
COLLINS 

report 
Collins Radio Company 

Volume 3 Theorert'cal Data ,Base 

Research and Development Contract 
for Coal Mine Communication System 



523-0765829-00 7 2 1 M 
15 November 1974 

report 

Volume 3 Theoretical Data Base 

Research and Development Contract 

for Coal Mine  Communicat ion System 

Prepared for Department o f  lnter~or. 
Bureau of Mlnes, Wash~ngton. D C 

- -- - - 

USBM Contrac~ No H0?32056 

Collir~s Radio Comnpa17y 1 Cedar Rapids, lo wa 



Table of Contents 

Page 

Section 1 Theoretical Approach to VLF Through- 
.................................... the-Earth Propagat ion 

Section 2 Signal-to-Noise Analysis for Loop -to-Loop 
Mine Com:munications .................................... 

2.1 Abstract .............................................................. 
2.2 Introduction .......................................................... 
2.3 Loop-to-Loop Plower Transfer  Within a 

Homogeneous Medium ............................................ 
2.4 Loop-to-Loop Pa ower Transfer  on o r  Within 

................................................ a Lossy Half-Space 
2.4.1 System Signal ..t o-Noise Analysis ........................... 
2.5 Computer Signal.-to-Noise Analysis for 

......................... Loop -to-Loop Mine Communications 
2.5.1 Relation of Loop Design to System 

Performance . ., .................................................... 
2.5.2 System Noise Representation ................................ 
2.5.3 Signal and Noise Processing ................................. 
2.5.4 Results of Siginal-to-Noise Ratio Analysis ............... 
2.6 Predictions for  Theoretical S / N ~  ............................. 
Section 3 The Horizontal Electric Dipole ........................ 
3.1 The Field Equations for  a Submerged 

Horizontal Electric Dipole ...................................... 
3.2 The Submerged Vertical Magnetic Dipole ................... 
3.3 The Submerged HED and VMD ................................. 
3.4 The Field Components of a Submerged 

............................................... Infinite Line Source 
3.4.1 Results of the Submerged Infinite 

Line Source Analysis ........................................... 
Section 4 Signal-to-Noise Analysis for Down-Link 

Line Source Mine Communications ................... 
4.1 The Subsurface H-Fields for a Line 

Current Source ...................................................... 
4.1.1 Signal-to-Noise Ratios ......................................... 
4.2 Computational Results ............................................ 
4.3 Theoretical Predictions fo r  S / N ~  ............................. 



Table of Contents (Cont) 

Page 

......................................... Section 5 LF Communication 5-1 

................ 5.1 On Intramine Wireless LF Communications 5-1 
.................. 5.1.1 Comparison of Experiment With Theory 5-2 

5.1.2 System Design of Basic Intramine Paths .................. 5-9 
5.1.3 Conclusions andRecommendations ......................... 5-16 

Section 6 The Application of Recent NBS Noise 
.......................... Data to Mine Communications 6-1 

........................ . ..................... 6 1 Method of Analysis .... 6-1 
......................................................... 6.2 Robena Mine 6-1 

6.3 McElroyMine ....................................................... 6-8 ........................................................... 6 . 4 Itman Mine 6-19 
6.5 Geneva Mine ......................................................... 6-26 

.............................................................. 6.6 Summary 6-30 .................. 6.7 Results of Propagation Program Analysis 6-32 

Section 7 Analysis of Mine Communications 
.................................... Propagation Programs 7-1 

7.1 User1 s Guide for the Mine Communication1 s 
............................................ Propagation Programs 
............................................. 7.2 Program Number One 

7.3 Program Number Two ............................................ 
7.4 Program Number Three .......................................... 
7.5 Theoretical Predictions for In-Mine .......................................................... Propagation 
7.5.1 LF Propagation (Theoretical - Fixed 

.................................................. Station - NG 14) 
7.5.2 LF Propagation (Theoretical - Portable . ............................................................... NG 14) 

..................... 7.5.3 LF Propagation (Theoretical . NG 14) .............................................................. 7.6 Summary 



List of Illustrations 

Figure Page 

Transmitting VMD ............................................... 
................................ Transmitting Loop at Surface 

Equivalent Background Noise Fields ....................... 
Receive Signal-to-Noise Ratios a s  a Function of 

........... Lateral Displacement and Frequency (100 m) 
Receive Signal-to-Noise Ratios a s  a Function of 
Lateral Displacement and Frequency (3 00 m) ........... 
Receive Signal-to-Noise Ratios a s  a Function of 

........... Lateral Displacement and Frequency (500 m) 
Receive Signal -to-Noise Ratios a s  a Function of 

........... Lateral Displacement and Frequency ( 100 m) 
Receive Signal-to-Noise Ratios a s  a Function of 
Lateral Displacement and Frequency (300 m) ........... 
Receive Signal-to-Noise Ratios a s  a Function of 
Lateral Displacement and Frequency (500 m) ........... 
Submerged Horizontal Electric Dipole ..................... 

.............................. Submerged Infinite Line Source 
Submerged Infinite Line Source .............................. 
Submerged Line Source ........................................ 
Line Current Source ............................................ 
Receive Signal-to-Noise Ratios a s  a Function of 
Lateral Displacement and Frequency (3 00 m) ........... 
Receive Signal -to-Noise Ratios a s  a Function of 
Lateral Displacement and Frequency (500 m) VMD. ... 
Receive Signal-to-Noise Ratios a s  a Function of 
Lateral Displacement and Frequency (500 m) HMD. ... 
Receive Signal-to-Noise Ratios a s  a Function of 
Lateral Displacement and Frequency (300 m) HMD. ... 
Receive Signal-to-Noise Ratios a s  a Function 
of Lateral Displacement and Frequency 
(300 m) Loop ...................................................... 
Receive Signal -to-Noise Ratios a s  a Function 
of Lateral Displacement and Frequency 
(500 m) Loop ...................................................... 
Comparison of Theoretical and Measured 
Transmission Losses Between Line 

........................................ Sources - ~ $ 1 4  = "/2.. 
Comparison of Theoretical and Measured 
Transmission Losses Between Line 
Sources - E P/($  = 0 ............................................. 
Comparison of Theoretical and Measured 
Transmission Losses Between Line 
Sources - H+, += 0 ............................................. 



List of Illustrations (Cont) 

Figure Page 

Comparison of Theoretical and Measured 
Transmission Losses Between Line 
Sources . Hp 4 = 90 ............................................. 
Comparison of Theoretical and Measured 
Transmission Losses Between Line 
Sources . Hz 4 = 90 ............................................. 
Portable VMD to Line Source ................................. 
Portable VMD to VMD .......................................... 
Line Source to Line Source (Broadside) ................... 
VMD to VMD ....................................................... 
Line Source to ~MD/Displacernent . 100 Meters ....... 
Line Source to ~MD/Displacement . 200 Meters ....... 
Robena Bensema Noise Spectrum Data/ 
Trolley and Face Area Noise Levels ....................... 
Robena Bensema Noise Spectrum Data/ 
Noise Components Crosscuts 7 and 9 ....................... 
Robena Kandu APD-Data Spectrum (RMS) ................. 
Robena HN(H) Extremes (RMS) Subsurface ............... 
Robena HN(V) Extremes ........................................ 
McElroy Spectrum Data /~er t i ca l  Noise Fields. 
Face Area. and Location No . 2 ............................... 
McElroy Spectrum Data /~er t i ca l  Noise Fields. 
Headpiece. Crosscut. and Shaft ............................... 
McElroy Spectrum Data/ApD (RMS) ........................ 
McElroy Spectrum Data/Additional 
Vertical Field Data .............................................. 
McElroy Spectrum Data/various 
Locations and Components ..................................... 
McElroy Spectrum Data/Additional High Vertical 
Noise Fields. Crosscuts and Face Areas .................. 
McElroy Surface Spectrum Data ............................. 
McElroy Spectrum Data ........................................ 
McElroy Spectrum D a t a / ~ N  Extremes ..................... 
McElroy Surface Spectrum Data/summary ............... 
Itman Spectrum Data/Noise Levels - 
Portal Buses and Cabin Creek ................................ 
Itman Spectrum Data Farley ~anel /Noise  . 
16 Ft From Miner ................................................ 
Itman Spectrum Data Farley Panel/Noise . 

............................... 16 Ft From Miner . Continued 
.................. Itman Spectrum Data/30 Ft From Miner 

..................................... Itman Spectrum Data/APD 
.............................. Itman Spectrum Da ta /~x t r emes  

Geneva Spectrum D ~ ~ ~ / H N ( H )  East.West .................. 



List of Illustrations (Cont) 

Figure Page 

Geneva Spectrum D ~ ~ ~ / H N ( H )  North.South ................ 
Geneva spectrum D ~ ~ ~ / H N ( v )  ................................. 
Geneva Spec t ru rn /~a t  a Extremes ............................ 
All ~ i n e d ~ x t r e m e s  ............................................. 
Vector Relationships of Electric and Magnetic 
Field Components for  Printouts on Pages 6-34 
Through 6-83 ...................................................... 
Loop-to-Loop :Lateral Transmission for  
Varying Displacements ......................................... 
Line Source to Loop Lateral Transmission 
for  Varying Di:;placements .................................... 
Loop-to-Loop S/N Ratio for Various 

- ............................. Displacements Noise Grade 14 
Loop-to-Loop S/N Ratio for  Various 
Displacements . Noise Grade 2 .............................. 
Loop-to-Loop :Lateral Transmission for  
Varying Displacements ......................................... 
Line Source-to-Loop S/N Ratio for  Various 
Displacements Down-Link ..................................... 
Line Source-to-Loop S/N Ratio for  Various 
Displacements Down-Link ..................................... 
Line Source-to-Loop S/NO Ratio for Various 
Displacements Down-Link ..................................... 
Down-Link Loop-to-Loop S/N Ratio for 
Various Displacements ......................................... 
Down-Link Loop-to-Loop S/N Ratio for 
Various Displacements . Continued ......................... 
Down-Link Loop-to-Loop S/N Ratio for 
Various Displacements . Continued ......................... 
Down-Link Loop-to-Loop S/N Ratio for 
Various Displacements . Continued ......................... 
Up-Link Loop-to-Loop S/N Ratio for 
Various Displacements ......................................... 
Up-Link Loop-to-Loop S/N Ratio for 
Various Displacements . Continued ......................... 
Up-Link Loop-to-Loop S/N Ratio for 
Various Displacements . Continued ......................... 
Up-Link Loop-to-Loop S/N Ratio for 
Various Displacements . Continued ......................... 
LF propagation (Theoretical . Fixed Station . 
NG 14) ................................................................ 
LF Propagation (Theoretical . Portable . 

