the PRC-74 transceiver which requires
a 6-foot, inductively loaded whip to achieve reasonable performance on
the surface over most of the HF band.(g) However, the performance of

even such whips, with inductive loading optimally placed about 0.4 of
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the way up the whip, falls off rapidly below about 6 MHz when the whip
becomes less than 0.05 A.(lo) A semi-flexible whip structure of this
type and length is totally incompatible with underground roving miner
mine wireless applications. The military also considers it highly
inconvenient, particularly so in jungles, but tolerates it because of
the practical necessities of tactical military communications on the
surface. The magnitude of the problem of course becomes much more
severe at frequencies in the MF and lower bands of interest for mine
wireless radio, particularly when a miner is likely to consider even
a 25 cm whip unreasonable.

Whip effectiveness with respect to signal strength produced in a
conducting medium and the ease of generating such a signal from a
practical transmitter 1s also poor. The previous section of this
chapter showed that ideal loop antennas are more effective than ideal
grounded~dipole antennas in a conducting medium at the operating
frequencies of interest. The problems and performance associated with
whips rapidly worsen for portable manpack applications, making loop
antennas the clear choice for portable mine wireless applications.

As mentioned briefly in Section IIT.B.8 an ideal electrically
small whip of about 1 meter length over a perfect ground plane is
characterized by a very small capacitance of approximately 10 pf,(l7)
which results in a very high capacitive reactance at frequencies in the
100 kHz to 1 MHz band. The tuning difficulties imposed by this whip
antenna, even in such a simple environment, become apparent by looking
at the experience at HF with 6-foot whips; namely, they are nearly
impossible to resonate with a practical series lumped inductor below

(17)

6 MHz because of the whip's high capacitive reactance. For
example, a 10 mh inductor is required to resonate a 10 pf capacitor at
300 kHz. The problems worsen when such a whip must be worn on the body
of a person in a manpack application. The whip's geometry, and its
high capacitive reactance below low band VHF, make the whip's input
impedance strongly affected by the whip's closeness to and position on
a person's body, and by the person's immediate local environment, his
position within it, and his "connection" to it via his feet or other

8,1
parts of the body.(l7’l +19)

50
Arthur D Little Inc




The practical problems associated with tuning and driving the high
and widely variable input impedance of such an antenna configuration
become intolerable. Thus, it becomes desirable, if not necessary, in
practice to: either set the unit down away from the body and surrounding
objects; or incorporate circuit elements that minimize the antenna
impedance variations seen by the transmitter and receiver and at the
same time simplify the tuning coil design. Only the latter option is
operationally allowable for the MF mine wireless application. A
typical means of accomplishing this latter option is by adding a large,
lumped shunt capacitor in parallel with the whip. This of course
shunts a large portion of the transmitter output current away from the
whip, leading to the correspondingly large reduction in overall system
effectiveness discussed in Section III.B.S8.

In summary, problems associated with whip antennas for use in
portable manpack applications are not new, nor are they unique to the
mine wireless application. They have been and continue to be a source
of considerable concern and difficulty at both low band VHF and HF,
with the problems becoming particularly acute at the low end of the HF
band. Thus, it is not.surprising that conventional whip antennas are
incompatible with the MF band mine wireless radio application.

2. Active Whip Antennas

A moderate amount of attention has been given since the mid-1960's
to investigations of the potential advantages of so-called active
antennas which incorporate a transistor into the whip antenna structure
itself. Investigations have included the frequency range from VLF to
UHF, and both receiving and transmitting applications.(zo_zg)
Receiving applications got most of the attention until the early 1970's
when effort devoted to transmit applications was increased.(20’21’22’23’24)
The intent of this section is not to present a detailed explanation and
assessment of this work, but to briefly describe and comment on an
active transmitting configuration that has been reported(20’21) to
offer certain performance advantages over that of a conventional series-
tuned whip antenna in the MF band. Our conclusion is that this active

antenna configuration does not overcome the considerable disadvantages
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associated with whip-type antennas for portable mine wireless appli-
cations, and moreover it is significantly more wasteful of power than
the conventional tuned whip.

Figure 3-7 depicts the fed-emitter base loop (FEBL) transmitting
antenna configuration which is considered by active antenna investi-

gators(20’21)

to be favorable for transmitting applications. ZS is the
collector bias resistor comnected to the DC power supply. The optimum
transistor position for a transmit application is the one that maximizes
the current moment Th of the antenna. This occurs for the FEBL confi-
guration of Figure 3-7 when the transistor is at ground plane level(zo)
as shown in Figure 3-8. This transistor position maximizes the
collector and emitter currents, and also eliminates radiation field
cancellation caused by rf currents flowing in the negative direction in
the bias resistor lead. By using a 3000 ohm collector bias resistor of
value much less than the antenna capacitive reactance (for CA* 7 pf),
the investigators obtain a relatively frequency independent resistive
input impedance of about 30 ohms at the emitter-base terminals of a
1 meter long transistorized antenna. Thus, ''so-called" resonant
operation at a real input impedance is obtained with an electrically
short, capacitively reactive antenna without using a tuning inductor.
Furthermore, the impedance seen by the transmitter is buffered from
variations in antenna reactance caused by the environment and frequency
over a wide range in the MF and HF bands.

However, the bias resistor in parallel with the whip antenna's
high capacitive reactance provides a low impedance shunt path for the
collector current as shown in the equivalent circuit of Figure 3-9a,
thereby diverting most of the available current away from the antenna as
in the case of capacitance shunting of conventional whips discussed
previously. In addition, this shunting resistor greatly increases the
power dissipation of the total antenna circuit over that required to
produce the same antenna current in a series-tuned antenra equivalent
circuit of Figure 3-9b.

In reference (20), the above described active antenna configuration

is compared at a frequency of 1.24 MHz with a series-tuned antenna
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circuit having a Q of about 120 (10 kHz bandwidth). By neglecting the
power dissipated in the bias resistor, the active antenna is shown to
exhibit a "so-called" power gain disadvantage of about 9 dB compared to
the tuned antenna circuit. If account is also taken of the power
dissipated in the bias resistor, this disadvantage increases considerably
to about 27 dB; namely, the active whip antenna dissipates at least

27 dB more power than an equivalent series-tuned whip antenna.

Finally, the antenna current values obtained from the active
antenna configuration examined in reference (20) are characteristic of
the levels obtainable from a 12 volt battery suitable for a miner's
portable radio. These values of 0.4 ma at 1.2 MHz and 0.1 ma at 300 kHz
are clearly inadequate, except perhaps for extremely short range, near-
field applications in free space. Thus, although active antennas may
offer certain performance advantages over conventional whips in some
applications, they offer no practical benefits as transmit antennas for

MF portable mine wireless radios.

3. Conventional Loop Antennas

Conventional air~core loop antennas represent one of the most suitable

and effective choices for the MF mine wireless roving miner application.

Thus, it is not surprising that the South Africans (30,31)

British(32:33,34/85)

have adopted the use of such antennas for rescue
type, portable MF band communications in mining and fire fighting appli-

and the

cations respectively. Similar developments are also occurring within

the U. S. coal mining community.(36’37’38’39’40)

However, the state-
of-the~art is such that, even with such loops, a completely wireless
range goal of 1350 feet in coal mines is likely to be attainable only
in the most favorable mine environments(4l’42’43)(see Chapter II). On

the other hand, ranges on the order of 1 - 3 km have been reported(30’

31’35’36’40’44’45)when such loop antennas are employed in the vicinity
of mine electrical conductors (see Chapter IV for representative cal-
culations).

The conventional loop antenna has a large number of positive
attributes for roving miner applications. At the low frequencies of

interest it is an inductively reactive device whose magnetic fields
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and input impedance remain, for all practical purposes, unaffected by
its location on and closeness to the body of a person, and also by the
local mine environment. The stray capacitance problems associated with
whip antennas are avoided. The moderate inductive reactance of a typical
loop configuration, having on the order of 10 turns, can be easily
tuned by readily available practical capacitors in the MF band. The
loop can be readily formed into a lightweight, rigid or flexible,
bandolier shape. This allows the area of the loop,-and therefore the
transmit magnetic moment, to be maximized within a form factor that can
be tailored to protect the loop from damage while providing the least
inconvenience to the miner wearing it. Some examples of current designs
are presented below.

Rigid units like the tubular elliptically shaped bandoliers
depicted in Figure 3-105 are used with the South African radio(BO) (SAR)
at 335 kHz and the Collins Radio mine wireless radio prototypes(37) at
520 kHz. They provide the advantage of a fixed area, and therefore
fixed transmit moment and loop inductance, but the disadvantage of some-
what greater awkwardness than flexible bandolier configurations. Rep-
resentative flexible units include: the strap-type depicted in Figure
3-10b used by Plessey in its Inductorfone TGR.1 unit(35) at 140 kHz and
by Lee Engineering Division of Consolidation Coal Co. in prototype

units(36)

at 425 kHz, and garment-type depicted in Figure 3-10c where
the turns (typically stranded wire) are sewn in the desired shape into
the person's work uniform or into a specially designed jacket or pull-~
over wofn by the radio-equipped person. For example, the Plessey
#PRD2200 unit used by firefighters in large buildings at 2.5 to 3.5 MHz

(33)

is incorporated into a special jerkin, whereas one of the Lee

(36)

Engineering prototype units at 425 kHz has the loop sewn into a

pair of miner's coveralls approximately as shown in Figure 3-10c. The

(45)

Russians have also made use of loop antennas, in a hand-carried
configuration, for mine radio communications at 78 kHz. The loop
orientation which results from wearing a bandolier type of antenna
(i.e., in a nearly vertical plane) also closely approximates the ideal

orientation for coupling to the quasi-TEM mode of propagation in the
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coal seam waveguide (see Figure 2-6). The following paragraphs are
devoted to examining some design guidelines and performance limits of
such antennas for a portable mine wireless radio application.

The first design objective is to generate the largest practical
antenna magnetic moment within the constraints imposed by intrinsic
safety, reasonableness of size and form factor for wear by a miner, and
practical tuning and matching elements. The second and equally impor-
tant design objective is to produce this magnetic moment by the most
efficient use of the energy stored in the battery of the portable unit.
The first objective affects the maximum attainable range, while the
second affects the maximum allowable operating time between battery
recharges, or conversely, the minimum size battery required to obtain
the minimum desired operating time (such as a normal work shift).
Furthermore, the signal attenuation and electromagnetic noise encoun-
tered in typical coal mines is so severe that attempts to achieve small-
to-moderate increases in transmit magnetic moment, at the expense of
overall transmitter efficiency or power dissipation, are generally not
warranted. In a roving miner application, it is better to have a
smaller, lighter-weight, longer-lasting unit that has a somewhat shorter
range than a unit that has 100 - 200 feet greater range under some
highly favorable mine conditions, but is too heavy and bulky for the
miner to wear, or has too short an operating time between recharges.

The transmit moment is maximized by maximizing the product M = NIA
of the loop, where N is the number of turns, I is the current flowing
in the turns, and A is the area enclosed by the turns of wire. The
ma#imum reasonable loop area for a roving miner application is about
0.25 mz. Both the SAR and the Collins Radio prototype MF units(30’37)
use a rigid tubular elliptically shaped bandolier (SAR - 0.66 m x
0.42 m, Collins Radio - 0.61 m x .47 m, 2 ft. x 1 ft.) having an area

about 0.22 mz.' The Lee Enginéering units(36)

use a strap-type bandolier
of dimensions 0.56 m x .33 m, and a garment-sewn circular loop having
the same perimeter as the elliptical strap unit and an area of about

0.15 m2.
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A practical number of turns appears to be in the 5 to 15 turn range
(SAR and Collins - 7 turns, Lee Engineering - 12 turns). The inductance
of an air-core loop having a diameter d and a single layer winding of
width w is given by the equation

L = kal/2
(6)

N’ microhenries (14)
from Watt, where A is the loop area in square meters, N is the
number of turns, and k is the inductance form factor which depends on
the ratio of d/w. k is a slowly changing function for the d/w range of
present interest, varying from a value of about 1.8 for d/w = 5 to a value
of about 3.6 for d/w = 50. Thus, a loop having an area A = 0.25 m2,
10 turns, and an effective d/w ratio of about 25 (k = 3) results in an
inductance of about 150 ph, which can be easily series-tuned with prac-
tical capacitor values on the order of 1000 pf in the 300 - 500 kHz
frequency band. Reducing the turns to 7 gives about 75 ph, which is
close to the measured values of 60 ph and 82 ph for the SAR and Coliins
loop antennas, respectively. Thus, the capacitor values required for
tuning increase accordingly to between 1000 pf and 5000 pf, depending on
the inductance value and operating frequency.

A bandwidth of 12 kHz in the 300 to 500 kHz band requires a Q of
25 to 42 respectively. For a series~tuned 8-turn, 0.25 m2, loop of
nominal 100 yh inductance, this means a real impedance level of 7.5 ohms
at the resonant operating frequency. Thus, an rms loop current on the
order of 1 ampere is obtalnable from a transmitter operating from a 12
volt battery supply. A double totem pole, class D, transistor bridge
output stage 1s one example of a highly efficient way to utilize the
full battery voltage on both positive and negative half cycles. This
allows the generation of a practical rms transmit moment, M = NIA, of
about 2 amp—mz, a value nearly equal to that of the Collins Radio
prototype unit, and slightly higher than the moment of the SAR unit.

