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Section 1

Theoretical Approach to VLLF
Through-the-Earth Propagation

A knowledge of the mechanics of wave propagation through the earth is essential if reliable
communication systems are to be designed for coal mine environments. To obtain a reliable
basis from which accurate propagation predictions could be drawn, a series of theoretical
studies have been prepared for the US Bureau of Mines by Mr. Ramsay Decker of Spectra
Associates, Inc. through a subcontract with Collins Radio Group. These reports formulate

the analytical techniques from which we may derive frequencies and antenna configurations

that yield the optimum signal-to-noise ratios over the greatest distances in mine environments,

The reports of sections 2 and 4 deal with analytical techniques for determining the signal-to-
noise ratio within a mine environment for loop-to-loop and line source-to-loop antenna con-
figurations. The analytical results of these reports were then implemented into computer
programs to obtain predictions concerning through-the-earth signal propagation. These pre-
liminary predictions are based on noise data compiled by Bensema, Maxwell and Stone, and
WV U prior 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 used by Collins in the final predictions.

The following outline indicates the order and subject 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-TLink 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

1-1/1-2



Section 2

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

2.1 ABSTRACT

A method is developed for determining the signal-to-noise power density ratio for a horizon-
tal 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, lateral displacement, and external noise fields. The analytic results provide for a
computer method of numerical computation which can incorporate available noise data and
data which may be derived from noise measurement programs in progress.

2.2 INTRODUCTION

Within the last few years there has been a concentration of theoretical and experimental in-
vestigations related to the delineation of telecommunications 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 result has been to stress the need for the requirements of
an optimally integrated mine communications system, one in which both the operational and
disaster modes could be accommodated.

As a first step in understanding those modes which may be useful in such systems, we con-
sider through-the-earth propagation paths. Low frequency waves are transmitted through
overburdens ranging in thickness from 150 to 1,500 feet. Two common methods of coupling
into the mediums are employed; the loop or magnetic dipole and the line source, sometimes
referred to as an earth probe (surface) or roof bolt (subsurface) antenna. This report con-
siders loop-to-loop paths, and in particular only horizontal loops, (vertical magnetic dipole).
Such loops (parallel vertical magnetic dipoles) exhibit maximum coupling when coplanar,
while horizontal magnetic dipoles exhibit nulls and maxima as the antenna rotates, making it
an unattractive coupling device for mine communications. Horizontal magnetic dipoles (HMD)*
however, may be used as a subsurface source element for location determination since they
produce a null in the vertical magnetic field component, and thus a VMD* used for detection
would yield a higher S/N ratio 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 is concerned exclusively
with communications through the earth between VMD's., The expressions are written for the
magnetic field of a transmitting VMD (figure 2-1), located within a homogeneous medium of
infinite extent (spherical coordinate system):

r
1A (1+i, 1 "5
Hy =55 (81‘2 +—g )cos 8 e 9 amperes/meter (2-1)
-r
_IA /20 140 10\ 5 )
Hg == s2r + 512 - r3> sin 8 e ¢ amperes/meter (2-2)

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

where 6= 1 . meters
rip o

0 = conductivity-mhos/meter
p= permeability~4 7 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 System'" WVU PhD
Thesis, Morgantown, West Virginia.
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The vertical magnetic field at loop 2 is

Ho, = Hy cos 6 - Hg sin @ (2-3)

and the open circuit voltages at the loop 2 terminals:

Vo2 = 4mwN2A2H2, x 10-7 volts (2-4)

When the receive loop is matched to the real part of its self-impedance, the available received
power is

Voo
P, = watts (2-5)
4Ro
while the input power to the transmit loop is
P =1;2R; watts (2-6)
so that
2
Pr Voo

== (2-7)
P, 4R Rol;

R1 and R 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
free space is

Ry = 2072(ka)4n2 (2-8)

where k=2m
A
a = loop radius in meters
n = number of turns

A= 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 occur. This situation is, however, neither
operationally desirable nor advantageous from a propagation standpoint. It is far more real-
istic to consider the loop within an air filled cavity, in which case the effect of the lossy
medium may be calculated:

2b
(1 +§) e O (2-9)

_o(@uAN)?