................................................................ NG 14) 
..................... 7-19 LF Propagatioin (Theoretical - NG 14) 



Section 1 

Theoretical Approach to VT,F 
Through-the-Earth Propagation 

A knowledge of the mechanics of wave propagation through the earth i s  essential if reliable 
communication systems a r e  to be designed for  coal mine environments. To  obtain a reliable 
bas is  from which accurate propagation predictions could be drawn, a se r i e s  of theoretical 
studies have been prepared for  the US Bureau of Mines by Mr. Ramsay ~ e c k e r  of Spectra 
Associates, Inc. through a subcontract with Collins Radio Group. These reports  formulate 
the analytical techniques from which we may de:r ive frequencies and antenna configurations 
that yield the optimum signal-to-noise ratios over the greatest distances in mine environments. 

The repor ts  of sections 2 and 4 deal with analytical techniques for determining the signal-to- 
noise rat io within a mine environment for  loop-to-loop and line source-to-loop antenna con- 
figurations. The analytical resul ts  of these reports  were then implemented into computer 
programs to obtain predictions concerning through-the-earth signal propagation. These p re -  
liminary predictions a r e  based on noise data co:mpiled by Bensema, Maxwell and Stone, and 
WVU pr ior  to  the extensive research  conducted by the National Bureau of Standards (NBS). 
These initial measurements indicated a 20- to 30-dB lower noise level than that measured 
recently by NBS. The recent NBS data is  that u,sed by Collins in the final predictions. 

The following outline indicates the order  and sulbject matter  treated in the subsequent sections: 

Section 2 - Signal-to-Noise Analysis for  Loop-to-Loop Mine Communications 

Section 3 - The Horizontal Electric Dipole 

Section 4 - Signal-to-Noise Analysis for  Down-Link Line Source Mine Communications 

Section 5 - LF Communication 

Section 6 - The Application of Recent NBS Noise Data to Mine Communications 

Section 7 - Analysis of Mine Communication Propagation Programs 



Section 2 

Signal-to-Noise Analysis for  
Loop -to-Loop Mine Communications 

2.1 ABSTRACT 

A method i s  developed for  determining the signal-to-noise power density ratio for  a horizon- 
ta l  surface loop (vertical magnetic dipole) to an underground horizontal loop antenna system 
for  use in mine communications. The analysis accounts for the loop weight and diameter,  
depth, la teral  displacement, and external noise fields. The analytic resul ts  provide for a 
computer method of numerical computation which can incorporate available noise data and 
data which may be derived from noise measureinent programs in progress .  

2.2 INTRODUCTION 

Within the las t  few yea r s  there has  been a concentration of theoretical and experimental in- 
vestigations related to the delineation of teleconnmunications systems performance in mines. 
This has  been emphasized because of the Mine Safety Act of 1969 and the several recent occur- 
rences of mine disasters .  The net resul t  has  been to s t r e s s  the need for the requirements of 
an optimally integrated mine communications system, one in which both the operational and 
disaster  modes could be accommodated. 

A s  a f i r s t  step in understanding those modes which may be useful in such systems, we con- 
s ider  through-the-earth propagation paths. Lour frequency waves a r e  transmitted through 
overburdens ranging in thickness from 150 to 1,500 feet. Two common methods of coupling 
into the mediums a r e  employed; the loop o r  magnetic dipole and the line source, sometimes 
refer red  to a s  an earth probe (surface) or  roof lbolt (subsurface) antenna. This report  con- 
s iders  loop-to-loop paths, and in particular o n l j ~  horizontal loops, (vertical magnetic dipole). 
Such loops (parallel  vertical magnetic dipoles) exhibit maximum coupling when coplanar, 
while horizontal magnetic dipoles exhibit nulls and maxima a s  the antenna rotates, making it 
an unattractive coupling device for  mine communications. Horizontal magnetic dipoles (HMD)* 
however, may be used a s  a subsurface source element for  location determination since they 
produce a null in the vertical magnetic field connponent, and thus a VMD* used for  detection 
would yield a higher S/N rat io since the surface atmospheric noise usually has  a strong hori- 
zontal component; an additional argument in favor of the VMD. 

*Horizontal magnetic dipole, HMD; vertical magnetic dipole, VMD. 



2.3 LOOP-TO-LOOP POWER TRANSFER WITHIN A HOMOGENEOUS MEDIUM 

Layman* has recently published his  doctoral dissertation in which he i s  concerned exclusively 
with communications through the earth between VMD's. The expressions a r e  written for the 
magnetic field of a transmitting VMD (figure 2-I), located within a homogeneous medium of 
infinite extent (spherical coordinate system): 

in which I = current in loop - amperes 
A = loop area  - square meters 
6 = the skin depth - meters 

where 6 = - meters 

o = conductivity -mhos/meter 
p = permeabil i ty4 n x 10-7 henrys/meter 
f = frequency in Hz 

Figure 2-1. Transmitting VMD. 

* Layman, G. E., "Optimization of an EM through the Earth Communication Systemf1 W U  PhD 
Thesis, Morgantown, West Virginia. 



The vertical magnetic field at loop 2 i s  

Hz, = Hr cos 0 - Hg sin 0 

and the open circuit voltages at  the loop 2 terminals: 

V02 = 4 noN2A2H,zz x 10-7 volts (2-4) 

When the receive loop i s  matched to the real  part  of i t s  self-impedance, the available received 
power i s  

L; 

v02 
pr =-- watts 

while the input power to the transmit loop i s  

PT = I ~ ~ R ~  watts (2-6) 

so that 

R1  and R2 consist of the ohmic loss resistance plus the radiation resistance of the transmit 
and receive loops, respectively. The radiation resistance of an electrically small loop in 
f ree  space i s  

where k = 2 n  - 
X 

a = loop radius in meters  
n = number of turns 
X = wavelength in meters  

If the loop were to be completely immersed and surrounded by the lossy medium, a consider- 
able increase in the radiation resistance would olccur. This situation is ,  however, neither 
operationally desirable nor advantageous from a propagation standpoint. It i s  f a r  more real- 
istic to consider the loop within an a i r  filled cavity, in which case  the effect of the lossy 
medium may be calculated: 

where b i s  the cavity radius < < A. 

This equation shows simply that at typical cavity radii that loop wire losses greatly exceed 
the radiation resistance for frequencies below, say, 100 kHz. 



Thus, considering only loop wire losses  with coplanar loops, Q = "/2 radians 

H2z = -HQ 

then VO2 = -4 noN2A2H~ x 10-7 

s o  that 

Similarly for  Q = n , coaxial magnetic dipoles 

The low frequency loss  resistance of the loop can be estimated from R1  = 2nNaRw where Rw 
i s  the wire dc resistance ~ / m .  The ratio of received to transmit power now becomes: 

-- 
The t e r m s  which have a frequency dependence a r e  collected viz f2 [ ] e ', a differentiation 
with respect to f i s  performed, and an fopt determined fo r  the two cases:  

6 
f - - 2*03 lo , where r i s  in meters .  

o r  2 

These fOpt1s in turn yield a skin depth at the optimum frequency. The maximum power t rans-  
f e r  condltlons a r e  found when these a r e  substituted in equations (2-12) and (2-13). 



and 

showing that under the assumed conditions fopt i s  a function only of conductivity and loop 
separation and that a t  fopt the power loss  i s  prolportional to separation to  the tenth power. 

2.4 LOOP-TO-LOOP POWER TRANSFER ON OR WITHIN A LOSSY HALF-SPACE 

m i l e  the above analysis has  shown some interesting resul ts ,  the presence of the air-earth 
interface poses the problem which i s  considerably more realistic,  that is ,  loop-to-loop com- 
munication on o r  within a lossy half space. Layman proceeds to formulate the classic  bound- 
ary.value problem (flat ear th)  with the magnetic Hertz vector,  and a solution given in t e r m s  
of a pr imary  field and a secondary field resulting from the effect of the boundary. The 
secondary field was presented in t e r m s  of some rather  cumbersome integral and numerical 
integrations which were performed. Calculations were made for  various depths, loop separa-  
tions, conductivities, for  loops on the surface to1 subsurface loops and between subsurface 
loops. The upshot of these calculations showed the dominance of the primary field at  the 
lower frequencies (corresponding to the infinite homogeneous medium) with respect to the 
secondary field. As a resul t ,  Layman was able to  show that the maximum power t ransfer  
condition derived on the basis  of an infinite homogeneous medium was also essentially valid 
for  the lossy half space. The secondary field generally increased the power t ransfer  at  higher 
frequencies and thus i s  in essential agreement with Wait's* resul ts ,  although a direct com- 
parison i s  difficult since Layman failed to show losses  between VMD loop on surface to sub- 
surface VMD loop directly beneath. 

The important observations from this analysis a r e  a s  follows: 

a. The t ransmission path between two loops w:ithin a mine separated by a distance much 
grea ter  than the depth i s  pr imari ly through the upper half space at high frequencies. 

b. Placing the transmitting loop at  the surface rather  than within the mine resul ts  in only a 
small  loss  in received power if the range (13) i s  a t  least  four t imes the depth (h). (See 
figure 2-2,) 

Figure 2-2. Transmitting 1,cdp at Surface. 

*Wait, J. R., "Location of a Buried Source by the EM Induction ~ e c h n i ~ u e : ,  IEEE Transactions 
of Geoscience Electronics, April 197 1. 



While the analysis has  produced some meaningful resul ts ,  and particularly in view of the 
second observation above, we a r e  led to  conclude that Wait's*,** recent analyses relative to 
VMD loops on o r  within a lossy half space a r e  most applicable to the solution of mine S/N 
calculations. In an elegant fashion Wait proceeds to  show that when the boundary value prob- 
lem i s  properly formulated and the solution reduced to integrals that can be handled easily 
numerically that a lower l o s s  i s  encountered through the medium than would be calculated by 
equation (2-1) o r  (2-2). 