The intrinsic safety curve shown in Figure 3—11(46’47’48) is -
based on the findings of the Mining Enforcement and Safety Administration
(MESA) for DC inductive circuits. It reveals that for an inductance

of 100 ph the rms current of 1 ampere is already close to the band
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defining the zone of maximum safe current level. 1In AC applications,

this level must represent the peak current(48)

level, so the 1 amp rms
level compared to the allowed 2 amps peak includes a modest safety
factor. It can be seen from the plot that significant gains in transmit
moment cannot be obtained from increases in current at this inductance.
Nor can they be obtained by increasing the number of turns, since the
inductance, and also the resistance for a fixed bandwidth requirement,
increases more rapidly (as N2) than the moment (as N), thereby reducing
the maximum attainable and intrinsically safe current.

In the other direction, namely reducing turns, the current at
resonance will increase as the inductance and therefore the resistance
decrease. To avoid problems with stray circuit and cabling inductance,
the loop inductance should be kept above about 10 ph. This allows a
3 to 1 reduction in turns, a 9 to 1 reduction in L and R, a correspond-
ing 9 to 1 increase in I, and a net increase of 3 to 1 in magnetic
moment M. However, even this modest increase in M 1s unrealizable in
practice. The intrinsic safety curve becomes increasingly steep below

1 mh and particularly below 100 uh,(46’48)

thereby allowing at most
perhaps a 1.5 to 1 increase in current, which results in a net decrease
in M instead of an increase. The practically achievable moment for a
7-turn loop having an inductance of about 75 ph, like the SAR and
Collins loops, will be about the same as that for the 8-turn, 100 uh
loop, and the 1 amp rms in the 7.5 ohm load will dissipate 7.5 watts.
The rf voltage across the tuning capacitor (and the loop inductor)
at an operating frequency of 500 kHz will be as high as 318 volts rms
(450 V-peak) for a 1000 pf capacitor carrying a current of 1 amp rms.
These voltages fall well within the safe area of the intrinsic safety

(46) shown in Figure 3-12.

plot for capacitors
It should also be realized that existing intrinsic safety curves
are based on DC circuit experience. The subject becomes much more

(

complex 48) for AC applications, so the DC-based curves serve only as
approximate design guidelines for the MF band radio application. 1In
the end, verification of the MF mine wireless portable radio's intrin-

sic safety will be determined only after the radio, including the
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antenna, has successfully completed methane ignition tests conducted by
MESA in its special test facility.

The above discussion shows that practical values of magnetic
moment M for a portable MF band unit are not likely to exceed the values
of about 2.5 amp-m2 peak available with present prototype equipment.
This represents only a 12 dB improvement in signal levels over those
obtained in the performance estimates of Chapter II for a moment of
0.7 amp—mz. In highly favorable mine attenuation and noise environments,
this may result in a range increase of about 300 ft. over that predicted
in Table 2-1 of Chapter II. In fair-to-poor mine environments, range
increases of less than 50 ft. will occur and the completely-wireless
communication range will remain hopelessly small in these situations
as shown in Chapter II and reference (41).

The major objective for MF mine wireless radios should therefore be
to obtain the most reasonable value of magnetic moment consistent with
a transmitter/antenna circuit design that provides the most efficient
use of the battery's energy supﬁly. This will lead to a portable
system with the smallest battery size, and therefore smallest portable
unit size and weight, for satisfying the principal operational require-
ments, of which the wearability and operating lifetime between charges
are as important, if not more so, than the magnitude of the transmit
magnetic moment. This suggests the use of MF transmitters designed to
operate in a large-signal mode (such as the one mentioned above) to
‘obtain efficiency benefits similar to those of switching-type trans-
mitters at lower frequenciles, and optimized for driving a portable
unit antenna having a relatively low tuned impedance at the operating
frequency.

In summary, air-core, bandolier-type loops provide a feasible,
practical solution to the MF wireless radio antenna problem, but at a
price of minor-to-moderate inconvenience to the miner, depending on
whether the antenna is sewn into a garment or fashioned into a flexible
or rigid bandolier. The most suitable and practical configuration for
a particular mine application is best determined by in-mine trials

with prototype designs. The convenience of wear offered by the garment
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and flexible bandolier configurations will be somewhat offset by the
smaller and slightly variable transmit moments and inductances. The
inductance variation could possibly, but not necessarily, introducev
the inconvenience of minor retuning of the antenna on different sized
individuals. This can be easily checked by experiment. Finally, the
transmit moments of presently available prototype units are represent-
ative of what 1is attainable within the operational constraints of the
coal mine MF wireless application; and overall portable system improve-
ments will most likely take the form of increased efficiency of trans-
mitter utilization of battery energy, and consequently reduced overall
size and weight of the portable units.

4, Ferrite-Loaded Loops

In many applications, loops loaded with magnetic core materials
offer equal or improved performance in a considerably reduced cross-

(6)

sectional area and volume over that of an air-core loop. Perhaps
the most familiar example of such an antenna in the MF band is the
small, ferrite loop-stick receiving antenna used in small transistor
pocket radios. A typical configuration for many ferromagnetic core

(6)

loop antenna applications is shown in Figure 3-13. If such an
antenna could provide the required magnetic moment within a cylindrical
volume of 10 in. length by 2 in. diameter, it would become quite
attractive for a portable mine wireless radio, because it could then be
mounted horizontally to the radio unit itself or to the miner's belt on
which the cap lamp battery and self-rescuer are attached. The brief
feasibility calculation described in the following paragraphs shows that
the practically attainable transmit moment for such a ferrite-core loop
compares favorably with that obtainable with an air-core bandolier loop.
Thus, experimental effort should be devoted to verifying its feasibility,
and if confirmed, to establishing the optimum antenna design for a
portable mine wireless radio.

When a loop loaded with a high-permeability ferrite core or rod,
as shown in Figure 3-13, is placed in an ambient magnetic field, the
magnetic flux passing through the cross-sectional area enclosed by the

(6,11,49,50)

loop is greatly increased. The high-permeability rod, in
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..effect, gathers and concentrates the magnetic flux lines in the vicinty
-of the rod, and causes them to pass through the rod which threads the
loop, as depicted in Figure 3-14. This greatly increases the '"captured"

flux, the "effective area,"

and therefore the induced open circuit out-
put voltage of the loop acting as a receive antenna. The presence of
the rod can also be viewed as increasing the effective permeability of
the medium surrounding the antenna, thereby creating the increased flux
linkage and output voltage of the loop. By reciprocity, it can be shown
that the magnitude of the fields generated by such a loop, when acting
as a transmit antenna, will be similarly improved by a rod of magnetic
material. The transmit improvement will be identlal to that for
reception within the linear operating region of the material. In prac-
tice, significant improvements in transmit magnetic moment can be real-
ized with practical materials until the materials are driven into
saturation.

The presence of the magnetic rod core causes the flux linked and
produced by the loop, the loop inductance, and the loop Q, to be increased
by different amounts. The amount of increase depends on the shape and
size of the rod and on the relative permeability, u, of the rod material,
also referred to as the intrinsic permeability of the rod material when

)_(6,11)

measured in a toroid (u A considerable amount of analyt-

toroid (6,11,50,51,52,53)

ical and experimental work has been done to quantitatively
describe how the above quantities depend on the intrinsic permeability
of the rod material, on the shape or %/d ratio of the rod, and on the
length of the rod compared to the length of the loop or coil, namely
the %/w ratio.

Referring to Figure 3-14, the best overall practical performance
of ferrite rod antennas generally occurs when £/d £ 20, &/w = 8, and
2/D £ 4, Furthermore, as illustrated in Figure 3-15, when the intrinsic
permeability p is greater than about 500 to 600, the effective perme-
ability of the rod Hiod becomes essentially independent of the intrinsic
u. This is particularly so for the 2/d range of principal interest for
the MF mine wireless radio, namely £/d £ 20. Figure 3-15 shows the

apparent or effective permeability of the rod, u (increase in

rod’
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received flux or transmitted field strength for the loop) as a function
of length-to-diameter ratio, 2/d, of cylindrical rods having various
intrinsic or toroidal permeabilities, y. The increase in the inductance
of the coil or loop caused by the rod can be expressed as an increase

in the coil permeability, M The increase in Heoil is generally

oil®
much less than the increase in Hood? except when the 2/d ratio is not

much larger than unity,(6’ll)

and Hooil generally increases with the
length of the coil on the rod. The Q of the ;oil is also increased by
.. the presence of the rod, so thé rod material uQ product in the frequency
band of interest 1is genefally an important design parameter. A
plot of typical pQ product behavior as a function of frequency below
10 MHz can be found in reference (51).

To assess the feasibility of using a ferrite rod loop antenna for
the portable mine wireless MF radio, a rod material form factor and
size 1is chosen that offers favorable performance, is compact enough to
be conveniently worn by a miner, and is readily available from suppliers.
A 10 in. long, 1 in. diameter (£/d = 10) rod of manganese-zinc (MnZn)
ferrite material typically used for antenna rods in the LF and MF bands

(54,55)

from about 100 kHz to 2 MHz is assumed. This material typically

‘has a saturation flux density Bsat of about 0.3 tesla and an intrinsic

initial permeability u of 500 to 1000.
The saturation flux density defines the maximum moment that a

given volume of the material can produce. This maximum MSat is given
by

B Vv
sat rod
Msae = T (13)
o

when the flux density is uniformly distributed over the volume. BSat

is the saturation flux density in teslas, V is the volume of the rod

3 j -7
in m~, and Hy = 4m x 10 "h/m. Substituting for B Vrod’ and Hys we

sat’

find that the maximum attainable moment for the rod is MS = 31 amp-m

at
peak, a value greater than 10 times the maximum intrinsically safe
moment obtainable with a practical bandolier air-core antenna. However,
as shown below, it is not possible to generate this maximum moment in

an intrinsically safe manner or with a practical 12 volt transmitter.
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On the other hand, generating the 2.5 amp-m2 (peak) moment obtainable
with an air-core bandolier does appear to be feasible, thereby offering
the system designer a potentially attractive alternative to the air-
core bandolier loop.

The magnetic moment, M, in the material's linear region below

saturation is given by

where N is the number of turns in the loop, I is the loop current in
amperes, A is the area in m2 enclosed by the loop, and Hrod is taken
from Figure 3-15. For the chosen rod having an intrinsic u of 500 to
1000 and &/d of 10, we find from Figure 3-15 that Hood = 100. Thus,
equation (16) shows that to generate the air-core bandolier peak moment
of 2.5 amp—meter2 would require an NI product of 49 compared to the NI
product of 14 required for the 7-turn air-core bandolier loop discussed
in the previous section. Thus, if the ferrite-loaded loop could be
driven with the same maximum peak current of 1.4 amperes, the number of
turns required would be N = 35.

A single-layer winding which distributes the 35 turns over a length
of w = 2 in. in the center of the 1 in. diameter rod is chosen. For a
solenoidal coil with this form factor,the simple air-core inductance
formula applies(56)

L. NZaZ

o 9a+ 10w ‘

which then must be multiplied by u

microhenries, (17)

(6,11)

to obtain the inductance
coil

when it is ferrite loaded.
L= Lou

coil’ (18)

N is the number of turns, a is the coil radius in inches, and w is the

coil length in inches. The value of u = 10 is used, based on the

coil (52,6)

finding that for rods having an %/d ratio of 12, Heoil 2 urod/lo.
Thus, substituting for Meoil® 20 ¥ and N in (17) and (18) gives a ferrite-
loaded loop inductance of L = 125 ph, a value close to that obtained
with an 8-turn air-core bandolier antenna.

The bandwidth of 12 Eﬁz éﬁ dn operating frequency of 500 kHz

‘requires a Q of 42. To achieve this Q at 500 kHz, a series-tuned real
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\
impedance level (R = wL/Q)of 6.7 ohms is requirpd. This results in a
slightly lower peak current of about 1.2 amperds than the 1.4 amperes
assumed above for estimating the number of turps (N = 35) required to
produce the desired magnetic moment of 2.5 amp m2 peak.

Therefore, we find that this ferrite-loadpd loop configuration is
nearly equivalent to the 8-turn bandolier loop|configuration of the
previous section in all respects, including itq location inductance and
current-wise with respect to the safe region bHoundary on the intrinsic
safety plot of Figure 3-11. As in the case of the bandolier loop, a
modest decrease in the number of turns allows tthe moment to be optimized
with respect to the intrinsically safe current/inductance levels. In
this case about 28 turns should provide the deéired peak moment of 2,5

amp—m2 at the inductance and peak current levels of about 80 uh and

1.8 amperes respectively. Similar results can| also be achieved by
distributing the 35 turns over a greater length of the rod.

The above example also illustrates that the maximum achievable
moment Msat’ defined by the saturation flux density BSat and volume of
the ferrite rod, would require current levels |in excess of those which

are intrinsically-safe and greater than the 12 volt power supply could

supply to the real impedance level imposed by fthe bandwidth requirement.
As in the case of the air-core bandolier loop,| the maximum intrinsically-
safe moment is constrained to be about 2.5 amphmz. However, the prospect
of achieving the M = 2.5 amp-m2 performance with a much smaller antenna

than the bandolier loop makes the ferrite-loaded loop very attractive

for the roving miner application. In fact, R;? example suggests that
this moment could be achieved with even a smalder volume core than the
one used in the example. The favorable performance of ferrite loaded

(6,11,51) make their use doubly attractive.

loops as receiving antennas
Therefore, effort should be directed toward verifying this predicted

performance. This is best accomplished experimentally, as will the fut- .
ure optimization of any practical design, should the feasibility be

confirmed.