R
r 67b

where b is the cavity radius << ).

This equation shows simply that at typical cavity radii that loop wire losses greatly exceed
the radiation resistance for frequencies below, say, 100 kHz.
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Thus, considering only loop wire losses with coplanar loops, 6 = /2 radians

H2z = -Hg
then Voo = -4 mwN2A2Hg x 10-7
so that
2 _2r
P C(@ENJANGANNT Ty 2 2 1 5
P |o=2"% 2 2 |sat s te2tist4|® - (2-10)
t 2 64m R, R,r ) ) §°r° or T

Similarly for 8 = m, coaxial magnetic dipoles

2
(@UN{A N, A,)

2 2 1 S
= - +—+—=|e (2-11)
9=m 16 n2R1R2r4 [82 Sr r2 :I

The low frequency loss resistance of the loop can be estimated from Rq = 2#NgRy, where Ry
is the wire dc resistance Q/m. The ratio of received to transmit power now becomes:

22 2 3 3 .

Py Pwmagay NyNoly 04 22 1] 7

P log=T~ 5 (SZ+ T+t 53t 3T e o) (2-12)
t 2 64R R oT K 5°r & r” o6r° r

p 2u?n%a Ba NN, T _2r

r i 1 %2 N2 f2 2 1 5
—P— g:”— 4 —2-+—+—2— e (2—13)
t 16R_ .R_,r ) ér r

wl w2

ar

The terms which have a frequency dependence are collected viz f2[ ]e & , a differentiation
with respect to f is performed, and an fOpt determined for the two cases:

6
¢ _3.78x 10 (2-14)
opt 0= 4
—E or
2.03 x 10°
- = ===~ , where r is in meters. (2-15)
Pl g=n or

These fopt's in turn yield a skin depth at the optimum frequency. The maximum power trans-
fer conditions are found when these are substituted in equations (2-12) and (2-13).

P 1.81a 3a 3N N
1 72 12
_r - (2-16)
t OZR R 10
=T wl w2

24



and
3 3

PI‘ .345!8.1 32 N1N2
—_ = (2-17)
Pt opt 2R R r10

e=m o “wl w2

showing that under the assumed conditions fopt is a function only of conductivity and loop
separation and that at fopt the power loss is proportional to separation to the tenth power.

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

While the above analysis has shown some interesting results, the presence of the air-earth
interface poses the problem which is considerably more realistic, that is, loop-to-loop com-
munication on or within a lossy half space. Layman proceeds to formulate the classic bound-
ary.value problem (flat earth) with the magnetic Hertz vector, and a solution given in terms
of a primary field and a secondary field resulting from the effect of the boundary. The
secondary field was presented in terms 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 to 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 result, Layman was able to show that the maximum power transfer
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 transfer at higher
frequencies and thus is in essential agreement with Wait's* results, although a direct com-
parison is difficult since L.ayman failed to show losses between VMD loop on surface to sub-
surface VMD loop directly beneath,

The important observations from this analysis are as follows:

a. The transmission path between two loops within a mine separated by a distance much
greater than the depth is primarily through the upper half space at high frequencies.

b. Placing the transmitting loop at the surface rather than within the mine results in only a
small loss in received power if the range (R) is at least four times the depth (h). (See
figure 2-2))

®
WA s S 7. 22

"S> : €

Figure 2-2, Transmitting Lcop at Surface,

*Wait, J. R., '""Location of a Buried Source by the EM Induction Téchnique:, IEEE Transactions
of Geoscience Electronics, April 1971,



While the analysis has produced some meaningful results, and particularly in view of the
second observation above, we are led to conclude that Wait's*:** recent analyses relative to
VMD loops on or within a lossy half space are 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 is properly formulated and the solution reduced to integrals that can be handled easily
numerically that a lower loss is encountered through the medium than would be calculated by
equation (2-1) or (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 is