Now we consider a buried VMD with a receive loop on the surface. The vertical component of 
the magnetic field at the surface i s  

where h = depth of t ransmit  loop, km 
I = current  in t ransmit  loop in amperes  
N = number of tu rns  in t ransmit  loop 

and 

D = normalized la teral  displacement of receive loop, ~ / h  
om = ear th  conductivity in millimho/meter 

P r 
Proceeding a s  before we find for  -, 

Pt 

NOW, of all  the ways in  which one can descr ibe the practical limitations on loop s ize,  weight 
and diameter have the most significance. Therefore,  equation (2-19) will be rewritten in 
these  te rms .  F i r s t ,  we substitute for  the ohmic wire losses  (dc) 

R1 = 2nN a R approximately (2-20) 1 l w  

now 

*Wait, J. R ., "Location of a Buried Source by the  EM Induction Technique1', IEEE Transac-  
t ions of Geoscience Electronics, April 197 1. 
**Wait, J. R., vSubsurface EM Fields  of a Circular-Loop of Current Located Above Ground", 
IEEE Transactions on Antennas and Propagation, July 1972. 



and 

o w  = wire conductivity, mhos/meter 

Aw = wire area square meters 

square meters  Aw =- 2 naNP 

w = weight in kg 

P = wire density kg/,3 

combining the above relations we have 

now 

with al,  a2 in meters  W in kg, h in km, equation (2-22) becomes 

R1 and R2 have been taken simply a s  the dc resistance of loop. Because of skin effect the 
effective ac resistance will be somewhat higher. From Terman* for  typical multilayer a i r  
core loops, 

- -- 1 2 d 0 2 x  4 

Rdc 
- + 7 ( 5 . 2 m )  (r) - 64 for x 7  2.5 

where x = ,1078 d fi 
d = wire diameter in cm 

m = number of layers 

dg = effective wire spacing factor 
C 

diameter of wire (cm) where effective wire spacing factor = 
center-center spacing between turns on same layer 

P r P r Equation (2-23) will reduce -for both loops, hence - should be divided by - 
Pt Pt  

C E::)2 for 

identical loops. 

*Terman, F. E., Radio Engineers Handbook, MclGraw Hill, 1943, p 81. 



2.4.1 System Signal-to-Noise Analysis 

The equivalent noise figure of a receiving system i s  

where Fx = the external noise figure 

F r  = the receive-noise figure 

')A = the efficiency of the receive antenna 

multiplying equation (2-24) by k T o  

where K = Boltzmann's constant 
T O  = temperature in degree Kelvin 

The f i r s t  t e r m  on the right i s  the available received noise power, hence we write 

where Rr  i s  the radiation resistance of a loss less  antenna and RL is the loss  resistance. Now 
for  systems analysis, it is  reasonable to  require the external noise contribution to be say 10 
t imes  that due to receiver noise and antenna inefficiency, hence we write 

2 -7 
substituting voc = 8 n fN2A210 HN 

where HN i s  the external noise field in a m p e r e s / m / d E  

since RL = 2 nN2a2RW 

and 



Solving for  a2, the minimal radius of the receive loop i s  

1.26 x 
a2 > f H ~  /+ meters  

The Q1 of the t ransmit ter  o r  receive loop can be estimated from the approximate inductance 

2 L 2.92aN log10(96.5a) x Henrys 

Using the above relations for  weight and wire losses  we find 

Now on the assumption that equation (2-27) holds, the system noise p o w e r / ~ z  bandwidth i s  

Combining this with equation (2-22) we have finailly for the received S/N power density ratio 

The equivalent background noise fields a r e  shown in figure 2-3 for various noise conditions. 
These have been derived from Bensema*, WVU*:*, and Maxwell and Stone***. In the next para-  
graph, we shall describe a computer method for the S/N analysis which will incorporate the 
noise data of figure 2-3. 

2.5 COMPUTER SIGNAL-TO-NOISE ANALYSIS FOR LOOP-TO-LOOP MINE 
COMMUNICATIONS 

Based on the methods described in the preceding; paragraphs, a computer method was written 
and calculations performed over the parametric ranges of interest. 

*Bensema, W. D., l7Coal Mine ELF EM Noise Measurements," NBS Report 10739. 

**Mine Communication and Monitoring Second Quarterly and Intermediate Annual Technical 
Progress  Report (5 September 1971 to 4 December 1971) Department of Electrical Engineering, 
WVU, Morgantown, West Virginia. 

***Maxwell and Stone, PGTAP, May 1963, page 339. 
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2.5.1 Relation of Loop Design to System Performance 

From equations (2-28) and (2-29), we note that the gain-bandwidth product of a loop-to-loop 
communications system i s  proportional to 

at frequencies generally in the audio range. From this, we see that the diameter of the trans-  
mit loop i s  f a r  more important for  information transfer  than loop weight. When transmit loop 
diameter i s  maintained at a practical maximum and weight held at a minimum, then not only 
i s  the gain-bandwidth product improved, but it blecomes more feasible to match the receive 
loop Q to the transmit loop Q so a s  to approach the minimum required radius of the receive 
loop. In other words, the minimum radius of the receive loop i s  not practically realizable for  
matched loop Q ' s  unless the radius to weight ratio of the transmit loop i s  quite high, which 
increases the system gain-bandwidth product in the process. This requires a solution to the 
following equation: 

The number of turns in a loop i s  

where W = loop copper weight in kg 
a = loop radius - meters  

Ac = loop wire area  in circular-mils 

Thus, an optimal transmit loop i s  one of large diameter with a minimal number of turns. 

The minimum number of turns for  a fixed receive loop radius i s  

1'1 min f 2 ~ N 2 ~ c  x 4a2 3 



2.5.2 System Noise Representation 

A s  shown in figure 2-3, equivalent background noise fields were derived from the data of 
Bensema, WVU and Maxwell and Stone. For  the down-link path three noise grades were 
established a s  follows: 

Noise Grade 1: Bensema figure 30, severe trolley noise. For  frequencies above 3 kHz, 
this  was merged into WVU's maximal noise data. 

Noise Grade 2: Bensema figure 27, no trolley noise. For  frequencies above 3 kHz, this 
was given a frequency decrement derived from typical WVU data. 

Noise Grade 3: Bensema figure 37, 100 feet from borehole. For  frequencies above 3 
kHz, this was merged into WVU minimal noise. 

For  the up-link path, two noise grades were established a s  follows: 

Noise Grade 1: Maxwell and Stone "quasiw maximum surface noise. For frequencies 
below 1 kHz this was merged into Bensema's figure 25. 

Noise Grade 2: Maxwell and Stone median surface noise. For frequencies below 1 kHz 
this  was merged into Bensema's figure 39. 

2.5.3 Signal and Noise Processing 

Low data ra te  transmission, which can be accommodated in the system bandwidth, offers no 
difficulty insofar a s  signal attenuation calculations at a specific c a r r i e r  frequency i s  con- 
cerned. For  broadband, for example, direct up o r  down-link voice transmission, however, 
the r m s  signal power must be calculated over the bandwidth of interest, that is,  

The r m s  noise power i s  handled in exactly the same way. 

If the noise i s  primarily broadband impulsive, then the integral in equation (2-34) becomes 
simply a summation of the harmonic noise components. Because the effect of the overburden 
i s  to integrate the transmitted signal, it i s  self-suggestive that for broadband application the 
signal be differentiated before transmission and signal and/or noise differentiated upon r e -  
ception. A.  D. Little in their working memorandum no. 5 has considered this and has come to 
the conclusion that there i s  little to be gained by differentiation except for mine depths of 
approximately 400 feet o r  less .  For  the shallower depths, a 6-dB improvement in received 
S/N ratid can be realized for the same transmit ter  output power. 

*These noise grades were based on the noise data available at the time the analysis was done. 
They were ultimately replaced by new data. (See section 6 fo r  more recent data.) 



Reference should also be made to A. D. Little working memorandum no. 8 in which a hybrid 
harmonic commutator type fil ter i s  described. The author indicates a practical method of 
rejecting the impulsive harmonic content of the external noise fields. 

2.5.4 Results of Signal-to-Noise Ratio Analysis 

The techniques of the preceding sections have been incorporated in a computer method for the 
calculation of expected received signal-to-noise ratios.  Fo r  the examples selected 0 = . O 1  
mho/m, a value which according to G. Keller i s  a good value to assume for  coal mines l e s s  
than 1,000 feet in depth. Fo r  the up-link we have assumed the following: 

a 1  = 0.6 m ( transmit  loop radius) 

Pt = 10 watts 

Noise grade 2 

For  the down-link we have the following parameters:  

a l  = 10 m 

Pt = 10,000 watts 

Noise grade 3 

The received signal-to-noise ratios were calculated fo r  depths of 100, 300, and 500 me te r s  
and lateral  displacements of 0, 100, 200, 300, 400, and 500 meters .  The resul ts  a r e  shown in 
figures 2-4 through 2-9 of this section. We note at  the shallower depths the optimal frequency 
i s  extremely broad, for  example, where the depth equals the displacement. In fact a secondary 
maxima occurs  at about 20 kHz. This  i s  in essential agreement with Layman. With increasing 
depths the peak i s  nore pronounced and occurs  essentially at  2 kHz. It appears that for an 
up-link with a portable t ransmit  loop and a reasonable t ransmit ter  power, a 20 dB S / N ~  i s  
practical on the surface for the 90 percentile mine depth of 300 meters .  At the 500-meter 
depth with a maximum S / N ~  of 0 dB, obviously only extremely low data ra tes  could be em- 
ployed. The down-link curves indicate that a t  least  a 40-dB increase in system gain can be 
achieved with respect to  the up-link case. See page 2-14 for the correction factor for other 
t ransmit  loop weights and diameters.  

2.6 PREDICTIONS FOR THEORETICA 1, s/NO 

From the foregoing development of theoretical signal-to-noise analysis for  the loop-to-loop 
configuration, we may state the following: 

a. VMD (verticle magnetic dipole) arrangement yields a higher S / N ~  ratio than does HMD 
(horizontal magnetic dipole). 

b. The transmission path between two loops within a mine separated by a distance much 
grea ter  than the depth i s  pr imari ly through the upper half space a t  high frequencies. 

c. Placing the transmitting loop at the surface: rather  than within the mine resul ts  in only a 
small loss  in received power if the separation i s  at least four t imes the depth. 



d. Diameter of the transmit loop i s  f a r  more important for information transfer than loop 
weight. By maintaining transmit loop diameter at  a practical maximum and weight at a 
minimum, improved gain bandwidth can be obtained and it becomes more feasible to 
match the receive loop Q to transmit loop Q. 

e. Optimal frequency range i s  extremely broad at shallower depths, but becomes more 
pronounced with increased depth. 

f .  Correction factor for loop-to-loop transmission i s  a s  follows: 

10 log (-$) + 20 log( + 10 log (6) 
where W = weight of transmitting loop 

WO = weight of reference loop 

a = radius of transmitting loop 

a. = radius of reference loop 

P = power into transmitting loop 

P o  = power into reference loop 
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Section 3 

The Horizontal Electric Dipole 

We shall now develop the signal-to-noise power density ratio for  a horizontal electric dipole 
a s  we did for  the loop source in section 2. A method described by Sommerfeld in 1909 forms 
the bas is  for  determining the field components due to an elementary vertical o r  horizontal 
dipole located near the interface of a conducting half space. The hertz vector in this  problem 
i s  comprised of the pr imary  potential of the source plus the secondary potential due to the 
interface. 