5. Special Multiturn Loop (MTL) Antennas

The Ohio State University and others have been studying and

developing a class of electrically small antennas called multiturn

(7,57,58,59,60,61,62)

loop (MTL) antennas. The objective has been to
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provide improved performance in terms of antenna system radiation
efficiency, or comparable performance in a smaller and more convenient
volume, than that obtainable with whips tuned by generally high-loss
coils in the HF band and in the low and high VHF bands. Althorgh these
MIL antennas may offer size and/or performance advantages for some
applications in the HF and VHF bands, they are by and large inappropriate
for the portable mine wireless MF band application.

MIL antennas are low-loss, high-Q, single-layer coil structures
having %2/d ratios near unity, and consisting of from 3 to 10 turns of
tubular or strip conductor, spaced about 2 to 4 conductor diameters
apart. The axis of the MIL coil is positioned parallel to, and at a
short height above,a ground plane. Tuning and matching is accomplished
with two low-loss capacitors. As depicted by the antenna schematic in
Figure 3-16a, the coil's self-capacitance between turns, and between
the turns and the ground plane, is supplemented by the parallel tuning
capacitor CA to produce a parallel resonance at a frequency, fr’ above
the desired operating frequency, fo. Below fr’ the parallel combination
of CA and the coil structure exhibits an input impedance having real and
inductively reactive parts as shown in Figure 3-16b. This impedance 1is
in series with the capacitive reactance of the matching capacitor, CB'
A
is adjusted, which shifts fr so as to produce the desired real part of

To obtain the desired value of real input impedance, the value of C

the parallel coil-capacitor circuit impedance at the operating frequency,
fo' Then, the matching capacitor CB is adjusted to cancel the inductive
reactance of the antenna structure at fo. The result is a high-Q,
narrow bandwidth, tuned antenna structure capable of moderate-to-high
radiation efficiencies. Best results are generally obtained when the
largest structure dimension is greater than at least A/50 (preferably
greater than 1/20) and the length of the conductor forming the turns
is between A/8 to A/4.

Two examples of portable MIL applications are the prototype packset
MTL antenna developed for the PRC-77 low-band VHF (30-76 MHz) military

(57,58)

transceiver and a prototype shoulder-mounted MTL antenna for

high-band VHF police personal radios.(6l) The size of each MTL would
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FIGURE 3-16 MTL ANTENNA DIAGRAM AND IMPEDANCE CHARACTERISTICS
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be compatible with a portable mine wireless application. The low-band
VHF packset MTL is a 4-turn square coil of dimensions 2-1/2 x 2-1/2 x
4-1/2 inches long, mounted to the base of the PRC-77 radio, and enclosed
in a fiberglas protective cover which extends 5-1/2 inches below the
packset, which is carried as a backpack by a soldier. This MIL was
found to compare favorably to a 3 ft. whip over the 30-76 MHz band, but
to also experience tuning and pattern problems as a result of the
antenna's high Q and its closeness to the body. The high band VHF
shoulder-mounted MIL is 2.7 x 2.7 x 0.7 inches high, mounted above a
4.5 x 6.5 inches shoulder-pad type of ground plane. This MTL was found
to compare favorably with a 6 inch helical whip over the 150-170 MHz
band, but to also experience problems similar to those for the low~band
VHF packset MTL. Both required tuning after being mounted on the
person, and the performance of both depended on body positions and
orientations. At MF band wavelengths, which are between 2 and 3 orders
of magnitude greater than those at VHF, the problems associated with
portable-sized MIL units will become significantly more severe.

In the VLF to MF band of present interest, the MIL dimension require-
ments with respect to wavelength are clearly incompatible with the
sizes desired for portable mine Qireless units, and even for semi-
permanent fixed installations in coal mines. The ground plane require-
ment is similarly incompatible. Furthermore, as cited in Section III.B,
high antenna efficiency requires high antenna system Q, which is also
incompatible with the bandwidth required for mine wireless FM voice
communications in the VLF to MF band. Thus, the principal attribute
of ideal MTL antennas is neither desired nor attainable for the mine
wireless application. Therefore, although MTL antennas may offer
performance advantages over other antennas for portable radio appli-

cations(57’58’61) i @))

n the VHF band, and for shipboard applications
in the HF band, MIL antennas are inappropriate for MF band mine wireless

applications.
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D. FIXED STATION ANTENNAS

This section briefly considers some alternative antenna types and
radio wave coupling methods that are suited to mine wireless radio fixed

installations such as base stations or repeaters.

1. Vertical Plane Loops

Air-core planar loops, series tuned, provide a practical choice
for the mine wireless radio portable units. They also provide the most
convenient way of generating the largest magnetic moment per unit weight
of antenna for a fixed radio installation. This is especially so when
space is available to span a large area with the loop as is usually the
case in coal-mine tunnels. The planar loop combines the desirable
attributes of high magnetic moment, well-defined and stable impedance
characteristics, and ease of installation and maintenance.

A practical loop configuration for a fixed installation is a
rectangular air-core loop, series tuned, and formed in a vertical plane
so that it can be "hung'" or mounted on the wall or rib of the mine tunnel
as depicted in Figure 3~17. The vertical orientation of the planar
antenna is the most favorable for exciting the desired zero-order, quasi-
TEM mode having horizontal magnetic field H¢ and vertical electric field
Ez in coal seams (Section II.D, Figure 2-6). Maximum signal strengths
will occur at positions in the plane of the loop (¢ = 0°), and minimum
signal strengths at locations in the vertical plane perpendicular to,
and passing through the center of, the loop (¢ = 90°), according to the
cos ¢ angular dependence of a magnetic dipole (loop) source.

The angular dependence of the mode excitation presents a nonuniform
area coverage problem that is somewhat more serious than the one
experienced by a miner wearing a bandolier-type loop antenna. For
example, the miner can always rotate his body position to maximize his
received signal-to-noise ratio. However, the same result can be obtained
with fixed station installations by installing a second vertical planar
loop oriented perpendicular to the first loop, and driven with a current
equal to, and 90° out of phase with, the current in the first loop as

shown in Figure 3-18. This is a turnstyle type of antenna installation(ll)
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Source: Arthur D. Little, Inc.

FIGURE 3-17 WALL-MOUNTED FIXED STATION LOOP IN
COAL MINE TUNNEL
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FIGURE 3-18 FIXED-STATION TURNSTYLE LOOP ANTENNA CONFIGURATION
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FIGURE 3-19 TURNSTYLE ANTENNA INSTALLATION POSSIBILITIES IN
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that creates an electrically rotating antenna and source field equivalent
to that of a mechanically rotated one (one rotation per cycle of the
excitation), thereby providing omnidirectional antenna coverage in the
coal seam horizontal plane.

Ideally, the two loops should have a common center as shown in
Figure 3-18. This provides a common electrical phase center for the
waves and minimizes mutual coupling between the two loops. Although it
is possible to install two common-centered perpendicular vertical loops
in coal mines by spanning the interesection of an entry and a cross-cut
as in Figure 3-19a,it may hot be a practical option in mine entries used
by vehicles for the movement of men and material, unless special
precautions are taken to protect the loop conductors.

An alternative installation which avoids the need for such protection
is shown in Figure 3—19b,whereby the loops are mounted on the perpendicular
entry and cross—cut walls near the corner of a coal pillar. The non-
coincident phase centers should not present any problems in the MF band
of interest, but the mutual coupling between the loops may adversely
affect the tuning and driving of the loops. The severity of these
coupling effects, together with electrical and/or spatial means of
minimizing any significant ones, will probably have to be eventually
determined or verified experimentally.

Finally, the most favorable length-to-height ratios, and number of
turns, for fixed station rectangular loops will probably be best
determined by experiment. The quasi-TEM mode of propagation excited in
the coal seam, together with the thickness of the seam, are likely to
impose limits on the increase in signal strength obtainable by increasing
the length of a single-turn rectangular loop having a height approximately
equal to the tunnel height in the coal seam. Once beyond the point of
diminishing return with respect to loop length, additional increases in
loop magnetic moment could be obtained by adding turns. Practical size
constraints for typical in-mine installations could also lead to increased
turns, as could the desire to increase the loop inductance to allow the
loop to be resonated with capacitors that may be more convenientely

available and practical.
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The wall-mounted loop presently used for the prototype MF mine
wireless fixed installations in high-coal seams is a one-turn, 6 feet
high by 24 feet long loop giving an NA = 12 m2 and a loop inductance
of 27 yh. It is driven with a peak current of about 1 amp to produce
a magnetic moment of 14 amp—mz. The bandwidth of 12 kHz requires a Q
of 42 and a series-tuned real impedance level of about 2 ohms at a
500 kHz operating frequency.

Simple in-mine experiments should be performed to determine the
relationship between loop length and signal strength produced in the
plane of the loop at distances beyond about 100 -~ 200 meters from the
loop. The results may reveal that a shape factor based on length-to-
height ratio must be applied to the geometrical area to obtain an
effective area from which the effective magnetic moment of the loop can
be determined. A long piece of insulated wire capable of being driven
from one end and any one of several other points along its periphery
should be suitable for conveniently forming, mounting, and driving
rectangular loops of different length on the wall of a mine tunnel.

2. Alternative Mode Exciters

a. Horizontal Grounded Long Wires

Mode excitation techniques or antennas(63’64’65’66)

similar to those
used for the Navy's proposed worldwide ELF Sanguine communications system
may also be applicable for mine wireless radio fixed installations. This
section briefly describes some of the attractive similarities between the
two applications, presents the results of some preliminary feasibility
calculations for coal mines, and suggests some avenues of further inves-
tigation that appear promising.

As discussed in Section II.D of this report, recent and continuing

almlyﬁ_jes(u,42,43) (40,44)

and measurements have shown that coal seams
bounded above'and below by sedimenatary rock behave as lossy parallel
plate waveguides with respect to the propagation of radio waves in the

LF and MF frequency bands. At ELF,the conducting ionosphere and surface
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of the earth form the upper and lower boundaries of a similar parallel
plate earth-ionosphere waveguide within which transmitted ELF waves travel
around the world with very low attenuation, to be received by submerged
submarines as depicted by Figure 3-20. Perhaps the most important differ-
ence betwen the two waveguides is that the coal seam waveguide is filled
with a lossy medium, the coal itself, in addition to being bounded by

lossy media above and below, thus introducing shunt loss in addition to
the series loss of the '"plates' in both waveguides. The spherical shell
nature of the earth-ionosphere waveguide introduces only a different
geometrical spreading loss factor. However, neither of these differences,
the shunt loss nor the spherical shell, changes the basic nature of the
quasi-TEM mode of propagation in the waveguide. In fact the Sanguine
problem was initially treated in terms of cylindrically spréading waves

in a flat—éarth, parallel plate waveguide. A spherical "focusing"
correction factor was applied to the cylindrical wave solution afterwards.
Thus, the excitation methods for one waveguide should be largely appli-
cable to the other.

The Sanguine investigators found that the most effective and feasible
transmitting antenna configuration for their application was a parallel
array of grounded, center-driven, long wire antennas. A single long
horizontal wire is the simplest form of such an antenna. However, to
achieve the required current moment I2 requires an excessively long
antenna (and thus land having the desired conductivity) and/or unreasonably
high currents. High currents lead to two consequences that are undesirable
for both the Sanguine and mine wireless applications, namely excessive
power dissipation and environmentally nonpermissible field or current
levels. A parallel array greatly reduces the maximum linear dimensions
of the antenna, and distributes the required current moment over an area
which in turn allows the use of several parallel wires, each carrying a
fraction of the total current required. Furthermore, it was found that
a spacing between horizontal wires (in the Sanguine case, 0000 AWG
copper to carry 100 amperes) of about 2 skin depths provides a favorable
compromise between overall system performance, power dissipation, and
cost for the intended application. The reader is referred to references

(63,64,65) for a more detailed treatment.
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lonosphere

Source: Ref. 63.

FIGURE 3-20 PROPAGATION AT ELF IN THE EARTH-IONOSPHERE
WAVEGUIDE

Roof Bolt Ground Rods

Source: Arthur D. Little, Inc.

FIGURE 3-21 SKETCH OF A GROUNDED LONG WIRE ANTENNA
INSTALLED IN A COAL MINE TUNNEL
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Thus, one can visualize a mine wireless fixed station application
that employs one or more horizontal long wire antennas strung along the
roof of a mine tunnel and grounded to the rock above the coal seam by
roof bolts as portrayed in Figure 3-21. The long wire antenna exhibits
the same cos¢ dipole pattern angular dependence as the vertical plane
loop previously discussed. Thus, omnidirectional area coverage can be
obtained in the same manner as with loops, by employing a second long
wire antenna perpendicular to the first and driven 90° out of phase with
it in turnstyle fashion as depicted in Figure 3-22. Note that the long
wire antenna is better suited than a loop to turnstyle installations
across the intersections of mine entries and crosscuts, because it does
not require a floor-mounted wire which is generally difficult to protect
from damage in well-travelled intersections.

The most recent estimates(43)

place the conductivity of roof rock
in coal mines within the range of 0.01 to 1.0 mho/m with a value of about
0.1 mho/m being typical. At an operating frequency of 300 kHz, this
produces a skin depth in the rock, Gr, of about 2 meters. Thus, the

Sanguine 28 separation criteria would allow at least two, and perhaps

three, parallel long wires to be placed in a typical mine tunnel or entry,

depending on the tunnel width in different mines or different parts of
the same mine. Another possibility could involve a similar or greater
number of considerably shorter long wire antennas installed in a cross-
cut tunnel between two entries as depicted in Figure 3-23. In each case,
the individual grounded wires could be driven by separate transmitters
keyed-on simultaneously via an audio twisted pair interconnection, or
driven in-parallel by a single transmitter.