3.1 THE FIELD EQUATIONS FOR A SUBMERGED HORIZONTAL ELECTRIC DIPOLE 

Assume a plane interface between a i r  and earth, with the horizontal hertz dipole source 
located on the z-axis in the conducting half space at  a depth of +h and aligned with the x-axis 
(figure 3-1). A cylindrical coordinate system i s  employed, with the z-axis vertical with p 
measured radially along the surface, and with th~e angle 9 measured from the x-axis. A time 
factor eiwt i s  assumed. 

Figure 3 -1. Submerged Horizontal Electric Dipole. 

The hertz  potential underground for  this  case  has  two components that follou~ directly from 
Sommerfeld: 



where 2 
Y1 = j ~ ~ a ( o ~  + j c l a )  

2 
Yo = jp0o(j coo )  

Equations (3-1) and (3-2) represent a solution of the wave equation that satisfies the boundary 
conditions requiring the tangential components of E and H to be continuous ac ross  the bound- 
a ry ,  between media. 

The electric and magnetic fields may be obtained from 

and 

1CI 2 
E = grad div I1 - Y1 I1 

H = -  cur l  I1 
jop 

CCI - 
from equations (3-3) and (3-4), we obtain the tangential and vertical components of E and H: 



Thus we see  that for  E p 

where 

(pr imary  field) 

where 

-ul(z+h) 

I1x(s) = - h d h  
U 
1 

(secondary potential due to interface) 

The pr imary  field E ~ ( P )  follows easily from equation (3-12). 

(p) = -1d1 cos  +e-" 
2 

E~ 3 ( ~ 7  r 11 + y r  + y 2 r 2  -(E) r [3 + 3Yr+ Yzr2]] (3-14) 
4 n ( o +  iro)p 

where p = r (point P at same depth a s  HED) 

E P  
(p) = +1d1 cos  q)e -Yp [ ~ p +  11 

2n(or+  i c ~ ) ~  3 

Utilizing the recurrence relations fo r  the derivatives of the Bessel functions: 

and 

The secondary field (including that due to IIZ) i s  therefore: 



Similarly for E+: 

E$,(s) = 
477( o+ ico) h d h  - 

We a r e  interested primari ly in 
, and E+ , and H+ , and 

Hz , and Hq, 

E ~ P  (P) = -1.l 477 sin + e-" p 2  ($) [ Y r  + 1 ] [ - -  r 



(s) = -Id1 sin 
Ad X 

-1d1 sin %rn -- ' ~ ( X P )  U1-U~ -U +z+h) 2 

2 2 e X dX 
2 n Yo N u + u  

1 0 1  

(p) - Id1 sin$ 
Hz - 477P 2 (+y e-yr [Y r + 11 

(s) = Id1 sin$ U1-Uo hZdX e - 
4n u 

1 

Thus we see  that broadside to the dipole ($ = n/2), we have Hp and Hz field components, 
whereas at  4 = 0, H+ i s  the only magnetic field component. The pr imary  field contributions 
to  Hp and H+ vanish however a t  p = r (receiving point at same depth a s  the dipole). 

3.2 THE SUBMERGED VERTICAL MAGNETIC :DIPOLE 

For  completeness in intramine communications we shall indicate the expressions for  the 
submerged VMD. The VMD on the surface has  been treated exhaustively by Wait 1, 2; how- 
ever ,  computational procedures a r e  needed fo r  the submerged VMD which will adequately 
account for  the interfaces. The hertz  potential i s  

and 

by some simple algebra we find 

1. Character is t ics  of Antennas Over Lossy Earth, J. R. Wait. Chapter 23 of "Antenna 
Theory," Edited by Collin and Zucker. 

2. On Radio Propagation Through the Earth, J. R. Wait. IEEE Transactions on Antennas and 
Propagation, volume AP-19, no. 6, November 1971, pp 796-798. 



and 

3.3 THE SUBMERGED HED AND VMD* 

From the foregoing development we may write the expressions for the primary fields at  a 
point P (p,+,z) for a submerged HED. 

F o r  the VMD our  prime concern i s  Hz 

HZ 
(P) = .-yr er [ 

p3 
-1 - Y r ( l  + Y r )  + [ I  -41 r I] (3-34) 

r 

where 
A = I (dl) B = -  I(dl) c - IAN 

4 n ( a +  ico) 4rr 4 rr 

*(a) The Field Equations for  a Submerged Horizontal Electric Dipole, 4 January 1973, R. P. 
Decker, Spectra Associates, Inc. 

(b) The Submerged HED and VMD-11, 8 January 1973, R .  P. Decker, Spectra Associates, Inc. 



F o r  the computation of the secondary f ie lds  we define the following integrals: 

The field equations therefore  become 

E = ~ p ( ~ )  + A cos$(I1-12) + 2A c o s  6 
v 2  (I3 -I4) 

2 Eq, = E+(') - y1 A sin$15 + A sin$12 + 2A 



Now we introduce the transformations used by Wait 

R (x)  = 
uo - 

U1 + KUO 

The transformed integrals become 

00 
3 

I = J0(x)R (x)  exp( -UD) Ux dx 
3 p5 0 



As pointed out by Wait, these integrals must be integrated cautiously because of the various 
branch points and poles. Following the same approach we define the limits of each subinter- 
val used for  integration. 

The resu l t s  of this analysis will be described in paragraph 3.4. F o r  the line source, we shall 
use a contact resistance of 100 ohms. For  the VMD, the current moment will be computed 
f rom 

where W = weight of loop in kg 
P t  = transmitted power in watts 

a = loop radius in me te r s  

3.4 THE FIELD COMPONENTS OF A SUBMERGED INFINITE LINE SOlrRCE 

In this note we assume a wire of infinite length located in the xz-plane at  a depth, h, and 
carrying a current  of uniform amplitude and phase, reiot. Such an antenna radiates a cylin- 
drical wave, in contrast to the spherical wave radiated from a hertz dipole (figure 3-2). We 
a r e  concerned f i r s t  with an expression for the pr imary  hertz  potential, that i s ,  that under 
ground. 

Figure 3 -2. Submerged Infinite Line Source. 



The hertz  potential due to the elementary current  moment I(dx) i s  

where R = d m  and r = d m  
and R i s  the distance between the current  element and point P (in y-z plane), and r =dy2 + (y-h) 2 

i s  the radial distance of P from the wire. 

This  potential has  only an x-component. The total potential at P i s  

dR =- R dR since R 

we have 
I e 

I1 = 2 n ( o +  i to)  dR rn 
Let R = rp ,  where p i s  a new variable of integration and r i s  a fixed radial distance. Then 

since 

equation (3 -63) becomes 

Here, H ~ ( ~ )  i s  the second kind of Hankel function of zero order.  I t s  asymptotic form at  large 
distances i s  

This  i s  clearly an outgoing cylindrical wave. 



By the use of the Sommerfeld integral representation for the Hankel function 

The Weyl transformation 

and the boundary conditions 

We finally arr ive at the hertz potential below ginound 

where ul and uo are  defined on page 3-2. 

Note that the upper sign applies when z > h and the lower sign when 0 I z <_ h. 

Now since 

We have finally 



3.4.1 Results of the Submerged Infinite Line Source Analysis 

F rom paragraph 3.4, the field components can be restated as: 

These can be suitably transformed by 

so  that uO = [X2 - (%I2] l/j/ 

When z F h these integrals offer no particular difficulty in integration. With z = h, there are:  

-jUowl [ ~ ~ o s ( A y ) d X  + E x  = 
U 

e 
2 n 1 

The f i r s t  integrals in Ex and Hz cannot be evaluated a s  they stand. However, they a r e  related 
to the modified Bessel functions: 

Considerable effort has  been made to evaluate KO and K1, without resorting to special numer- 
ical techniques. Further  work must be done, however, for  adequate accuracy. The field 
components that a r e  valid have been computed, viz those on the surface and Hy at z = h. 



The results  have been prepared in t e r m s  of S / N ~  a s  a function of frequency for  a transmitter 
depth of 300 meters ,  0 = 0.01 mhos/m and P t  = 100 W*. Figure 3 -3 depicts S/NO at  the sur-  
face, whereas figure 3-4 shows S/NO at 300 meters  and a displacement of 200 meters  taken 
from elementary dipole computations. 

These generally show an optimum up-link frequency of about 10 kHz, and an optimum intra- 
mine frequency for a displacement of 200 meters  of 25 to 50 kHz. 

Figure 3 -3. Submerged Infinite Line Source. 

*With preliminary noise grades. 
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Figure 3-4. Submerged Line Source. 



Section 4 

Signal-to-Noise Analysis for  Down-Link 
Line Source Mine Communications 

This section i s  par t  of a continuing se r i e s  of notes regarding analytical techniques for  calcu- 
lating signal-to-noise rat ios in a mining environment. These propagation modes consist of 
low-frequency waves transmitted through the earth or  within the mine itself. 

Some of the antenna configurations that may be used for  coupling energy into the medium and 
detection a r e  loop-to-loop, line source-to-loop, line source-to-line source, etc. Except for 
intramine loop communication, the loop-to-loop case was handled previously. This note con- 
s iders  a line current source on the surface for down-link communications. 

4.1 THE SUBSURFACE H-FIELDS FOR A LINE CURRENT SOURCE 

Consider a line current source (figure 4-1) in which there a r e  no variations in the z direction. 

I v 

Figure 4-1. Line Current Source. 

Then from Wait* the H-field components below the surface at  (x,y) a r e  

*J. R. Wait and K. P. Spies, "Subsurface EM Fields of a Line Source On A Conducting Half 
Space," Radio Science 6, 8-9, 1971 page 781. 



where 

and 

The electr ic  field i s  

where 

4.1.1 Signal-to-Noise Ratios 

Now in the case  of surface line sources,  the current  produced by a given input power i s  de- 
pendent to a large extent on the contact resis tance that can  be obtained near  the ear th  probes. 
According to Dr. Geyer l lporous pots1' may be used to reduce this  resis tance to  a s  low a s  10 
ohms. Typical values for  the input resis tance to a line source will then range from 109 to  
2009. 

As  before, the rat io  of received to t ransmit  power i s  

for  a loop receive antenna 

so  that 

2 2 2 2  
P r  4 0  N2 A2 B (H, X) x 10-l4 

- -- 

Pt R 1 ~ 2 h 2  

the noise power received p e r  Hz bandwidth i s  



therefore 2 
P,B (H, X) 

S/No = l2 - (h in meters )  

Hn R~ 

Line source on surface to VMD subsurface 

and 

line source on surface to HMD subsurface. 

Likewise for the E field at a submerged line source 

where L2 i s  the length of the receive line source. 

Since 

2 2  2 -14 
16n f F (H, X)P, x 10 

where En is  the electric noise field in v / ~ / H z .  

The above relations for  S/NO all  assume the loolp o r  line source i s  adequately dimensionetl 
so that the external noise pickup exceeds receiver  noise. 

4.2 COMPUTATIONAL RESULTS 

Equations (4-8) and (4-9) were employed in a colmputer method for the calculation of S/NO fo r  
depths of 300 m and 500 m a s  a function of frequency for various displacements (figure 4-2). 
Since Wait's A, B, and F functions a r e  s imilar  to h i s  P and Q functions, the modification to 
the computer program was straightforward. All of these various S/NO calculations can now 
be made with the basic computer program by selection of the desired option. 

The resul ts  a r e  shown in figures 4-3 through 4-7 (with preliminary noise grades).  A contact 
resistance of 100Q has  been assumed fo r  the line source. The VMD,  of course, will produce 
a null directly below the line source, thus there would be a preference for the HhII>. At the 
500-meter displacement, however, there  i s  little difference between the two. 

For  comparison purposes, figures 4-6 and 4-7 show a 100-meter radius loop, 200-kg weight 
driven by the same power a s  the line source. The subsurface S/NO i s  comparable to the line 
source case  considering the size of the transmit loop. 



The E-field signal-to-noise rat ios  were not presented because of the inadequacy of E-field 
subsurface noise data. A few sample calculations made with Dr. Geyer's* line source surface 
noise data indicate that with the same subsurface noise fields, the signal-to-noise a t  2 kHz 
would be comparable to the H-field cases.  

Future plans call for  the injection of new noise data in the computer program a s  it becomes 
available and the consideration of intramine paths. 

4.3 THEORETICAL PREDICTIONS FOR S / N ~  

As a result  of the theoretical analysis of this section, several predictions can be made. For  
a line source, typical values of input resis'.ance will range from 10 to 200 ohms. F o r  a loop 
receiving antenna, the HMD orientation i s  preferable to the VMD orientation at shallower 
depths due to the null created by the VMD in the horizontal plane. However, at  depths around 
500 meters ,  the two arrangements a r e  relatively equal. For  the line source t ransmit ter  con- 
figuration, the frequencies in the 1- to 2-kHz range appear to yield the optimum signal-to- 
noise ratios. 

*R. Geyer, G. Keller, M. Major. "Research on the Transmission of Acoustic and EM Signals 
Between Mine Workings and the Surface." Quarterly technical report. Colorado School of 
Mines, December 30, 1971. 





FREQUENCY 

Figure 4-3. Receive Signal-to-Noise Ratios a s  a Function of 
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F i g u r e  4-6. Receive Signal-to-Noise Ra t ios  a s  a Function of La te ra l  
Displacement  and Freq,uency. 
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Figure  4-7. Receive Signal-to-Noise Rat ios  a s  a Function of La te ra l  
Displacement and Frequency. 
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Figure 4-6. Receive Signal-to-Noise Ratios a s  a Function of Lateral  
Displacement and Frequency. 
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Figure  4-7. Receive Signal-to-Noise Rat ios  a s  a Function of La te ra l  
Displacement and Frequency. 



Section 5 

LF Communication 

Paragraph 5.1 provides an overview of the mechanics of wave propagation within a coal mine 
and a preliminary look at optimum intramine frequencies. The report  employs the techniques 
developed in the pr ior  reports  to analyze overall propagation fo r  loop-to-loop and line source- 
to-loop transmission for  both HED and VMD ori.entations. There a r e  10 basic input para-  
me te r s  for  computer programs. These a r e  a s  follows: 

a. Transmitted output power 
b. Weight of VMD in kg 
c.  Radius of VMD in me te r s  
d. Frequency in Hz 
e. Relative dielectric constant of overburden 
f. Conductivity of overburden in mhos/m 
g. Earth probe contact resistance of HED 
h. Depth of HED o r  VMD in meters  
i ,  *Noise grade 
j. Length of HED in me te r s  

Seven field components, five for  submerged HED and two for  VMD, a r e  calculated for  each 
receiving point. Comparison of theoretical and Collins measured values of transmission 
losses  between line sources and the magnetic field components produced by these line 
sources a r e  also included. While the agreement i s  fairly good, there a r e  certain discre-  
pancies. These can be explained at least partially by the following: 

a. Elementary dipoles employed in theory instead of extended sources 
b. The a r r ay  of roof bolts between transmit ter  and receiver  can and undoubtedly do distort  

the E and H fields 

5.1 ON INTRAMINE WIRELESS LF COMMUNICATIONS 

Collins has  recently completed a se r i e s  of brief but significant mine communications experi- 
ments.** In this section we wish to comment on their relevance to intramine communications 
and compare their  resul ts  with theory in the frequency range 1 kHz to 100 kHz. 

The theory presented in the previous sections ham been incorporated into a basic computer 
program which evaluates five field components for  the submerged HED: 

a ntl 
' ~14  = 0, and 4 = n/2 ,  Hplm.rI ? ,  

Fo r  the VIVID we compute EIz and E 

"Preliminary noise grades. 
**Coal Mine Communications Field Tes t  Report, Collins Radio Company, December 29, 1972. 



The basic input pa rame te r s  f o r  the computer program a r e  a s  follows: 

Transmit ted output power 
Weight of VMD in kg 
Radius of VMD in m e t e r s  
Length of HED in m e t e r s  
Frequency in Hz 
Relative dielectric constant of overburden 
Conductivity of overburden in mhos/m 
Earth probe contact res is tance of HED 
Depth of HED o r  VMD in m e t e r s  
Noise grade 

F o r  each set  of the above parameters ,  the seven field components a r e  computed for  receiving 
point depths of 0 to  350 m e t e r s  in 50-meter s teps  and for  receiving point displacements of 
100 to 1000 me te r s  in 100-meter steps.  The seven field components required the integration 
of 10 Sommerfeld type integrals,  which were effectively performed simultaneously. As indi- 
cated previously, due caution was employed in the determination of the var ious subinterval 
l imi t s  and experimentation performed near  the branch points and poles until confidence was 
obtained for  adequate engineering accuracy.* 

5.1.1 Comparison of Experiment With Theory 

In f igures  5-1 through 5-5 of this  section, we have shown a comparison of Collins measured 
values of t ransmission lo s se s  between line sources  and the magnetic field components pro- 
duced by these line sources  with their  corresponding theoretical values. Collins measured 
field components, which, for  an elementary dipole do not exist  viz  E + a t  C#J = 0, E p  at  + = rr, 
H 4  a t 4  = n ,  Hp at 4 = 0, and Hz at 4 = 0. F o r  a n  extended line source ,  particularly for 
the f i r s t  th ree  components, these  fields actually do exist ,  of course,  since the fields should be 
integrated over  the length of the conductor. 

Referr ing now to figure 5-1, we have shown E 4 a t 4  = n (line sources  broadside). Fo r  
th i s  and those through figure 5-5 we have selected Er  = 10, and o = 0.005 mhos/m. This 
value appeared to  offer the best fit in the loss  decrement  character is t ic  with frequency and 
distance and therefore is probably reasonably close to  the average overburden value. We 
note insofar a s  this field component i s  concerned, theory actually indicates a lower loss  than 
experiment below 50 kHz, but a higher value above 50 kHz. In figure 5-2, Ep at  4 = 0 (line 
sources  end f i r e )  we find the same effect, however, somewhat more  emphasized. Figure 5-3 
shows H+ at  4 = 0 now plotted in magnetic field strength dB  > l P ~ / m .  We find now that 
theory predicts a lower loss  (about 10 dB) than experiment indicates. Fo r  Hp at  $ = 90" 
(figure 5-4) and Hz a t  4 = 90" (figure 5-5) a good agreement with an  r m s  e r r o r  of 2 to  3 dB 
i s  observed. 

While the agreement i s  fairly good, the discrepancies can be explained partially at l eas t  by 
the following: 

a. Elementary dipoles employed in theory instead of extended sources.  
b. The a r r a y  of roof bolts between t ransmi t te r  and receiver  can and do undoubtedly distort  

the E and H fields. 

*R. P. Decker, "Signal-to-Noise Analysis for  Loop-to-Loop Mine Communications," Subject 
Data C-684420, 25 September 1972. 
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The extended line sources can be handled fairly easily a s  f a r  a s  their pr imary fields a r e  
concerned; however, the "bed of nails" in the overburden may be an intractable theoretical 
problem. 

As t ime permi ts  we will calculate the effect of an extended source on the received field 
strength and open circuit  voltage of a receiving line source and the vertical magnetic field 
component, with the receiver at  the same depth a s  the transmitter.  

F o r  Ep, $ = 0 

The open circuit  voltage on an identical receive line source is: 

F o r  E+"), + O  = n/2 

F o r  Hz('), $ = "/2 

A significant aspect of this data i s  that above 50 kHz, say 50 to 100 kHz, theory i s  consis- 
tently pessimistic for  both the E and H field components. Also, field components exist where 
none would under the half-space model and elementary dipole conditions. F rom the Collins 
measurements apparently these components a r e  seldom l e s s  than 15 dB below the main 
component. 



5.1.2 System Design of Basic Intramine Paths 

With the basic computational tools in hand, we now proceed to examine some basic intramine 
path configurations. Consider f irs t  a personal portable transmitting loop with a receiving 
line source within a mine working section. For this we have taken 0 = 0.01 mhos/m, depth 
222 meters, a displacement of 100 meters  (half the length of a working section) a power of 1 
watt into a 6-inch-diameter loop with a weight of 0.25 kg. We need, of course, E-field noise 
data which is  essentially nonexistent. However, by establishing the quiet mine E-field noise 
at 20 kHz deduced from Collins measurements and the use of R .  Geyer's limited surface 
noise data, we have been able to assemble a f irst  o r  zero order approximation to the max and 
min values of this noise from 1 to 100 kHz. 

The results a r e  plotted in figure 5-6 in t e rms  of S/NO. They show a possibility for quite 
acceptable voice quality in the frequency range of 70 to 100 kHz. This would also include a 
"loop orientation variabilityrr margin of at least 15 dB. 

In figure 5-7 we have taken the same transmit loop, but now reception i s  on another VMD. 
Adequate noise data i s  available for this case and the S/NO is  shown versus frequency for the 
extreme cases.* Here we find essentially the same optimum frequency range; however, the 
maximum S/NO is  approximately 28 dB lower than in the case of the line source receiver. 