The most effective configuration from the standpoint of power drain,
communication range,ease of installation and maintenance, compatibility
of fixed station units with the portable units, etc., would have to be
determined after analyzing the results of a simple set of perfcrmance
measurements in mines. Particular attention should be paid to the
dependence of signal strength on the length of the long wire antenna
(as suggested for the loop antenna measurements in Section III.D.1), and

to the levels and variability of the impedance of simple roof bolt (and
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FIGURE 3—-23 LONG WIRE ARRAY CONFIGURATIONS IN A MINE ENTRY AND A
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perhaps other types) ground terminations for the long wires. The
dependence of both signal strength and antenna input impedance on the
spacing between parallel long wires also needs to be examined in mines.

The elaborate ground termination techniques available to a large
and permanent, well-controlled Sanguine antenna installation will, of
course, not be practical for a semi-permanent and largely uncontrolled
mine installation. As a result, ground terminations achievable in a mine
may be so large and/or variable as to make the horizontal long wire
antenna impractical for mines. The spreading resistance of a 2 m long
by 2.5 cm diameter ground rod (about the size of a roof bolt) making ideal
contact along its length to rock of uniform conductivity 0.1 mho/m, is
4.2 ohm,giving a total of 9.4 ohms for the two long wire terminations.
Though 9.4 ohms is reasonable, it may not be achievable in practice. A
long wire antenna will also exhibit a nominal inductive reactance(ﬁs)
which can be tuned out by a series capacitor if necessary.

A first-order estimate of the performance of a single, terminated
long wire compared to that of a conventional rectangular planar loop
antenna can be made by computing the effective magnetic moment of the
long wire and its return current path in the roof. When the antenna is
long compared to the skin depth in the rock, the return current flow
spreads out into the roof to about one skin depth from the wire.(63’64’65)
Thus, the long wire and its return current path can be approximately
represented by a rectangular loop of length &, effective height 5r//§—s(65)
and area A = QGr//E—.

An operating frequency of 300 kHz in rock having a conductivity
0 = 1.0 mho/m, gives a Gr value of about 2 meters which results in an
effective loop height of 1.4 m. The most effective long wire antenna
length, %, may range from slightly longer than the waveguide (seam)
height as in the Sanguine case, to a length that is on the order of the
effective skin depth, 8, of the coal seam waveguide, where § is largely
determined by the conductivity of the coal as opposed to that of the
rock. The eff?:tive skin depth & of lossy coal seam waveguides at 300 kHz

3

has been found to vary from about 10 m in high loss seams, such as the

Herrin No. 6 seam in Illinois, to as large as 100 m in low loss seams,
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such as the Pittsburgh seam in West Virginia. Maximum wire lengths, £,
between 10 and 100 m can therefore be expected. Thus, the effective loop
areas of grounded long wires are seen to compare favorably with that of
the 2 m x 7 m rectangular fixed station loop discussed in Section III.D.1.
Yet to be determined is whether the resultant waveguide coupling
factor for the long wire is more or less favorzble than indicated by the
above simplified effective magnetic moment analysis, whether termination
impedances comparableto the impedances of tuned loops can be achieved
and easily maintained over time, and to what extent the signal strength
remains proportional to wire length as the length is increased. Both
analytical and experimental efforts will be required to resolve these
issues.

b. Vertical Grounded Wires

The Sanguine ELF radio system unfortunately could not use what is
perhaps the ideal antenna to excite the quasi-TEM mode in the earth-
ionosphere waveguide, namely a vertical current source rising out of the
conducting earth and terminating in the conducting ionosphere. Although
such an antenna is clearly not feasible for the Sanguine application, it
does become a very real possibility for use in the coal seam waveguide.
In its simplest form it could consist of a vertical center-driven wire
grounded at each end to two vertical roof bolts, one in the roof and one
in the bottom (floor), in a mine entry or a crosscut tunnel as depicted
in Figure 3-24., It also has the advantage of producing omnidirectional
coverage in the plane of the coal seam, without the addition of a second
unit.

Another perhaps more convenient configuration may also be feasible,
namely the use of a steel, screw-tightened temporary roof support (Fig. 3-25)
commonly used in the face area prior to permanent roof bolting. Such a
roof support could be mated at each end with a special fixture designed
to make a good grounding connection to the roof and bottom, and to
provide a means for connecting the vertical rod coupler to the trans-
mitter. This would avoid the need to drive a roof bolt or other type of
grounding rod into the bottom. The shape of the fixture surface making

contact with the coal would be designed with the objective of providing
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Source: Arthur D. Little, Inc.

FIGURE 3-24 SKETCH OF A GROUNDED VERTICAL WIRE ANTENNA
INSTALLED IN A COAL MINE TUNNEL
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Configuration Support With Shaped Mated to Roof and
Grounding Fixture Floor Bolts

Source: Arthur D. Little, Inc.

FIGURE 3-25 CONCEPTUAL SKETCHES OF VERTICAL WIRE
MODE EXCITER CONFIGURATIONS
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a favorably low termination resistance, and a current spreading distri-
bution in the roof and bottom consistent with mode excitation constraints
imposed by the skin depth in the rock. The shape of the contact surface
must also lend itself to a convenient pressure-fit type of installation
as the temporary support is screw-tightened against the roof and bottom.
A similar result may also be obtainable without special shaping, by
installing the vertical roof support so that it mates top—and-bottom to
two previously installed roof bolt grounding rods. A secondary advantage
of the structural-type of vertical mode exciter represented by the
temporary roof support is that it allows the fixed station radio to be
directly mounted to it, giving a physically integrated mine installation.
A first-order estimate of the performance of this vertical wire/rod
terminated source has been made and compared to that of a representative
vertical plane loop. The vertical monopole-type source current generates
a ¢-directed magnetic field component that is independent of ¢. Solution

of the wave equation for this source distribution gives the following

expression for the magnitude squared of H¢:
2 -2or
2 _ I 2 2,1/2 e
|H¢|V =57 (@ + 8% — (19)

for r>>8 where § is the effective skin depth in the coal seam waveguide,

I is the source current, o is the attenuation constant, and B is the

phase constant. Ideal matching of the source current distribution to

that required in the rock by the mode is assumed. The corresponding

field expression for a dipole source current such as that of a rectangular

planar loop is

|2 ) MZ (a2 + B2)3/2 e-2ar
¢'L (h + Gr)2 8w r

for r>>§, where M is the source loop magnetic moment, Gr is the skin

(1

(20)

depth in the rock, h is the height of the coal seam, and a and B8 are
defined above. Forming the ratio of these two field quantities gives
the expression

2
2 (h+ Gr)

7 if

, . (21)
(o +8%)
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The ratio RV/L is computed fof installations in a representative
high-loss coal seam having a seam height of 3 m and a low loss seam of
1.5 m height. A current of 1 ampere is used for be “\;cggic\al'\ygire and
planar loop sources. A 2 m x 7 m one-turn loopi{(M = 14 a-mz), gimilar
to the one used for the prototype MF mine wireleééméystem, is assumed for
the comparison. The high-loss seam is characterized by values of a =
0.047 m
frequency of 250 kHz. Thus, a ratio of RV/L = 43 is obtained, represent-

, B =0.034 nrl, Sr = 2.3 m at a representative operating

ing a 16 dB advantage over the loop. The low-loss seam is characterized
by wvalues of o = 0,013 m_l, B = 0.02 m_l, Gr = 2.9 m at the same operating
frequency, and results in the ratio RV/L = 132, representing\é ?1th
advantage. In the high-loss seam, a 16 dB advantage represents only

about a 130 ft. increase in the receiver-noise-limited communications
range, whereas a 21 dB advantage in the low~loss seam represents about

a 630 ft. increase in operating range at 250 kHz.

Thus, this method of mode coupling for fixed stations also appears
to warrant a more thorough analytical and experimental investigation to
see whether these favorable approximate results can be obtained in
practice. This coupling method, of course, will be subject to the same
potential problems associated with establishing and maintaining good
grounding connections to the rock as the horizontal long wire coupling
method. Therefore, the likely success of both coupling methods will
depend on the results of ground rod impedance experiments performed on
roof bolts and other grounding devices implanted in the roofs and
bottoms of mine tunnels.

The conventional type of mine roof bolt installation, which contacts
the rock at only two points, at the expansion wedge and at the base plate,
will probably not provide a good enough electrical connection to the
rock for the purpose of establishing and maintaining a low impedance
ground. Some of the new plastic grouted bolts that fill the drill hole
space between the steel roof bolt and the rock with a quick-hardening
epoxy-type of plastic may create an even poorer connection if the
grouting material is not conductive. However, if the plastic grouting

material could be made conductive or of high dielectric constant, it
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may be possible to approach the low terminal resistance of an ideal
grounding rod, and to maintain it over a period of time sufficient to
serve the semi-permanent needs of an advancing coal mine working section.
At present, it appears that quantitative knowledge on how roof bolt and
similar types of ground terminations work, vary over time, should be
installed, and could be improved from an electrical standpoint, is not
available. If and when this information becomes available, as a result
of a carefully performed series of in-mine measurements, a more
definitive assessment of the feasibility of the long horizontal wire

and vertical rod mode exciting methods will be possible.

3. Other Loop Antennas

A considerable amount of development effort has also been devoted
during the late 1960's and early 1970's to two other types of loop
.antenna that are worthy of brief mention, namely self-resonant helical

(15,16,67,68,69)

antennas by the University of Innsbruck in Austria and

large ferromagnetically loaded solenoidal loop antennas by Develco, Inc.(53)
in the United States. Both efforts were aimed at generating very high
magnetic moments (on the order of 1000 amp—mz) for special~-purpose, fixed-
installation, through-the-earth, narrowband data communication applications
in nonexplosive atmospheres, primarily in the VLF and LF bands.

The Develco ferromagnetically loaded transmit loop antennas were
designed for a bore hole through-the-earth data application subject to
very high shock and overpressure. The antennas, consisting of nineteen
ferrite rods surrounded by a long, high turns-density solenoid coil and
a protective fiberglas shell, occupied a cylindrical volume about 10 ft.
long and 1 ft. in. diameter, and represented state-of-the-art electrical
and mechanical designs optimized for the application. The University
of Innsbruck transmit antennas were designed for through-the-earth data
or code communication from an underground, environmentally controlled
cavity, such as might be fashioned in an underground network of tunnels.
The antennas were center-fed, self-resonant, air-core helical structures
consisting of a large number of turns and typically occupying a volume
on the order of a meter cube. Both development efforts also included

analytical and experimental investigations of the associated through~-the-
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earth propagation problems, and methods of optimizing ferrite-loaded @ -
receive antennas. The Develco propagation effort was primarily concerned

with vertical propagation through the overburden, and the University of

Innsbruck effort was primarily concerned with horizontal propagation

through an underground network of tunnels in a mountain.

Although the specific antennas developed may be inappropriate for
portable, intrinsically safe, mine wireless voice communication appli-
cations in the MF band, similar antennas and technology may in fact be
applicable to permanently installed, one-way, wireless emergency warning
or signalling applications in the ULF or VLF band for mines. The
grounded horizontal long wire and vertical wire mode exciters discussed
in the previous section may also be candidates for such applications.

The high energy storage and/or high-power antenna/transmitter installations
that would likely be required for long range, emergency warning appli-
cations could probably be located in areas of a mine where similar, high-
power, nonintrinsically-safe equipment is allowed, or in specially-
prepared locations where independent ventilation and sealing could be used
to ensure a safe operating atmosphere even in the event of a mine

disaster. Some of the antenna and signalling technology associated with
the Develco ferrite-loaded cylindrical antenna systems may also be
applicable to refuge shelter through-the-earth communications, especially .
in shelter situations where a large-area,air-core loop cannot be conven-
iently deployed. Further investigation will be required to determine the
feasibility and suiltability of these antenna and signalling techniques

for narrowband emergency warning and refuge shelter signalling appli-

cations.
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Iv. COUPLING TO EXISTING CONDUCTORS IN MINES
A. SUMMARY

To evaluate the potential advantages and practicality of extending
mine wireless ranges by coupling to existing conducting structures in
mines, theoretical -equations were developed,relating loop antenna strength,
frequency, and its distance from two-wire cables and structures, to the
current and voltage induced in that structure by the loop antenna. These
equations allow one to compute not only the loop-to-structure coupling
but also loop-to-loop coupling via the two-wire structure. Results com-
puted for three frequencies (3, 100, and 1000 kHz) indicate that:

e performance improves with closeness to the two-wire structure,

increased separation of the wires,and increasing frequency up

to about 0.5-1 MHz in a mine tunnel;

e loop-to-loop communications along a haulageway appear practical
in the presence of a trolley wire system and may also be
usable in the presence of untwisted cables and single wires
attached to the ribs;

e coupling to twisted pair cables is severely reduced over that
for untwisted pairs;

e performance should be significantly reduced for loops located
in tunnels adjacent to the one in which the conductors are
locgted.