The next type of intramine path which i s  self-suggestive i s  a line source to line source link 
between working sections (figure 5-8). We have taken a power of 100 watts and a line source 
length of 16 meters  and a displacement of 200 mieters. Using the maximum noise character- 
istic, the optimum frequency range of 25 to  50 kHz produces an output S/NO of about 55 dB. 
This should also be an acceptable value for a voice link. (Note that larger paths exhibit a 
lower optimum frequency range.) 

The next logical case i s  VMD to VMD between working sections (figure 5-9). Here we have 
used a 4-meter diameter 10-kg transmit loop wi.th a power of 100 watts. We find the same 
optimum frequency range a s  the previous one, but the (max) S/NO is  10 dB lower. This could 
be made up by a 12-meter diameter transmitting loop, but would be considerably more expen- 
sive and l e ss  convenient than line source to  line source. 

Figure 5-10 depicts the expected S/NO for a line source transmitter to a VMD receiver within 
a working section, Pt  = 100 watts and a line source length of 16 meters. Figure 5-11 is  
identical except for a displacement of 200 meters. 

This clearly demonstrates that a line source with a reasonable power input at maximum 
noise conditions has a maximum voice range of (about 140 meters (460 feet).* 

*With preliminary noise grades. 
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Figure 5-6. Portable VMD to Line Source. 
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F i g u r e  5-7. P o r t a b l e  VMD t o  VIVID. 



Figure 5-8. Line Source to Line Source (Broadside). 
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Figure 5-9. VMD to VMD. 
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F i g u r e  5-10. Line S o u r c e  t o  ~ ~ ! I ~ / ~ i s ~ l a c e m e n t  - 100 M e t e r s .  
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Figure 5-11. Line Source to  ispl is placement - 200 Meters. 



5.1.3 Conclusions and Recommendations 

F rom the above analysis we can  formulate some basic conclusions fo r  intramine communi- 
cations: 

a. F o r  personal portable If wireless  communications within a working section a loop-line 
source 2-way link i s  indicated a s  optimum in the frequency range of 70 to 100 kHz. The 
portable loop input power should be approximately 0.5 to 1.0 watt. 

b. Fo r  relayed t ransmission between working sections a l ine source to line source (broad- 
side) 2-way link i s  indicated a s  optimum in the frequency range of 25 to 50 kHz. Line 
source lengths should be 16 me te r s  (o r  more)  with a n  input power of about 100 watts. 

While these conclusions a r e  quite significant, the VMD to line source link needs experimental 
verification and a s e r i e s  of measurements  should be outlined to confirm the efficacy of the 
link under maximum noise conditions encountered in a working section. Also, we must again 
s t r e s s  the urgent need for  subsurface E-field noise data. 



Section 6 

The Application of Recent NBS Noise 
Data to Mine Communications 

Recently, NBS has  generated a considerable amount of surface and subsurface mine noise 
data, principally that of the horizontal and vertiical magnetic field components at a represen-  
tative sampling of locations, all  under power-on conditions. The  spectrum date of W. Bensema 
generally covers  the range of 1 to  100 kHz, while Kandu's APD data was taken at 6 o r  8 f r e -  
quencies beginning a t  10 kHz and extending into the hf range. While the location sampling was 
representative, there  appeared to  be considerablle attention given to  finding the maximum 
noise possible (for example, trolley noise with c a r  pull). Also, the spectrum data was again, 
in several  instances, system noise limited, which i s  an  inherent problem with wide bandwidth 
analysis in setting the system gain unless a low-pass fi l ter i s  employed below, say, 10 kHz. 
An additional comment i s  that frequencies of interest were generally considered to be below 
20 kHz, whereas,  frequencies for  cer tain intramine paths exhibited optimal S/N performance 
a t  frequencies in the range of 30 to 90 kHz, based on previously available noise data. All 
things considered, the data i s  of excellent quality, covers  several  types of mines,  and lends 
itself well to  mine communication system analy,sis. 

The following discussions consider data from the following mines: 

MINE TYPE: 

Robena 600 V dc, ra i l  haulage 

McElroy ~ c / d c ,  underground rectification, 
belt a~nd ra i l  haulage 

Itman Same a s  McElroy 

Geneva ~ c / d c ,  ra i l  haulage 

6.1 METHOD OF ANALYSIS 

Each curve of W. Bensema's  spectrum data was subjected to a regression analysis to deter- 
mine the equivalent running average of the minimum noise between spectral peaks. About 
100 sampling points were  used for  each curve. This  was done principally to  improve the 
accuracy of noise representation and facilitate the injection of this data into the general intra- 
mine path propagation program. The functional dependence was determined entirely in t e r m s  
of dB > / p ~ / m e t e r /  m. 
6.2 ROBENA MINE 

The Robena mine i s  a 600 V dc mine, (dc conversion on surface) with ra i l  haulage. The sum- 
mary  of the equivalent background (between peaks) noise fields a r e  shown in figures 6 -1 
through 6-5. Both horizontal and vertical magnetic field noise components were measured 
and a few roof-bolt measurements  were included. Figure 6-1 shows trolley and face a r e a  
noise levels. The trolley noise indicated in the irpper curve represents  some of the highest 
noise fields ever  measured in a mine. The face a rea  levels a r e  many dB l e s s ,  hut the ver -  
t ical component at  the face a rea  i s  roughly 25 dB higher than either horizontal component. 



Figure 6-2 represents noise components in crosscuts 7 and 9 in which the spectrum display 
was system noise limited. The only conclusion that can be obtained from these curves is 
that the true noise levels a r e  no greater  than those shown in this figure. The APD data in 
figure 6-3, shows generally the same levels of noise that were determined from spectrum 
data aside from trolley noise. We note here a high degree of variance of horizontal compo- 
nent with frequency. Figure 6 -4 illustrates the extremes and means of the subsurface hori- 
zontal component and figure 6-5 the same for the vertical component. 

The mean of the vertical component is  about the same a s  the mean of the horizontal compo- 
nent. The vertical component of the surface noise field i s  also shown in figure 6-5. The 
roof-bolt noise data was examined, but the conversion factor to absolute values was lacking. 
A s  soon a s  this conversion is  available, W. Bensema will inform the writer. 

The conclusions that were reached from the Robena data are  a s  follows: 

a. There i s  no preference between the horizontal and vertical magnetic noise fields from 
the standpoint of their mean values a s  a function of frequency. 

b. Less system gain protection factor i s  needed for the vertical component to allow for 
noise level variations with location. 

c. Noise pickup on roof bolts does not increase with separation. 
d. The surface noise fields were l e s s  than the minimum power-on subsurface fields, for 

the data presented. 
e. The extreme noise fields represented, for example, by trolley noise may preclude the 

application of LF quasi-static propagation paths intramine with receive antennas near 
this noise source. 
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6.3 McELROY MINE 

The McElroy mine i s  a dc mine with underground rectification and belt and r a i l  haulage. 
Summar ies  of the equivalent background noise fields a r e  shown in figures 6-6 through 6-15. 
Vertical noise fields in the face a r e a  and in location no. 2, which have a relatively small  
variation in the means, a r e  shown in figure 6-6. The composite of this  data i s  shown in 
figure 6-12 and can be considered to be  a quasi-maximum average of face a r e a  noise. Kanduls 
APD equivalent of Bensemals  figure 97-83 i s  a lso shown, but there  i s  l i t t le correlat ion except 
a t  10 kHz. Vertical noise fields for  the head piece,  middle of crosscut ,  and elevator shaft 
a r e  shown in figure 6-7. The re  appears  to be quite a bit of variance in these noise fields; 
however, considerably quieter fields a r e  noted a t  the elevator shaft. 

Figure 6-8 summar izes  Kanduls APD measurements ,  showing about the same mean levels  a s  
in figure 6-7 at 10 kHz and for  corresponding conditions in the Robena data, but with l e s s  
variance. Figure 6-9 shows additional vertical field data a t  the head piece and a r c  welder. 
The 10-kHz peak for  the head piece i s  an  extremely high level for  this  frequency. An a s so r t -  
ment of var ious locations and components i s  shown in figure 6-10. 

The power entry i s  a maximal noise condition, while the site far thest  f rom the power entry 
exhibits the quietest noise fields. Figure 6-11 shows additional high vertical noise fields in 
c rosscu ts  and face a reas .  We note he re  the extension of high noise f ie lds  out to 50 kHz. 
Surface noise f ie lds  a r e  shown in figure 6-12. These fields a r e  relatively quiet and show a 
small  degree of variance. The ex t remes  and the means of the noise fields for  the McElroy 
mine a r e  shown in figure 6-14. The ex t remes  fo r  Robena a r e  higher than those of McElroy, 
principally because of trolley noise, but the means a r e  ra ther  c lose  except that McElroy 
exhibits higher levels  between 12 and 50 kHz. McElroy also shows lower power-on minimums 
than Robena. Figure 6-15 shows the surface noise summary fo r  McElroy and the correlat ion 
of McElroy data with Robena, Maxwell and Stone, and Geneva. The agreement i s  reasonably 
good with a relatively small  degree of variance. Roof-bolt noise was not examined because 
of lack of calibrating data. 

The conclusions that may be drawn with respect  to the McElroy mine data a r e  a s  follows: 

a. Mean noise fields a r e  about the same a s  Robena noise fields. 
b. The surface noise fields l ie  between the mean and minimum subsurface noise fields, 

power -on. 
c .  There  appears  to  be a high degree of correlat ion between the surface noise data for  the 

McElroy and Robena mines. 





Figure 6 -7. McElroy Spectrum ~ a t a / ~ e r t i c a l  Noise Fields, 
Headpiece, Crosscut,  and Shaft. 
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F i g u r e  6-11. hlcElroy Spectrum ~ a t a / ~ d d i t i o n a l  High Ver t ica l  Noise F ie lds ,  
C r o s s c u t s  and F a c e  Areas .  
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Figure 6-13. McElroy Spectrum Data. 







6.4 ITMAN MINE 

The Itman mine i s  also a dc mine with underground rectification and belt and rai l  haulage. 
Summaries of the equivalent background noise fields a r e  shown in figures 6 -16 through 6-21. 
All magnetic field noise data correspond to the vertical component. Figure 6-16 shows noise 
levels for portal buses and in the Cabin Creek area .  Figures 6-17 and 6-18 were recorded at  
the Farley Panel and Bensema's figure 39-85 (figure 6-17) i s  considered to be an especially 
good representative sample of noise 16 ft from the miner in the 10-kHz to 100-kHz region. 
Figure 6-19, 30 ft f rom miner,  also exhibits very s imilar  character is t ics  to the previous 
three figures with little variance. Figure 6-20, Kandu's A P D  data i s  also consistent with the 
previous data except for data from the 2nd day .which exhibits anomalously high fields in the 
50- to 100-kHz region. The extremes and the nneans of the Itman data a r e  shown in figure 
6-21. Note the small variance between the mean and the maximum. The sudden drop in the 
minimum level at 10 kHz i s  due to the inclusion of APD data. 