The results for representative cases of interest are plotted.
B. INTRODUCTION

The objective is to calculate the coupling between a loop antenna
which can reasonably be carried by a miner and conductors which are com-
monly found in mines. The antenna loop has a magnetic moment of M=NIA
where N is the number of turns, I is the current in the loop, and A is
its area. For an antenna which is wrapped around a man, a reasonable
source strength is M= 1/2 to 4 amp-turn meterz. We will use the value

1 amp-turn meterz here. The conductors available for coupling to are:

e telephone lines (twisted and untwisted pairs);
e trailing cables (either twisted pairs, twin-leads or more
complex structures);

e trolley wire/rail (approximated here by a two-wire line)
and

e power distribution lines(a conventional 3-phase cable for mine use).
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The simpler, in-air case will be examined to get upper bounds for perfor-
mance., These results should be applicable within the haulageways where
the conductors are located. Transmitter requirements will be more severe
for coupling beyond the immediate tunnel cross-section in which the con-
ductors are located because of the additional losses introduced by the
coal and surrounding rock,
c. REPRESENTATIVE GEOMETRIES

We first examine several different cases of coupling between a
loop, assumed of infinitesimal size, and twin-lead and twisted-pair
conductors, The assumption of an infinitesimal loop is justified if
the diameter of the loop, approximately 0.3 m, is much less than the
wavelength of the signal, and the loop-to-~conductor spacing. Table 4-1
summarizes several situations of interest. Figure 4-1 shows several basic
arrangements of the transmitting loop with respect to simple twin-lead
conductors, If the miner wears the transmitting antenna as a bandolier
around his body, then situationsla and1b represent cases where the
planes of the twin-leads and the loop are horizontal; while situations
lcand ldrepresent cases where the plane of the twin-lead cable is ver-
tical but the loop itself is still in the horizontal plane. Situations

leand 1f represent cases where the cable direction is parallel to the
TABLE 4-1

TYPICAL DIMENSIONS FOR STRUCTURES
OF INTEREST IN A MINE

Frequencies 3kHz to IMHz

Wavelengths lOSm to 3 x 102m

Trolley Lines

(trolley wire to Im (low coal) to 2m (high coal)
track spacings)

Twisted Pairs

(cable diameters) 0.02m to 0.07m
Flat Twin-~Lead
(lead spacings) 0.015m to 0.05m

Three Conductor Cables
(cable diameters) 0.02m to 0.08m

Antenna-to-~Cable
Distances 2m to 600m

Source: Arthur D. Little, Inc., Essex and Anaconda Catalogs
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1a.

1c.

1d.

Te.

.

Source: Arthur D. Little, Inc.

Coplanar Arrangement;
Horizontal Cable.

Aligned Arrangement;
Horizontal Cable.

Edge-on Arrangement;
Vertical Cable.

Aligned Arrangement;
Vertical Cable.

Edge-on Arrangement;
Cable Direction Parallel to Loop Axis.

90° Edge-on Arrangement;
Cable Direction Parallel to Loop Axis.

FIGURE 4-1 DIFFERENT GEOMETRIES FOR A HORIZONTAL
LOOP ANTENNA AND A TWIN-LEAD CABLE
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axis of the loop, but in case E the plane of the twin~lead cable con-
tains the loop axis, while in case F the plane of the twin-lead cable is
perpendicular to a plane containing the axis of the loop. These latter

two situations where the direction of the cable is parallel to the axis

of the loop are not considered as realistic alternatives. Figure 4-2
shows similar arrangements for a twisted-pair but since there is no
unique plane which contains only the two wires of the twisted-pair,
there are less cases of interest.

In general, the transmit loop antenna and the mine structure that
is acting as the conductor will not have such simple relationships as
those shown in Figures 4-1 and 4-2. The coplanar relationships in la and
1b are reasonable approximations for most situations where a horizontal
twin-lead or a twisted-pair are mounted on the side wall of a tunnel
or hung from the roof. In low coal, the conductor is unlikely to be
more than 1/2 m above or below the plane of the transmitting antenna
which may be 2 m to 600 m away. At 2 m the angle above or below the
transmitter loop plane is 14° while at 600 m the angle is 0.05°.

Cos 14° is about 0.97, so the field strength at a conductor 1/2 m
above the plane of the transmit loop is approximately equal to that for
a conductor in the plane of the transmit loop. Assuming a2 m high
seam for high-coal, the maximum angle of the conductor above the plane
of the transmitter loop is 37°, which has a cosine of 0.80, so the
absence of coplanarity is more significant here. However, at distances
greater than 6 m, the coplanarity assumption is a reasonable approxi-
mation, as shown in Figure 4-3.

Similarly, when the twin-lead cable is in the horizontal plane and
suspended from the roof away from a wall, case la is still a reasonable
description of the situation as the transmitting loop approaches from
600 m to 6 m in high-coal, and to 2 m in low-coal. There can then be a
transition region as the transmitting loop moves under the cable until

the situation of 1b is achieved.
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2a.

2c.

2b.

Source:

Arthur D. Little, Inc.

FIGURE 4-2

Coplanar Arrangment
(similar to 1a and 1c)

Aligned Arrangement
(similar to 1b and 1d)

Edge-on Arrangement
(similar to 1e and 1f)

DIFFERENT GEOMETRIES FOR A HORIZONTAL LOOP
ANTENNA AND A TWISTED-PAIR CABLE
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FIGURE 4-3

RANGES OF VALIDITY OF COPLANARITY ASSUMPTIONS
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Similar ranges of validity apply to the case where the twin-lead
cable is in the vertical plane. A special case of this is the trolley-
wire system, which because of its size with respect to the tunnel dimen-
sions, the loop position will always lay vertically somewhere between
the trolley-wire and the rail return.

D. COUPLING TO SIMPLE TWO-WIRE LINES
1, Case la - Coplanar Geometry
a, Electric Field Method
This case has been considered in detail by Albert A, Smith, Jr. in

a paper called "The Response of a Two-Wire Transmission Line Excited by
the Non-uniform Electromagnetic Fields of a Nearby Loop," published in
the IEEE Transactions on Electromagnetic Compatibility, EMC-16, 196-200
(1974). The equations given in this paper for the near, or inductive-
field, case are valid over most of the ranges of parameters of interest
to us, see Table 4-2. The variable BR = 2mR/A should be much less than
unity; R is the spacing between the loop and the cable and A is the

wavelength of the signal in air.

TABLE 4-2

REGIONS OF VALIDITY FOR USING BR <<1 CRITERION,
THE INDUCTIVE-FIELD APPROXIMATION

(IN AIR)
£ (kHz) 3 100 1000
A (m) 10° 3 x 105 3 x 102
R(m)
2 1.3 x 107 4.2 x 1073 4.2 x 1072
20 1.3 x 1072 4.2 x 1072 4.2 x 101D
200 1.3 x 1072 4.2 x 107D 4,22
500 3.2 x 1072 1.1 10.5(®

The entries in the table are values of BR = 2wR/A in air.

(1) Transition zone between inductive and radiation fields.

(2) Radiation - field zone.

Source: Arthur D. Little, Inc.
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If the two-wire line is represented as a transmission line termi-
nated at both ends by impedances, Smith has developed several simplified
expressions for the current induced in the load resistance terminating
the transmission line. Figure 4-4 defines the quantities of interest in
the expressions. The loop is at a distance R from the center line of
the transmission line and at a distance w from the start of the line.
The transmission line is s long and consists of two parallel conductors
spaced b apart. Both the loop and the transmission line are in the
plane x-z. The electric field in the plane x-z due to the loop is a
function of r only. In most mine situations, s is a large dimension,
at least several hundred meters, b << R (see Table 4-1 for values of b),
and the loop is not close to either end of the transmission line.

Then, according to Smith, the following approximations can be made:
° Ez = a constant depending on R over a length of the
transmission line L = R,
o Ez = 0 over the rest of the line.
e Ex = a constant depending on R over a length of the
transmission line L = R, and 0 over the rest of the line.
A current is induced in the transmission line because of the non-uniform
distribution of these fields. In the case of a radiation field, the
current is principally induced by the phase difference of the wave over
the two conductors.
The normalized expression for the current in the load at the end

of the line is given by:

I(Gs, w) I; (s, w) I, (s, w) )
= + . (1)
ER,w) ER,w) E(R, w)
where I (s, w) ~ Bb\ 2sin(BL12)
ERw | I8 D
(2)

: [Zo cos Bw +3jZ, sian]P M

(1) From Smith IEEE article previously cited.
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E (r, w) I (s, w)

Transmission Line

x=0 P Z
y Nz=w

Loop

Source: Smith, |IEEE Trans EMC, EMC-16 196-200 (1974)

FIGURE 4-4 GEOMETRY OF THE TRANSMITTING LOOP AND TRANSMISSION LINE
FOR THE CASE OF FIGURE 4-1(a)
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and

Since s is usually larger than R and the

the line, it is reasonable to place EX

I, (s, w) bZoRZw b(Zy cosBs +jZ, sin Bs) R? (s — w)

E (R, w) - D[R? +w2]3”2 Q + D [R? +(s—w)r] ¥

1 + (b/2R)* — j(b/R) cot (8b/2) D
P —
[1-(®/2R)?]? ’

Q: = cosB [ (R? +w2)2 _R] —jsinp [(R? +w?)”? —R]D

Q, =cos B [(R? +(s —w)*)" —R]

—jsinp[(R2+G—-w3)*-R]+ D

D = (ZoZy +ZoZy)cosPs + j(Z3 + Z,Z,) sinps D
i = 27/\ phase constant
= wavelength
Z, = 276 log,o (200b/a) characteristic impedance M
b = spacing (meters)
a = diameter (cm).
L =R
Z,=12, =1,

0 as well as Ez =

Q -

t))
(3)

(4)

(5)

(6)

(7)

(8)

(9

loop is not near the ends of

0 at the

ends of the line. Then, only the term Il(s,m)/E(R,w) due to EZ over

the length of line L = R near the loop

line.
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As R grows larger, the nature of the loop-caused field at the line
changes from inductive to radiative. Then, the equations are modified
to: 1)

I1 (S’ w)
————— = ... asabove... (10)
E (R, w)

_ )
except . 1 —j(b/2R) cot (8b/2) (1)

B 1-(b/2R}?

a)
Q- (12)

I, (s, w) bZ, Rw b(Zo cosfs + jZ, sin Bs) R(s —w)
D[R2 + (s—w)z:l

and Q +

E(R, w) B D(R? + w?)

with Q1 and Q2 as above and Z1 = 22 = ZO'

These complex expressions must be rearranged so that their magni-
tudes can be evaluated. Since the inductive-~field assumption is wvalid
over most of the ranges of interest to us, and since it is reasonable
to assume that W > R for all cases of interest to us, only the expres-

sion for I1 is rearranged. Then we have:

sin ("2 sin ("R 2
L) A (%) (x)x {(HLz) +_bicotz<”_b>} (13)

E(s,w) 7Z, | (b >2 2 4R? R? A
2R

If b << 2R:

I s,w) X _ /ab\ /@R b? L[ mb
=——sin{—] sin [ — 1 + — cot*{— . (14)
E (s,w) nZo A X R? X
If R << A, and b << R, then;
I; (s, bR A?
T= 1 (s, w) _ n 1+ —
E(s,w) AZg m R?

b

Zy

(15)
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The value of this transfer admittance
_ Il (S3 &J)

E(s,w) (16)

has been evaluated below for three cases:

1. Twin-lead, telephone and power cable
0.04 m; Zo = 280.6 ohms
R<20m; T = -77dB

R > 200 m; T = -78dB

o'
]

2. Low coal, trolley system (Two-wire line approximation)*
b=1m; a= 0.05m Zo = 442.4 ohms
R <20 m; T = -53dB
R > 200 m; T = -55dB

3. High coal, trolley system (Two-wire line approximation)*
b 2 my a= 0.05m Z0 = 525.3 ohms
R < 20 m; T = -48dB
R > 200 m; T = -50dB

I A

Table 4-3 lists the values of electrical field strength in the plane of
the loop at 2 m from a loop antenna in air as a function of frequency.
It also indicates the reduction in field strength at increasing distances.
Using these field strengths and the values of T given above, the values
of current induced in the conductors and the matched loads have been
calculated and tabulated in Table 4-4.

b. Magnetic Field Method

The value of these induced currents can also be estimated by an
equivalent simpler method based on the voltage induced in the pair by
the loop magnetic flux cutting the pair. In the above coplanar case,
the 6-component of the loop field, He, would be used, and the induced
voltage estimated by using the approximation of an equivalent constant

flux density distribution B =uoHe(R) linking an area enclosed by the

]
separation b of the cable pair over a length L along-the pair. Here, L
is equal to 2R, instead of R, where R is the shortest distance from the
center of the loop to the midpoint between the cable conductors as before,

and HS(R) is the value of loop magnetic field at this midpoint.

* 1In practice, the trolley line characteristic impedance is closer to
200 ohms, because of the large effective diameters of the trolley
wire/feed conductors and the rail return conductors.
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TABLE 4-3
VALUES OF E@ IN THE PLANE
OF A LOOP AT A DISTANCE R AWAY IN AIR

(Source Strength M = 1 amp-meterz)

Frequency 3kHz 100kHz 1MHz
R(m)
2 480uV/m 15,800uV/m  158,000puV/m
20 -40d8™ ~40dB” -39dB”
200 -80dB -79dB -67dB
500 -96dB -93dB -76dB

Source: Arthur D. Little, Inc.

*dB reduction with increasing distance relative to 2 meter values
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TABLE 4-4

CURRENTS IN p AMPERES TNDUCED IN CONDUCTORS

(a) Frequency =
b (m)
R(m)
2
20
200
500

(b) Frequency =
b (m)
R(m)
2
20
200
500

(c) Frequency =
b (m)
R (m)
2
20
200
500

Source:

FOR THE SITUATION OF FIGURE 4-la

3kHz
0.04

0.06
6.6 x 10
6.6 x 10
9.6 x 10

4
6
7

100kHz
0.04

2.2
2.2 x 10~

2.4 x 10
*

2
A

Arthur D. Little, Inc.