The general conclusions which may be drawn with respect to Itman data a r e  a s  follows: 

a.  The noise data is  quite consistent with little variation in the medians. 
b. The means a r e  lower than either Robena o r  McElroy, particularly above 5 kHz. 

Again, the roof-bolt noise was not examined, beleause of the lack of a calibration factor. 



Figure 6-16. Itman Spectrum ~ a t a / ~ o i s e  Levels - Portal Buses and Cabin Creek. 



~ i g u r e  6-17. Itman Spectrum Data Farley ~ a n e l / ~ o i s e  - 16 Ft  From Miner. 
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Figure 6-19. Itman Spectrum ~ a t a / 3 0  Ft From Miner. 
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F i g u r e  6-20. I tman  Spec t rum D ~ ~ ~ / A P D .  





6.5 GENEVA MINE 

The Geneva mine i s  also a dc mine with underground rectification and belt and rai l  haulage. 
All measurements on hand for the Geneva mine a r e  surface noise fields. Summaries of the 
equivalent background noise fields a r e  shown in figures 6-22 through 6-25. These resul ts  
show generally that there i s  a small variance in the means of the horizontal component, but 
very little variance in the mean of the vertical component. The surface fields measured at 
Geneva a r e  the quietest of the four mines. 

E A S T - W E S T  

Figure 6-22. Geneva Spectrum ~ a t a / ~ ~ ( ~ )  ~ a s t - w e s t .  







Figure 6-25. Geneva ~ ~ e c t r u m / ~ a t a  Extremes. 



6.6 SUMMARY 

The data from the above mentioned four mines by the NBS/ITS team i s  valuable data and i s  
characteristic generally of noise conditions encountered under power -on conditions. Suffi - 
cient data has been reduced to represent various mine locations for  3 mine types, plus surface 
noise. Fourteen noise grades have been defined a s  follows: 

NOISE GRADE 

1. 
600 Y dc mine [ 2. 

Ac/dc mine 

Quieter ac/dc 
mine 

11. 

Dc mine, maximum trolley 
DC mine, face a rea ,  mean 
Dc mine, face a rea ,  minimum 
Ac/dc mine, head piece, maximum 
Ac/dc mine, face a rea ,  quasi-maximum 
Ac/dc mine, mean noise 
Ac/dc elevator shaft 
Ac/dc power-on, quasi-minimum 
Ac/dc maximum (Itman) 
Ac/dc mean 
Ac/dc quasi-minimum 
Surface noise - mean 
Surface noise - power-on, minimum 
Mean noise - all mines subsurface 

The extremes and means of the four mines a r e  shown in figure 6-26. The maximum level i s  
that due to Robena trolley noise, while minimum levels a re  principally due to Itman. The 
mean has been determined by averaging all  data and i s  given by the following: 

The above relation and the application of the 14 noise grades should shed new light on optimal 
intramine frequencies. In the next section we shall give resul ts  of the S/N analysis for var -  
ious paths and noise conditions. 





6.7 RESULTS OF PROPAGATION PROGRAM ANALYSIS 

Figure 6-27 shows the relationships of the electric and magnetic field components from 
transmit  line and loop sources respectively in the spherical coordinate system for  the com- 
puter printouts on the following pages. 

The printouts incorporate the updated noise data with the communication propagation analysis 
program; for  example, if we required the magnetic field component from a transmit line 
source at some perpendicular distance Y, from the source, we could read this component 
from the Hz (PHI=90) column at a specific t ransmit ter  depth and displacement. Such would 
be the case  if the perpendicular magnetic field component were required for  a receiving loop 
in the X-Y plane at  some displacement from the transmit l ine source. For  a horizontal sur -  
face loop to an underground horizontal loop antenna, the Hz (perpendicular field component) 
i s  taken from the Hz (VMD) column of the printout at the desired loop displacement and 
separation. 

Although the depth of t ransmit ter  i s  a variable, a s  fa r  a s  the printout i s  concerned, recipro- 
city still applies and transmit  position and field sample points may be interchanged. All data 
i s  referenced to dB grea ter  than 1 ampere/meter o r  1 volt/meter. 

To apply the data to a typical situation, one must f i r s t  calculate a correction factor for  that 
situation. See figure 6-27 for  correction factor formulas. This factor i s  then added to the 
printout data to  cor rec t  relative field intensity data to the actual power level, loop diameter,  
line source length o r  loop weight used. Subtracting the appropriate noise grade from the 
corrected field intensity data yields the S / N ~  ratio at the sample point in question. If it i s  
necessary to know the open-circuit volts f rom a loop immersed in a known field, one can 
apply the equations from section 2 to the corrected field data from the computer printout. 
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Figure 6-27. Vector Relationships of Electr ic  and Magnetic 
Field Components f o r  Pr intouts  on Pages  6-34 
Through 6 -83. 
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Section 7 

Analysis of Mine Communications 
Propagation Programs 

In paragraph 7.1 "User 's  Guide for  the Mine Communication's Propagation Programs, ' '  com- 
puter programs a r e  presented for the complete analysis of specific through-the-earth elec- 
tromagnetic links. These links include the following: 

a. Communications between a VMD on the surface and a submerged VMD. 
b. Communications between an infinite line source on the surface and a submerged line 

source o r  VMD. 
c. Intramine communications between submerged horizontal electric dipoles (HED), between 

HED and VMD, o r  VMD to VIVID. 
d. Intramine communications from an infinite line source. 

7.1 USER'S GUIDE FOR THE MINE COMMUNICATION'S PROPAGATION PROGRAMS 

In the course of the analytical work which was accomplished under subcontract Purchase 
Order No. C-684420 to Collins Radio Group for their Bureau of Mines project, several basic 
computer programs were written. These programs were generated for the following specific 
tasks: 

a. Communications between a vertical magnetic dipole (VMD) on the surface and a sub- 
merged VMD.* 

b. Communications between an infinite line source on the surface and a submerged line 
source o r  VMD.* 

c. Intramine communications between submerged horizontal electric dipoles (HED), between 
HED and VMD, o r  VXlD to VMD.** 

d. Intramine communications from a submerged infinite line source. 

The f i r s t  program i s  employed for  most up-link o r  down-link paths. It computes the H-fields 
on the surface from a submerged VMD at various displacements, o r  the subsurface H-fields 
from a VMD on the surface. It will also compute the subsurface E- and H-fields of interest 
from an infinite line source on the surface. 

The resul ts  a r e  displayed for  various receiving point depths and displacements in t e r m s  of 
signal-to-noise spectral density. 

*With preliminary noise grades. 
**Includes updated noise grades defined in section 6. 



The input requirements a r e  a s  follows: 

FORTRAN NOTATION MEANING 

P T  Transmit ter  power in watts 

W1 Weight of transmit loop, kg 

AC Circular mi ls  a rea  of loop wire 

A1 Radius of transmit loop, me te r s  

A2 Radius of receive loop, meters  

SIG 

RNF 

NOISE 

LINK 

IT 

ITYPE 

Overburden conductivity mhos/meter 

Receiver noise figure, dB 

Noise grade; 1, 2, o r  3* 

= 1 up-link, = 2 down-link 

If IT = 1, a large diameter surface XMIT i s  used 

= 1, vertical H-fields from VMD 

= 2, vertical H-fields from infinite line source 

= 3, horizontal H-fields from infinite line source 

= 4, E-fields from infinite line source 

LL Number of frequencies to  be skipped. 

7.2 PROGRAM NUMBER ONE 

The printed output f i r s t  consists of a 2-dimensional a r r ay  of Wait's functions used to com- 
pute the fields. After a listing of the basic input parameters ,  the noise power density, the 
minimum receive loop turns and the Q of the transmit and receive loops a r e  presented. A 
2-dimensional (depth and displacement) a r r ay  of S / N ~  is  then printed out. 

1 *Preliminary noise grades. 
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7.3 PROGRAM NUMBER TWO 

The second program i s  used for most intramine paths. It computes the five field components 
of interest emanating from a submerged HED and the two field components due to a sub- 
merged VMD. These components a re  calculated on the surface and at the transmitter depth 
for various displacements. The input requirements a r e  a s  follows: 

FORTRAN NOTATION MEANING 

PT Transmitter power in watts 

W1 Weight of the transmitting VMD, kg 

A1 Radius of transmitting VMD, meters 

Length of transmitting HED meters 

FRX Frequency in Hz 

EPS Re1 at ive dielectric constant of overburden 

SIG Conductivity of overburden mhos/meter 

RS Contact resistance of submerged HED 

DS Depth of transmitter, meters 

NOISE Noise grade (subsurface) 1, 2, o r  3 

The number of displacements in 100-meter incre- 
ments from the transmitter. 

The format for this data i s  (9F8.2, 212). An arbitrary number of these cards may be inputted 
for whatever combination of parameters a re  desired. The last card in the data deck i s  blank. 
The frequencies selected must be one of the following: 1 KHz, 2 KHz, 3 K H z ,  5 KHz, 10 KHz, 
20 K H z ,  50 KHz, 70 KHz, 100 KHz. 

The field components computed a re  

For  the transmitting VMD, the field components a re  Hz and E+. 

The output format f irst  displays the basic input data and the noise fields for the three noise 
grades. The above seven field components a r e  then printed out for the indicated displacement 
for receiving points located at the surface and at. the transmitter depth. 



D A T A  ~ W ~ ~ . ~ ~ ~ . D ~ O , ~ A ~ O ~ D ~ O O . ~ ~ O O . /  
f'183.141592654 
-a - - - .  -- - - - -- 
r ) = ~ 1 . / ( 3 6 . * ~ I ) ) + 1 . ~  
Cm2.3 3 7 9 6 E + d  
J 3 = 6 , 4 ? i * L . E - 7  

- - - - - - -- - 

- T T E A 0  T - ~ , ~ T ~ ~ ~ ~ A ~ . L I ~ F R R D E ~ S D S T C ~ K S D C S ~ N U I S E ~ L T -  - 

2 FiJ?lAr(YFd.2~212) 

- - 
IF(~T.LT..OOC~) CALL E X I T  

--- - - - - - 
3J  15 I * l . I P  

T H E  T Z S T  F U N  ErJ9AL 1 T Y  B c T  * E E h  b O p l -  I C I I E G E P S  M A Y  PLJT  BE M E A P J I N ~ F U L .  