(IN AIR)

1.0 x 1072
1.0 x 10~
1.6 x 10~

34.8
0.35
4.0 x 10~

1.7
1.9 x 10"
1.9 x 10°
2.6 x 10

62
0.62
7.0 x 10~

632

Entries in the Table are currents in pA for a source strength

of M = 1 amp-meter2 and matched terminations Z

* Dash indicates that inductive field approximations do not
apply at these ranges for the indicated frequencies.
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In the inductive field region of interest, examination of the

reciprocal problem of coupling from a long two-wire line to a small

V1oopllline
identical for both the coplanar-la and coaxial (aligned) - 1b config-

loop reveals that the mutual coupling impedance Zm = , 1is
urations. Therefore, for the aligned case (1b) one can simply use the
coplanar values computed above, or utilize a value of L equal to R, (as
used in Smith's approximate E-field method) in order to compensate for
the factor of two introduced by the Hr field that now links the cable,
and which is twice the strength of the H% loop field in the inductive
field region. The approximate flux linkage method of computation is
illustrated below for this coaxial (aligned) case 1lb in which the
r-component, Hr’ of the loop field is the appropriate one to use.

(This result has been verified by evaluating the appropriate integrals.)
2. Case 1b - Aligned Geometry, Magnetic Field Method

To estimate the voltage induced in the twin lead cable conductors
in the aligned case 1lb, the Hr field strength will be assumed constant
over a line length L = R, and zero elsewhere on the line, for computing
the effective flux linking the cable as noted above. Therefore the
required Hr field strength is that produced by the loop at a distance
R, which again is the shortest distance from the center of the loop to

the midpoint between the cable conductors. The effective area being

linked by the flux is given by Lb = Rb. The relevant expressions are:

H_ (6 =0) M2 (cos BR + BR sin BR)* + (BR cos R — sin BR)? (17)
f 47 R®

where the symbols have their usual meaning. Now the flux is given by:

¢ = Ba >~ yo H (Rb) (18)
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and by Lenz's law, the induced series voltage is given by:

Vo (R)H, - (19)

Substituting the expression for H,r and simplifying, leads to the

expression:

f Mb
v'—v—”°—£2—\ /[1+ 8 R?] - (20)

If 2R << A, then

y = HofMb (21)
R2

The corresponding expressions for the coplanar case - la, which

utilize the loop H% field component at 6= /2 are:

V =~ wpo (2Rb) Hy (22)
and
Mo f MD
V ~ OR2 \/1_B2R2+64R4 (23)

which reduces to Equation (21) when 27mR<<A, as it should.
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Table 4-5 presents the results of these calculations for M = 1 ampere-
meter2 and the parameters listed. The corresponding currents induced

in the load at each end of the matched cable is then given by:

\Y%
22,

I . (24)

The equivalent transmission line excitation and terminations are shown
in Figure 4-5, As discussed above, the induced voltage is identical for
both the aligned and coplanar (shown) geometries, The above technique

can also be applied to the cases of arbitrary loads Z, and Z, terminating

1 2
the transmission line.
* -/
——— — — Z
Z0 k; ? Z0 o
\ll A4
T zZ=wW ” R
0

Loop Transmitter

Source: Arthur D. Little, Inc.

FIGURE 4-5  EQUIVALENT TRANSMISSION LINE CIRCUIT FOR INDUCED
VOLTAGE AND CURRENT (Case of Zq = 25 = Zp)

3. Unfavorable Geometries

Because the plane of the cable conductors is rotated through 90°
between the situations of Figures 4-la and 1lc and Figures 4-1b and 1d,
the flux linkage in situations approximating those of Figures 4-1lc and 1d
is substantially reduced below those of the two cases considered above,
causing a corresponding major reduction in the magnitude of the induced
signals, Alternatively stated, in Figure 4-lc, the values of E, at

¢

the two conductors are equal because they are the same distance from
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(a)

(b)

Frequency =

b (m)
R(m)
2
20
200
500

Frequency =

b (m)
R(m)

Frequency =

b (m)
R(m)

VOLTAGES INDUCED IN CABLE CONDUCTORS
IN THE SITUATION OF FIGURE 4-1b

3kHz
0.04

37.6uvV
0.38pv
3.8nV
0.6nV

100kHz
0.04

1.3mV
12.6uV

TABLE 4-5

(IN AIR)

940uv
9.6uv
96nvV
15nV

1.9mV
19,2uv
192nV
30nv

Source:

Arthur D. Little, Inc.

Voltage values are for a source strength of M =1 amp—meter2 and

matched terminations Z1 =

=2

0

* Values of voltage above the dashed lines can be compared with the
corresponding current values in Table 4~4 by dividing the above

voltages by 2Z
coarser estima

Qes
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for the transition and radiative field regions.
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the loop, while in Figure 4-1d the E-field at the conductor is effec-
tively zero. In both cases no lines of magnetic flux link the con-
ductors. .

Similarly, the signals induced by the loop antenna in arrange-
ments approximating Figures 4-le and 4-1f are also significantly less
than those of cases la and 1lb because the net flux linkages are zero
as shown, and still insignificant for small deviations from the align-
ments shown. '

E. COUPLING TO TWISTED-PAIR CABLE

We have not performed similar calculations for the twisted-pair
cases because the paper "Predicting the Magnetic Fields from a Twisted-
Pair Cable" by J. R. Moser and R. F. Spencer, IEEE Trans. EMC, EMC-10,
324-329 (1968) states that the field from a twisted pair is reduced by
50dB from the field from a twin-lead at a distance d = 1.5p from the
cable, where p is the pitch of the twisted pair, assuming both wires
are carrying the same current. Assuming reciprocity, this implies a
reduction of at least 50dB in the inward coupling parameter for all
twisted-pairs with p <1 m, which is still a conservative relatively

large (or loose) pitch in practice.

F. LOOP-TO-LOOP COUPLING VIA THE LINE

By the principle of reciprocity it is possible to use the loop~to-
line coupling equations to compute the coupling between a transmit and
a receive loop via the line. The equations developed above in D2 for
the induced voltage in the line using the magnetic flux linkage approach
are particularly convenient in this regard, although the equations using
the E-field approach to compute the induced line current can also be
utilized by first dividing by ZZO to get the voltage.

Proceeding with the induced voltage approach in D2 we have, by
reciprocity,

B voc-line _ VOC'IOOP
2y = = (25)
Iloop Tiine
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where Zm is the mutual coupling impedance, and V is given by

oc=line
Equations (20), (21) or (23), with M in these equations given by
M = NAljgqp (26)
Therefore,
Vot
v oc-line 27)

oc-loop = Zmljine = loop line

so line-to-loop coupling for a given value of I can be computed by

substituting (20), (21) or (23) and (26) with NilzeNrAr into (27),
where the subscript r denotes receive loop; and loop-to-loop coupling
via the line can be computed by further substituting (24) for Iline
and (26) with NA = NtAt into (27), where the subscript t denotes
transmit loop.

When the ranges from the loops to the line are much smaller than
the wavelengths, a commonly encountered practical case in coal mines,

Equation (21) can be used for V Then for line-to-loop coupling

oc-line.

(27) becomes
Voo, _ HIONA, , (28)
oc-loop ine
Rf

and for loop-to-loop coupling (27) becomes

(I.lfb)2 N[A[NtAt (29)

voe—loop—r = loop-t

2 p2
2Z RLRY

Equations (28) and (29) are the formulas which apply for a matched
lossless transmission line. For a lossy matched line, (28) and (29)

ol . . . .
where o is the line attenuation in nepers

would be multiplied by e
per meter, & in (28) is the distance in meters along the line from the
signal generator to the loop, and 2 in (29) is the length of line in
meters separating the transmit and receive loops. Equations (28) and
(29) can be used to calculate numerical results for the coupling
factors between line and loop and loop-to-loop via the line, and the
absolute signal voltage levels induced in the receive loop, for typical

guided wireless configurations in mine haulageways.
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G. SIGNAL-TO-NOISE RATIO ESTIMATES

Estimates of output signal-to-noise ratios can be obtained by
comparing the signal levels given by (28) and (29) with the corresponding
output noise voltagés induced in the receive loop by the ambient H-field
noise, or by comparing the measured H-field noise levels in the air with
the calculated H-field signal levels in the air given by equations (28)
and (29) divided by 2nfuNrAr. Namely, for line-to-loop communicationmns,

the received H-field signal level is

- bljine

H,
2nR§

(30)

and for loop-to-loop communications, the received H-field signal level is

M sz NtAt
=— loop-t (31)

4nZ,RZR?

Equations (28) and (30) are convenient to use in cases where the
line is direct-driven by a signal source, as in the case of a trolley
wire carrier system; whereas (29) and (31) apply to cases where a matched
dedicated line or trolley wire is inductively driven by a loop-fed signal
source.

Figures 4-6 and 4-7 compare received H-field mine noise levels and
calculated signal levels for a loop-to-loop via the line communications
link., The curves are plotted versus frequency. A narrow-band FM radio
communication system having an IF bandwidth B = 12 kHz, receiver noise
NtAt2=
1m",

similar to a system presently being considered for wireless mine communi-

figure F = 6 dB, transmit air-core loop magnetic moment Mt =1

et

2 , .
1 amp-m~, and receive air-core loop effective turns area NrAr

cation applications by Collins Radio Group on Bureau of Mines Contract
HO346047. The rms noise levels chosen to characterize the mine electro-
magnetic noise environment were derived from the sample of magnetic
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field, time—-averaged, rms noise levels measured (with 1 kHz bandwidth
instrumentation) at spot frequencies in the frequency range of interest
in three coal mines by Bensema, Kanda, and Adams of the National Bureau
of Standards. The measurement conditions and locations for these noise
levels are the same as those described in the comprehensive legends of
Figures 2-8 and 2-9. Also shown is a curve representing equivalent
field strength for the intrinsic receiver noise.

In Figures 4-6 and 4-7, signal levels are shown for two transmitter
and receiver configurations of interest relative to the location of a
matched trolley wire/rail or dedicated wire/rail transmission line in a
high-coal haulageway tunnel. The transmission line conductor separation,
b, is 2 meters and the line characteristic impedance,Z, , is 300 ohms.
The first configuration is for the case when both transmit and receive
units are located at different stations along the haulageway, but at
the same distance of 2 meters from the transmission line and with the
planes of both loops parallel to the plane of the transmission line.
The second is for the case when only one unit is located 2 meters from
the transmission line and the second unit is located 20 meters away from
the line, perhaps in an adjacent entry. These signal curves apply
strictly for an air medium, which the 2 meter case in a mine tunnel
closely approximates. However, only minor downward corrections are
necessary (and only at the highest, most favorable coupling frequencies)
to apply the 20 meter results to the case of a homogeneous, moderately
conducting medium ( o= 10-2 Mho/m). This can be seen by comparing the
"30 meter" in-air and conducting medium curves in Figures 2-8 and 2-9.

Figures 4-6 and 4-7 show that the mine noise levels generally
diminish with increasing frequency (approximately as 1/f), and that
mine generated noise greatly exceeds receiver noise under most mine
operational conditions in haulageways and near section mining machinery
and power conversion equipment. These figures also show that signals
which have been coupled onto and off transmission lines, such as trolley
wire/rails, are high when the portable wireless transmit/receive units
are close to these lines (the Rr = R, =2 meter case); and that the
signal field strength at the receiver increases proportional to frequency
if the signal attenuation caused by resistive losses along the cable is

neglected.
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A reasonable radio circuit grade of performance for a wireless mine
communication system is the Circuit Merit Figure #3 classification
(occasional message repetitions required). This is the minimum figure
normally considere& for commercial radio service. It requires that the
average rms carrier-to-noise ratio at the receiver be at least 10 dB
or better for the mine noise conditions prevailing during the communica-
tion intervals. Comparing signal and noise levels according this

criterion, we find that loop-to-loop communications via the line can be

established over significantly longer ranges than those obtainable in

the absence of the line (Chapter II)

Figures 4-6 and 4-7 also suggest that, the higher the frequency
above about 100 kHz, the better performance will be. However, in practice,
the attenuation suffered by the signal while travelling along the trans-
mission line (due mainly to resistive losses in the tunnel walls) also
increases with frequency. This attenuation loss will cause the plotted
signal curves to eventually droop downwards as the frequency is increased,
with the number of dB to be subtracted from the signal curves depending
on the length of transmission line between the two portable units. Theo-
retical analyses conducted by J. Wait* of NOAA indicate that the attenua-
tion rate along unloaded trolley wire/rail transmission lines in mine
tunnels can vary from about 1 dB/km at 100 kHz to about 10 dB/km at
1 MHz. Wait#** has also shown that similar behavior, but at slightly

higher attenuation rates, can be expected with single power cables

* J.R. Wait and D.A. Hill, "Radio Frequency Transmission Via a Trolley
Wire in a Tunnel with a Rail Return", to be published in the March, .
1977 issue of IEEE Transactions on Antennas and Propagation

D.A. Hill and J.R. Wait, "Analysis of Radio Frequency Transmission
Along a Trolley Wire in a Mine Tunnel", IEEE Transactions on Electro-
magnetic Compatibility, November, 1976.

**J.R. Wait and D.A. Hill, "Low-Frequency Radio Transmission in a

Circular Tunnel Containing a Wire Conductor Near the Wall",
Electronics Letters, 24 June 1976, Vol. 12, No. 13, pp. 346-347.
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and phone lines hanging from the roof of a mine tunnel (in this case the
return current path is in the surrounding rock), The method of images
can also be a useful tool for gaining understanding of signal behavior
for such configurations, Taking these attenuation rates into consid-
eration for a 1 km length of transmission line, the signal level curves
can be expected to start decreasing above about 500 kHz, thereby defining
a somewhat broad optimum operating region beween approximately 200 kHz
and 1 MHz. Recent tests conducted by Dushac* with Plessey Telecommunica-
tions SSB portable radios operating at 425 kHz along trolley haulage-
ways in several coal mines have shown that loop-to-loop via the line
communication ranges in excess of 1/2 to 1 km are attainable with prac-
tically-sized portable units, and that such units are well suited for

use in haulage loop-around operations for communication between the
locomotive operator and the snapper who couples and uncouples coal cars,

When one of the portables is located in an adjacent entry (the
Rr = 2m, Rt = 20 m case) signal levels will be substantially reduced
(by about 40 dB). However, one can also expect lower noise levels (by
about 20 dB), thereby effectively decreasing the noise curves relative
to the Rr = 2m, Rt = 20 m signal curves by about 20 dB in the figures.
Thus, marginal but adequate radio communication may still be possible
at frequencies between about 300 kHz and 1 MHz when one of the units is
located in an adjacent entry.

Other analyses, by Arthur D. Little, Inc.,** also indicate that
attenuation losses on trolley wire/rail transmission lines can increase
by an order of magnitude 1if the line is heavily shunt loaded, as is the
case for many trolley wire/rail lines. In such cases, loop-to-loop-
via-the-line system longitudinal range will most likely be limited by

the distance between discrete shunt loads such as power rectifiers,

#Dushac, H.M., ""Two-Way Wireless Voice Communication System for Under
ground Coal Mines', Internal Report, Lee Engineering Division,
Consolidation Coal Company, February, 1976.

**Arthur D. Little, Inc., "Improvements for Mine Carrier Phone Systems,"
Report on Task II, Task Order No. 2, Contract No. HO346045, May 1977.
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In conclusion, to better characterize the behavior and determine
the limits and the practicality of both loop-to-loop via-the-line and
totally wireless loop-to-loop communications in mines, a measurement
program has been defined and is being conducted in several coal mines
for the Bureau of Mines, PMSRC, by a measurement and analysis team
consisting of Spectra Associates/Collins Radio Group on Contract
HO366028 and Arthur D. Little, Inc., on Contract HO0346045, Task Order
No. 4.
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V. HYBRID NOISE CANCELLING DIVERSITY RECEIVING TECHNIQUE
A, SUMMARY

A hybrid noise cancelling diversity receiving technique has been
examined that would try to capitalize on the high levels of both electric
and magnetic field noise components present in many parts of a mine at
the frequencies of interest below 1 MHz, Namely, if the instantaneous
correlation is high enough between the noise E and H field components,
it should be possible to improve the output signal-to-noise performance
of a mine wireless system by cancelling a major portion of the H-field
noise picked up in a loop antenna by properly combining it (manually or
automatically) with the E-field noise picked up by a dipole or whip an-
tenna that would be insensitive to both the H~field signals generated by
the wireless transmitter and the ambient H-field noise. This selectivity
between signal and noise would come about from the fact that the loop
signal transmitters generate very little E field and are coupled to the
receiver primarily through magnetic induction. Calculations to date in-
dicate that potential signal-to-noise improvements between 10-15 dB may
be possible when the E and H noise components are 80% to 90% correlated,
a condition which may prevail in the vicinity of severe noise sources,
Such a S/N increase could then result in extending the range of a wire-
less communications system or reducing the power to attain a given range.
The next step required in the pursuit of this approach is a set of basic
field measurements to determine whether the degree of correlation between
the E and H noise field components is high enough to warrant a more rig-

orous analysis and further development effort.
B. INTRODUCTION

The review and analysis work treated in the previous chapters lead
to the following comments and observations. No matter what equipment is
used for mine wireless electromagnetic communications below about 1 MHz,

. one encounters three difficulties in underground mines.

The first is that at the low and medium frequencies desired, the
attenuation and field fall off in a homogeneous conductor-free region

are very high because of the surrounding medium losses and the fact that
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near zone conditions prevail for the transmitter and receiver. To date,
because of power limitations in portable equipment, it has been difficult
to provide communications for distances up to a few thousand feet even in
ideal ground. Depending upon the investigator, the model he establishes
and the assumptions made about system parameters, the signal strength has

_l/ze_&r and rm3e-mr over the

been calculated to vary somewhere between r
ranges of interest., This is a formidable barrier to overcome no matter
what the specific details of the system are., Even the favorable results
obtained from mine wireless propagation tests in Consolidation Coal's
Ireland mine indicate that the desired portable unit wireless range of
1350 feet may only be attainable under the most favorable conditions of
noise and medium conductivity., These results and a propagation model to
fit them are presented in the Task F final report of this Contract* and

have been summarized in Chapter II of the present report.

The second difficulty is that in addition to the weak signal one
expects to receive at extreme range, there can be an extremely high back-
ground of electrémagnetic noise coming in with the signal due to a variety
of causes. This noise is generated by DC traction machines, AC to DC con-
verters, a variety of tools, mining equipment, pumps, compressors, etc.,
all of which are working in an active mine., Measurement of the noise power
at various frequencies indicate that it is of significant level up to well
above most of the frequencies one would like to use to establish a miner-

to-miner voice-modulated EM communication system in the VLF to MF bands.

The third difficulty is that in an operating mine both signals and
noise will be carried to most places where miners are located, as a result
of the random excitation of trolley wires, pipes, tracks, telephone pairs,

and the like,

Because of this chaotic physical enviromment, the receiving antenna
of a wireless induction system receives a number of E and H components
and reacts to a complicated vector summation of these., These components
are derived from a number of sources, active and parasitic, and have a
number of different properties. A few of these components may be listed:

o From nearby trolley wires there is an induction H field

due to DC and AC power transients as well as trolley

*Arthur D, Little, Inc., Task F--Final Report--'"Propagation of Radio Waves
in Coal Mines," Chapter IV, U,S. Bureau of Mines Contract HO0346045,

Task Order No. 1, October 1975,
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phone currents around 100 kHz and its harmonics.
° From distant sources there may be plane waves of natu-
ral and man-made interference in which E and H are
related by a characteristic impedance.
° From a nearby wireless transmitter there may be induc-
tion field components of correlated E and H arriving
from an arbitrary direction with an arbitrary
polarization,
° From trolley wires there may be strong E fields due
to arcs and switching transients not necessarily
associated with any H field.
] There can be induced voltages and currents from any
of these primary sources inductively coupled to wires,
cables and piping which will result in secondary cou-
pling and a repeat and complication of all the factors
we have just cited.
Measurements made by the National Bureau of Standards* in several coal
mines substantiate these generalities both with respect to noise power

level and its variation with time and location.

Finally, we observe that none of these conditions or any others sim-
ilar to them are stable., Mining operations progress, wires are changed
and removed, power systems are altered, pipes, pumps and trailing cables
will be shifted. Last, but not least, the spatial relationship of the
transmitter and receiver for a miner-to-miner communication system can
vary according to the movement of the men and equipment as well as their

particular physical positions.

*Bensema, W.D., M. Kanda, and J.W, Adams (1974a), Electromagnetic Noise
in Robena No. 4 Coal Mine, Nat. Bur, Stand. (U.S.), Tech. Note 654,
194 pp., April 1974, SD Cat. No. C13.46:654, Sup. of Doc., U.S. Govern-
ment Printing Office, Washington, D.C. 20402 (U.S., Bureau of Mines Con-
tract HO133005).

Kanda, M,, J.W, Adams, and W.D. Bensema (1974c), Electromagnetic Noise
in McElroy Mine, Nat, Bur. Stand. (U.S.), NBSIR 74-389, 170 pp., June
1974, order under SD Cat. No. C1l3, Sup. of Doc., U.S. Government
Printing Office, Washington, D.,C. 20402 (U,S. Bureau of Mines Contract
HO133005).

Bensema, W.D,, M. Kanda, and J.,W. Adams (1974b), Electromagnetic Noise

in Itmann Mine, Nat, Bur. Stand., (U.S.), NBSIR 74~390, 112 pp., June 1974,
order under SD Cat, No. C13, Sup. of Doc., U.S. Government Printing
Office, Washington, D.C. 20402 (U.S. Bureau of Mines Contract H0133005).
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Up to now methods recommended for combatting mine electromagnetic
noise as it affects induction or wireless radio systems have mostly in-
volved: modulation techniques, signal bandwidth reduction, voice pro-
cessing or signal coding, optimizing carrier frequency selection, achieving
maximum power efficiency, These are what one might call "whole signal"
techniques and do not make use of the fact that before the total signal
is converted to a single current in a receiver, there are noise compo-
nents of that signal which may be separated from the information car-
rying portion. Specifically, by the use of separate antennas, sensitive
independently to E and H fields, perhaps separately spaced in special
configurations, and fed to phasing and balancing networks, a substantial
increase in signal-to-noise ratio may be achievable even before the whole

signal processing techniques are applied within the receiver,

The rest of this chapter is devoted to the description and analysis
of a signal reception technique that should be subjected to test and
assessment to determine whether it may be feasible to realize an overall
system performance improvement when in the presence of mine electromag-
netic noise., The technique involves making use of the possible correla-
tions which may exist between the electric and magnetic field vectors of
the mine electromagnetic noise. If these correlations can be demonstrated,
there is real possibility of constructing a receiver which, in its sim-
plest form, receives and combines outputs from two separate antennas;
one primarily sensitive to the E-field, and the other to the H-field as
shown in Figure 5-1. This receiver would combine the antenna outputs of
these separate sensors in such a way (vectorially and perhaps adaptively)
that the noise picked up by the E-~field antenna would be used to cancel
the correlated noise component of the total output received by the loop
or H-field antenna, thereby enhancing the signal-to-noise ratio of the
final output. This should be possible if the signal-to-noise ratio at
each antenna is different and the noise components are highly correlated.
Thus, by amplitude, phase, and possibly directional adjustments, it may
be possible to improve, before any further processing steps, the signal-
to-noise ratio at the receiver output terminals. This proposed technique,
is in its simplest form, a diversity reception scheme using E- and H-field
components which can be received separately and independently by selective

E~ and H-field sensorse.
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FIGURE 5-1 HYBRID NOISE CANCELLING DIVERSITY RECEIVING
TECHNIQUE (Simplified Basic Operation)

127
Arthur D Little Inc.



C. SIGNAL~TO~NOISE RATIO IMPROVEMENT ANALYSIS

1, Nomenclature

Suppose that an antenna which is only sensitive to the H field picks

H

cent E antenna picks up a signal §ﬁ combined with noise ﬁﬁ. (The bars

over the letters denote a vector quantity)., If the two noise voltages

up a signal voltage S, combined with noise ﬁﬁ and suppose that an adja~

are partly correlated with each other, we can let Eﬁ = the uncorrelated
part of the H noise and n, = the uncorrelated part of the E noise. Let
the parts which are correlated be NHC and NEC’ respectively, Since they
are correlated, it should be possible to cancel one with the other., One
way to achieve this is to pass the output of the E antennas through a
variable gain amplifier and a variable phase changer. This enables us
to manipulate the magnitude and phase of the voltage received from the
E-antenna prior to summation of the E and H inputs to the receiver as

depicted in Figure 5~1,

The presence of an §£ electric field signal is not necessary for
this technique to be applied. Only the presence of noise is required on
the E~field antenna, In fact, the following analysis implicitly assumes
that if an E-signal is present, a means must be provided to independently
sense and process the E-field noise without interference from the E~field
signal. Otherwise, whenever the signal-to-noise ratio on the E-antenna
was much greater than about 1, the noise canceller would try to cancel
the correlated E and H signal outputs, thereby driving the signal level
to a minimum instead of the noise. The remainder of this chapter is con-
cerned with the examination of the feasiability and potential utility of
such a noise cancelling technique from an analytic viewpoint, and not on
the conceiving of specific manual or automatic means of implementing it
in practical hardware., The analysis also assumes a substantial degree
of correlation between the magnetic and electric field noise components.

This must also be verified by measurements,

2. Signal-to-Noise Ratio

We can write the voltage at the E antenna as:
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After passing through the amplifier and phase changer this voltage becomes:

Vg = G(Sg + Ngc +Tip) @)
where:
G = golV 3)
g = the adjustable gain (or attenuation) of the amplifier
y = the adjustable phase angle of the phase changer,

The voltage from the H antenna can be written:
V= Byt Nyc + ) )

If we sum the two voltages (2) and (4) above by passing them through a

summing network we get the voltage:

Vg = Gy * GSp) + (Nyc * GNge) + @y + Gp). (5)
The correlated noise portion of ghe voltage is (ﬁﬁc + Eﬁéc). From Figure
5-2 it is seen that [N, + GN,,| can be written as
—_ R 2 2

where A = an arbitrary constant phase angle between the correlated

portions of the E and H noise vectors
and d=yY+A. (7

The convention lﬁﬁcl = N_. is used to denote vector magnitude. If we

HC
assume, as we are perfectly free to assume, that standard impedances
apply throughout, (6) represents the correlated noise power, PN. Now,

assuming it possible to adjust g so that

o= Nuc (8a)
N 3
EC
and adjust Yy so that
p=yYy+A=n, (8b)
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Source: Arthur D. Little, Inc.