- 
IF(FffY,hE,FflE3(1)) G O  TO 16 
FXE*F?k 

- -- 

h a 2 0 r P I * F U E  
~ 1 2 r U O * ~ t ( o o ~ l . ) * ~ S i ~ + ~ o o D l o ~ * E P s * ~ G * ~ )  

--- -T:xrS3FTrPT-/r:S1 - - - - -. -- - - - - - . - 

GJ.-( 4 / C )  **2 
G I = S S ~ R ~ ( G ~ Z )  

- - - - - - D J R V W ~ K l - W G R f T w l 3 P T *  b .52E+Jj - -  -- 
- - - -- - - - - - 

K ~ ( S I G + ( O . a l ~ ) * E P S * E O * w ) / ( ( O ~ a l ~ ) * E O * W )  
A ~ ~ C U ? * L I ) / ( ~ . * P I * ( S ~ G + ~ O ~ D ~ . ) * E P S * E O * ~ ) ~  * '  - t f  b-,TPfl - -- - 

C K * C U ~ P I / ( ~ . + P I )  
f.-(O..l0)*bO*k*CU4M/(4,*PI) m rr7r - -- - -- - -- 

D P ( 2 1 m ~ s  
DO 12 Jm1.2 

- -- - 
- 



Gc, 19 7 1  
997 f 0  I *-l.19 

- - 
G = P (  :* ) 

F _ r P ( ' ' t l  i 
CALL C ~ M L J  ( I 0 b r E 0 r 0 0 7 O 0 K . G A ~ s f i  - .  - .  - - . - - - . - 

DO 15 1 1 . 1 0 T C  
1 5  H ( ~ I ) ~ H ( ~ I ) + O ( I I )  

7 C O V T I P : u t  
- --- - - pp 

71 F J K T f ' 4 ~ E  
C C3* p L ; r ~  P d I h A R Y  F I t L I j S  
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F E P ( J , L ) ~ ~ ~ . * A L ~ G I O ( C A B S ( E P + A * ~ ~ ( I ~ - H ( ~ ) ) ~ R H O * * ~ + ~ . * A * ( H ( ~ ) - H ( ~ ~ ) /  
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H L ( J L I i Z 7 t X 2 S ~ T 7 X J T S  ( F?74?WTP3T7RL!6*-*-ZTT 
I F ( Z . L E e l o o A N D e D S e L E o l o )  G O  T O  12 
F H Z V ( J , L ) ~ 2 0 , * A L C G l O ( C A B S ~ ~ Z V - C t i * ~ ~ ( 1 O ) / R H O * * 3 ) )  

~ ~ - ~ * ~ ~ X B S ~ H - ~ R m l T  
- 

12 C O N T I N U E  
P R I N T  30 
0- P 

P R I N T  ~ ~ . F R E . S I C . E P S ~ P T ~ ~ ~ ~ . A ~ . L ~ ~ D S ~ , R S  
L7 FORMAT(//.lOXa'FREQ. '.F9e2aP HZ CON0.r 'aF6.2.p MHOS/M EP$. 

~.Fo.z. e Pmm-vmw-mns  x m  LOCIY W ~ T I  b . F 6 0 2 e @  K W ~ I I .  
2 l O X a ~ K M I T  LOOP RADIUSm ' r F 8 . 2 . e  M L I N E  SOURCE CLNCTHw e,F#.S4@ H 
3 ORPIC) OF  TRANSMITTER^ '.Q(Se2,//.20X.@LINE.SOURCL CONTACT RE$BSTR)I. 

-- - - - - - - -- - - - 
lCE ~'.FBeT70h~~.j/i-- 

I F ( l , S ~ o l 7 )  G O  'TO 2 2 1  
DO 7 9  ~ ~ I S € ~ 1 . 1 5  
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S J Q q O J T I N f  F I J A (  X . Q , L U , < S G ~ ~ . S )  
-COTTQ-ETn- < a S I S i 2 a i , J . ! A O a R s T a E .  
D I . I E V S I O N  S( 1 3 )  
' J = C S Q ? T (  Y * * Z + G 1 2 )  
Y = Y s s ? - Z ] * * 2  
I F ( f . L T a d a )  ' J ~ ~ C Y P L ~ ( O ~ ~ S S H T ( A ~ S ( ~ ) ) )  
I F ( V a ; ~ . 3 e )  ! . ~ ~ ~ C Y D L X ( S ~ H T ( V ) , ~ , )  

SITVUSc l  I / I U + Y  *U9 ) 
T o (  J D * J ) / ( U O + U )  
I F ( I . L T . ~ ~ E + S )  G O  T O  1 
4nTe  
5a3. 
S I  F3 2 

T A I S S S L  ma I 1 
BmBSSL ( Xa 3 1 

2 E=CEXP(-U*Dl 
3-7-rE3lT*E3 v* X 
5 ( 2 l o 3 * T * E * X * * 2 / ~  
3 ( 3  ) = I s ~ s E * V ~ X * * ~  
5-2 3.a- 
S ( 5 ) = 4 * T * E * X / U  
S (  e l r A * T * E * X  

A 

S r r ) r y . n * t * x * r z  
S ( 3 ) = A * R * E * X , r 3  
S ( 9 1 = 8 * T * € * A * * 2 / ~  
S(iw]rA*r*E*~.*j 
H E f  URN 
END 



7.4 PROGRAM NUMBER THREE 

The third program in the ser ies  pertains principally to the submerged infinite line source. 
It computes the E-field parallel to the line source, the vertical H-field and the horizontal 
H-field normal to the line source. The input requirements a re  a s  follows: 

FORTRAN NOTATION MEANING 

PT Transmitter power, watts 

FRX Frequency, HZ 

EPS Relative dielectric constant 

SIG Overburden conductivity, mhos/meter 

RS Line source contact resistance, ohms 

DS Line source depth 

NOISE Noise grade: 1, 2,  and 3 

The number of displacement increments to be 
computed 

The basic input parameters  a r e  f i r s t  printed out after which i s  displayed the noise fields for 
the three noise grades. The three field components of interest a re  then printed out at the 
surface and at the transmitter depth. These a re  repeated for each displacement. The last 
data card i s  left blank. 
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7.5 THEORETICAL PREDICTIONS FOR IN-MINE PROPAGATION 

From the analysis programs described in paragraph 7.1, a computer printout was obtained 
and its resul ts  listed in paragraph 6.7. These results incorporated the latest NBS noise data 
listed in paragraph 6.6. 

The received signal strengths for various antenna configurations a r e  combined with the 
specified noise grades and an equivalent s/NO i s  calculated. These resulting signal-to-noise 
rat ios a r e  plotted for various antenna configurations and displacements in figures 7-1 through 
7-16 for  a transmitted power of 10 watts into the specified transmitting antenna. It should be 
noted that a 37-dB s / N O  ratio i s  the minimum requirement for communication of normal 
speech assuming 75-percent word intelligibility and a l-Hz normalized bandwidth. From 
these experimental results,  predictions a r e  drawn concerning optimum usable frequency 
versus  maximum transmission displacement for various antenna configurations. Figures 
7-1 through 7-16 a r e  the basis  for  these predictions. 

The predictions that follow assume a noise grade 14 (mean noise-all mines subsurface) and 
an input power of 10 watts. 

a. Loop (VMD) to loop (VMD) provides highest s / N O  ratio. 
b. For  20-meter radius t ransmit  loop, a maximum of approximately 225 meters/740 ft 

separation can be achieved. (This assumes a minimum of 37 dB S / N ~  ratio for adequate 
information transfer  with an optimum frequency of 10 kHz to 20 kHz.) At l e s se r  separa- 
tions, the 100-kHz to 200-kHz range provides the higher signal-to-noise ratios. 

c. For  8-inch/0.3032-meter diameter t ransmit  loop, a maximum of approximately 80 meters/  
263 ft separation can be achieved at an optimum frequency of 70 to 100 kHz (37 dB S/NO 
ratio was minimum). 

d. For  100-meter/328-ft line source transmitter,  a maximum of 200 meters/656 ft  can be 
achieved at a frequency of 10 kHz. At separations below 500 ft, however, the 100-kHz 
frequency range provides the higher s / N O  ratio. 

e. For  up-link and down-link propagation, maximum transmit depth for  13.58 meted44.68 
foot radius loop was 175 meters/574 ft  a t  a frequency of 10 kHz, and for the line source 
t ransmit ,  maximum depth was 225 m/730 ft  at a frequency of 10 kHz (37 dB s/NO ratio 
was minimum). 

Predictions for transmission from a loop to line source could not be made because reliable 
E-field noise data was not available for this mode of propagation. In the experimental mea- 
surements presented in volume 4 (Experimental Measurements), line source to loop t rans  - 
mission i s  included. 

Figures 7-17 through 7-19 show typical mine entr ies  and crosscuts  with If and vlf theoretical 
predictions illustrated. Darkened a reas  indicate loss  of transmission. 
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Figure 7-17. I,F Propagation (Theoretical - 
Fixed Station - NG 14). 

7.5.1 LF Propagation (Theoretical-Fixed Station - NG 14) 

20-meter radius loop (fixed station) to loop transxnission 
VAlID to VMD 
Frequency - 10 to 20 kHz 
37-dB minimum S / N ~  
10-watt input 
Darkened areas  indicate loss  of t ransn~ission 



Figure 7 -18. LF Propagation (Theoretical - 
Portable - NG 14). 

7.5.2 LF Propagation (Theoretical - Portable - NG 14) 

8-inch-diameter loop (portable) to loop transmission 
VMD to VMD 
Frequency - 70 to 100 kHz 
37-dB minimum S / N ~  
10-watt input 
Darkened a r e a s  indicate loss  of transmission 



I Figure 7-19. LF  Propagation (Theoretical - NG 14). I 
7.5.3 LF Propagation (Theoretical - NG 14) 

100 -meter line source to loop transmission 
VMD to VMD 
Frequency - 10 kHz 
37-dB minimum S / N ~  
10-watt input 
Darkened areas indicate loss of transmission 



7.6 SUMMARY 

These reports,  analyses, and propagation predictions provide a theoretical data base from 
which expected signal strengths and subsequent signal-to-noise ratios can be calculated. It 
i s  s tressed that outdated noise data was employed in the early reports and discussions. How- 
ever, the predictions made in paragraph 7 . 5  were based upon the more recent NBS noise 
data. 

Also, because of recent in-mine tests ,  there appears to be a gap between the propagation 
predictions and the experimental results a s  frequencies increase beyond 50 kHz. Additional 
experimental work needs to be completed to obtain reliable predictions for the higher ranges 
of frequencies. 