FIGURE5—-2 CORRELATED NOISE VECTOR DIAGRAM
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expression (6) becomes zero. Namely, the correlated noise would be per-

fectly cancelled by making G such that

GN Ny . )

In practice, the presence of uncorrelated noise components would set a
lower limit to the degree of cancellation of even the correlated components.
The intent here is to assess whether the potential range improvement
obtainable under favorable cancelling situations warrants a more rigorous

experimental and analytical investigation.

When the correlated noise is cancelled as defined in (9), the sum-

med voltage (5) becomes:

where G now has the special value assigned by (8) and (9) above. Suppose
that, under these circumstances, the net phase angle remaining between §h

and Egﬁ is 8. Then as in (6) above we can write

r =T 2 2 2
Pg = ‘ SH+GSE' = 53+ (gSp)” + 2g8Syyeos0 (11)

Thi?_i? the signal power at the output of the summing network. Since Eﬁ

and GnE are uncorrelated, the noise portion of the voltage (1) above has

a power Pn of

n=ng * (enp)” (12)

Therefore the signal-to-noise ratio Rz of (10) is given by

i (Sp)” + (8Sp)” + 2gSgSyycost 13

Ry
(ngp)? + (gng)’

If the H antenna is used alone, the signal-to-noise power ratio reduces
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to RH
S

-— (14)
(ng)” + (Nye)

Ry

Dividing (13) by (14) and substituting (8a) for the value of g, gives a
rational measure of the signal-to-noise ratio improvement obtained by this
noise cancelling technique. Calling this improvement ratio the Improve-
ment Factor, I, it can be shown that:

I = [1+(Rpe/Ryp)® +2 (Rup/R )coe][l_“_(li"f] (15)
EC/ "HC EC/FHC) €08 1+ (Bla)’

where:
REC = (SE/NEC), E signal to E correlated noise ratio
Ry = (S13/Nyy), H signal to H correlated noise ratio
He = (Sp/Nyc) Hsig (16, b, c, d)
a = (nH/NHC), H uncorrelated to correlated noise ratio

g = (nE/NEC), E uncorrelated to correlated noise ratio

3. Circle Diagram Interpretations

An insight into the behavior of the Improvement Factor I as a func-
tion of the relative signal and noise levels and the net phase angle 6
between the E and H signal outputs can be obtained by using a circle dia-
gram which occurs repeatedly in engineering. If we regard 6 as the angle
between a unit vector 1 and the vector Ekc = Eﬁclﬁﬁc, we draw the diagram
of Figure 5-3 in which the length of the vector. 0Q, is seen to be:

As © varies, the locus of the point Q is a circle of radius pp. = IREC/RHCI’
centered on (1,0). Figure 5-4 illustrates how (0Q)2 expressed in dB be-
haves as a function of 6 and the relative values of REC and RHC‘ Figure
5-4 shows that if the E-field signal-to-correlated noise ratio REC is
greater than twice the H-field signal-to-correlated noise ratio RHC’ the
Improvement Factor I will be increased by the presence of the E-signal
(assuming that the gain g is set independently of SE). However, if REC

is less than twice RHC’ the presence of S_ can cause a reduced value of I

E

over that attainable in the absence of SE; namely, whenever the resultant

phase angle 6 falls between 90° and 270°.
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Source: Arthur D. Little, Inc.

FIGURE 5—3  SIGNAL FACTOR CIRCLE DIAGRAM
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Now let another circle of radius PNn be drawn centered at the origin

1+(8/a) ] #
o= | ——— | - (18)
1 +(1/a)?
The Improvement Factor, I, now shows directly on the figure as the square

of the ratio of 0Q to OM.

2 — 2
1=(99) _ eere|” (19)
OM p&n

as in Figure 5-5,

Points P in Figure 5-5 have a special interest. As shown in Figure 5-6,
these points give the values 60 for which I is unity; i.e., no improvement.
If we consider 6 as an equally distributed random variable, then Figure

5-6 shows that the probability p that I > 1, is given by, p = leol/w. Fur-
ther examination of Figure 5-5 reveals that when an E-signal SE is not
present, Prc = 0 and 0Q reduces to unity, so that the Improvement Factor

depends only on the degree of noise correlation; namely

[ =L (20)

2
PNn
When the degree of correlation between the E and H components is

very small; i.e., when NH’ N_ - 0, the gain setting g defined by (8a) will

E
be indeterminate. In that case the required gain and phase adjustment

reduces mathematically to unity gain with zero phase shift. Thus (20)

' D N 1)
1+(HE/HH)2

which reveals a decrease in net signal-to-noise ratio compared to recep-

would reduce to

tion on only the loop antenna. Conversely, when the degree of correla-
tion between the E anf H field noise components is large; i.e., o, B small,
(20) becomes

Izﬂ_ ) (22)

1+ (B/a)
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Examination of (22) reveals the following. In the ideal case of
completely correlated noise, a, B = 0, the noise cancellation would be
perfect, giving infinite improvement. If the H-antenna output contains

only correlated noise, then a = 0, and (22) reduces to
= (1/8) (23)

which gives significant improvement whenever 8 is small, If the E-antenna

output contains only correlated noise, then B = 0 and (22) reduces to
= (1/o)* (24)

leading to significant improvement whenever o is small., Finally, if the
ratio of uncorrelated-to-correlated noise is non-zero but of similar value
for both E and H antenna outputs; i.e., o = nH/NH v nE/NE B, (22) reduces
approximately to

= (l/a) (25)

>

L
2

giving half the improvement of the B = 0 condition.

4, Expected Values

It should be emphasized that the circle diagrams of Figure 5-3 and
5-5 and the plot of Figure 5-4 have been included here to illustrate the
role played by the variable 6. Since we lack experimental data, we will
deal primarily with the expected value of 6. In view of the wide variety
of coupling structures and noise sources likely to be encountered in mines,
the only rational assumption we can make in regard to 6 1s that it is an
equally distributed random variable. Consequently, the expected value of
cos 8 in (15) is 0, the expected value of 8 can be taken as w/2, and the

expected value of I is given by

_ 2 [ 1+ (1/w)?
<I> = [1+(Rge/Rye) ] | 2 ) (26)
FCHC |:1 + (ﬁ/a)z]
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This is the statistical measure of performance averaged over all situa-

tions encountered. Expressing (26) in dB we get

<I> (dB) = 10log . <I>

or (273., b)

<I>(dB) =10 log [1 + (Rgc/Rye)®] + 10 1og [1 +(1/@)®] - 101og [1 + (B/)*]

Figure 5-7 presents plots of the "average'" improvement factor <I> in dB,
as a function of the H-field correlated-to-uncorrelated noise factor, 1l/a,
for two representative values of the relative correlation ratio B/a, and
five values of the ratio of signal-to-noise ratios on the E and H antennas.
The figure illustrates that, in the absence of an E-field signal when the
E and H field noises enjoy the same degree of correlation (B8/a = 1), sig-
nificant improvement occurs as the correlated-to-uncorrelated noise ratio
1/a increases; i.e., <I> = 17 dB for o = 0.1, 1/0 = 10. Only a marginal
3 dB additional improvement is obtained if the E-field noise is much more
correlated than the H-field noise (B/a = 0.1). It is also seen that the
presence of an E-field signal (if it is not allowed to interfere with

the noise cancelling process) may also on the average result in a net

improvement, depending on the value of the relative signal-to-noise ratio

factor (REC/RHC).

The plots of <I> in Figure 5-7 assume an average value of m/2 for 6,
If 6 has some other value, the expression for <I> given by equations (27)
would need a correction term of Q dB added to it, where Q is given by
1 +(Rgc/Rye)? + 2(Rpe/Ry ) cosb

Q=101logyo » , (28)
1+ (Rge/Rye)

to represent the improvement I in dB for a specific angle 6. Figure 5-8

plots Q against 6 for various values of REC/RHC' This figure gives the
number of dB which must be added to the values of Figure 5-7 to find I

for a particular value of 6, and illustrates that the presence of an E-
field signal can be deterimental when the resultant phase angle 6 obtained

from the noise cancelling procedure falls between 90° and 270°.
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FIGURE5-7 EXPECTED VALUE OF THE IMPROVEMENT FACTOR < I >
IN dB VERSUS 1/a AND (Rgc/RHyc) FOR TWO VALUES OF f/o
(0.1, 1.0) AND <6> =7/2
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5. Boundary Plots and Performance

Another instructive way to plot the dependence of <I> on the degree of
noise correlation and the signal-to-correlated noise ratios at the E and H
antennas is in the form of boundary plots. Namely, choose desired Improve-
ment Factor values <I> and plot the parameter values need to achieve these
Improvement Factors. As an example, Figure 5-9 presents the combination of
values of (REC/RHC) and 1/0 to achieve four different degrees of S/N improve-
ment <I> under noise conditions where B/o = 1. Note the key role played by
1/a, which is a measure of the degree of noise correlation. In the absence
of an E-signal, if 1/o is larger than about 6 or 7, improvements in excess of
12 dB can be achieved; improvements that could mean the difference between
marginal or no communications and satisfactory communication in a high ambi-
ent electrical noise environment. To substantially reduce this requirement
on the value of 1/a, (REC/RHC) must exceed unity, a condition that presently
appears improbable for inductively coupled wireless communication systems
in a mine environment. The above analysis indicates that the degree of
noise correlation in mine enviromments is of critical importance, and there-

fore needs to be established for the frequency band of interest.

For the sake of simplicity in the above analysis, we have used a simple
phase shifter and variable gain stage to illustrate the noise cancellation
process. The noise measurements should examine not only the variables of
gain and phase to accomplish cancellation, but also the spacing and rela-
tive orientation between antennas, since it is anticipated that these geo-
metrical factors may also play an important role in achieving discrimination

against the adverse effects of mine noise.

It is not yet clear exactly how such an adaptive noise cancelling
process to maximize output signal-to-noise ratio will be implemented.
Completely automatic methods to quite rudimentary manual methods that can
be switched in and out at will, can be conceived. If the method is simple
but incapable of distinguishing between signals and noise, the presence of
an appreciable E-signal will clearly be a liability. However, when a
strong E-signal is present, adequate system performance should be obtainable

simply by switching the canceller out of the receive circuits, and choosing
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the channel with the best perceived signal-~to-noise ratio. An automatic
system capable of distinguishing between signals and noise, and then
operating only on the noise, may prove to be too complex for the intended
portable application for use in mines unless the noise is found to exhibit

some highly favorable distinguishing features that can be easily utilized.

The conditions which appear most favorable for using a simple means
to achieve significant improvements through noise cancelling are those in
which both E and H field noise components are present and highly corre-
lated with each other, and in which the E-field signal-to-correlated noise
is negligible compared to the H-field signal-to-correlated noise ratio.
Without measurements of the degree of correlation between the E and H
field components of mine electromagnetic noise, further analysis is prob-
ably a waste of time. The next section outlines a modest series of field
measurements for quickly estimating the degree of correlation between

in-mine E- and H-field noise.
D. RECOMMENDED FIELD MEASUREMENTS

To see if some form of noise cancelling diversity reception involving
instantaneous correlation between E and H fields as well as direction of
arrival is possible, we recommend that a modest number of basic measure-
ments be made in an environment which simulates to a first order the
type of industrial RFI environment which one encounters in operating
mines. The first and simplest is to obtain a measure of the normalized

cross—correlation between the E and H vectors of the noise field,

If this correlation is found to be high, then in a magnetic induc-
tion wireless link, we can hope to cancel the H-noise picked up on a
loop antenna by using the E-noise picked up on a dipole or whip antenna
which would be insensitive to the H-field generated by the signal trans-
mitting device, This selectivity comes about from the fact that the
transmitter will utilize a loop antenna which generates very little E
field, and which is "connected" to the receiver through magnetic induction.
A further extension of the use of separate E and H sensitive antennas
is the testing of the potential benefits of'signal and noise differentia-

tion based on sensitivity to antenna orientation.
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To assess the feasibility of the above discussed noise cancelling

technique we recommend the following set of field measurements:

From existing laboratory components and equipment,
assemble an experimental test receiving system
operating in the 15 to 300 kHz range which will
simultaneously display on an oscilloscope face a
measure of the instantaneous cross-correlation

of the normalized voltages received by independent
E-field and H-field sensitive antennas. This por-
table equipment should be checked and calibrated
in the laboratory and simple procedures for opera-
tion and adjustment established.

Make arrangements to allow access to a non-mine
industrial site which uses heavy electrical equip-
ment, in order to measure the E- and H-fields pro-
duced by traction motors, welders, etc. A trolley
car barn or subway switch yard typifies such an
environment and should provide an adequate repre-
sentation of a mine environment. If desired, these
measurements could be followed by in-mine measure-
ments to confirm the findings for the above indus-
trial site,

Take the measurements at the site with different
equipment sensitivities and antenna orientations
in various locations to determine some empirical
rules as to the degree and constancy of the corre-
lation between E- and H-field noise components in
real time,

If a strong correlation effect is discovered, per-
form additional measurements with the same test
equipment and a signal source to demonstrate that
a signal-to-noise improvement is possible., This
critical experiment should involve the temporary

establishment at some distance from the measuring
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equipment of a simple CW transmitting loop to provide
the test signal.

] Upon the completion of these tests, prepare a test
report describing the results of this work. including
a series of conclusions and recommendations relating

to the next steps to be taken.

The purpose of this modest program is to perform in the simplest
and most rapid manner a series of basic measurements to explain the
physics of the situation. If these tests and measurements prove success-—
ful, a follow-on effort aimed at prototype equipment design and develop-

ment can be pursued.
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