A N.Q
HZ :—11_ (2_18)
3
2mh
where h = depth of transmit loop, km
I = current in transmit loop in amperes
N = number of turns in transmit loop
and
2,1/2
© %3 ‘(x D) T ,(xD)dx
Q=
o X + (x2 + 1H2) 1/2
086 (omf) %h amperes/meter
D= normahzed lateral displacement of receive loop, R/h
0, = earth conductivity in millimho/meter
P
Proceeding as before we find for F:—,
=712
P 2nfN_ N, A A,Qx 10
r 1772771772
o= s (2-19)
t R1R2h

Now, of all the ways in which one can describe the practical limitations on loop size, weight
and diameter have the most significance, Therefore, equation (2-19) will be rewritten in
these terms. First, we substitute for the ohmic wire losses (dc)

= i -2
R1 Z"NlalRw approximately (2-20)
now =1
Ry~ o A
ww

*Wait, J. R., ""Location of a Buried Source by the EM Induction Technique', IEEE Transac-
tions of Geoscience Electronics, April 1971,

*kWait, J. R., "Subsurface EM Fields of a Circular-Loop of Current Located Above Ground',
IEEE Transactions on Antennas and Propagation, July 1972,
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o\ = wire conductivity, mhos/meter

Ay, = wire area square meters

and Ay square meters

=W __
2maNp

w = weight in kg
P = wire density kg/m3

combining the above relations we have

P n2f2a 24 2(E‘E)ZW A% Q2 x 10714
r _ 1 2P 172
L= - (2-21)
t 4h
oW _ , . 3 _ 2
now 5 =6.52x10" m /Q-kg (copper)
with a4, a5 in meters W in kg, h in km, equation (2-22) becomes
P 1.05t%,%a.’w,w,Q2 x 1072
r 172 7172
P - 6 (2-22)
t h

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

R 4
ac - 1 2 dp,2 x
% - 1+7(5.2m)” (=9)" = forxz 2.5
Rdc 4 c 64 (2-23)
where =.,1078 d vV {

X
d = wire diameter in cm
m = number of layers

o)

c—0: effective wire spacing factor

diameter of wire (cm)
center-center spacing between turns on same layer

where effective wire spacing factor =

Rao\2
Rde

Py
Pt

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

identical loops.

*Terman, F. E., Radio Engineers Handbook, McGraw Hill, 1943, p 81.
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2.4,1 System Signal-to-Noise Analysis
The equivalent noise figure of a receiving system is

Fr
Fg=Fx - 1+— (2-24)
A
where Fy = the external noise figure
F, = the receive-noise figure

na = the efficiency of the receive antenna
multiplying equation (2-24) by kT,

kTOFr

A

kT Fg = KT (F 1) +
where K = Boltzmann's constant
T = temperature in degree Kelvin

The first term on the right is the available received noise power, hence we write

F_= + — (2-25)

[\

or

_ _oc r L

s 4R_kT R
r 0

F

where R, is the radiation resistance of a lossless antenna and Ry, is the loss resistance, Now
for systems analysis, it is reasonable to require the external noise contribution to be say 10
times that due to receiver noise and antenna inefficiency, hence we write

2
Voo >40kT F Ry (2-26)

substituting Voo = 8n2fN2A210'7H

o} N

where Hy is the external noise field in amperes/m/v Hz

since RL = 2nN2a2RW
2ma,N
22 P
and RW" W, o
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Solving for asp, the minimal radius of the receive loop is

-6
a, > 126 X 10 R meters (2-27)
2 iy W,

The Qg of the transmitter or receive loop can be estimated from the approximate inductance

L = 2.92aN"log, (96.52) x 1070 Henrys
Using the above relations for weight and wire losses we find

_1.515 flog, ((96.52)W x 1072
Q ~ 3 (2-28)

Now on the assumption that equation (2-27) holds, the system noise power/Hz bandwidth is

2 g -14

4.2 2
P =47 a,"H "W, Zx 10

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

P 4.13a.°W.Q°P. x 10" 7
s 1 1 T
_ (2-29)
Pno H 2h6
N

The equivalent background noise fields are 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 ANATLYSIS FOR LOOP-TO-1.OOP 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., '""Coal 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.

***xMaxwell 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 is proportional to

a3
1

(1.984 + logloal)

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

' = 22 (2-30)
W1(1.984 + logloal) W2(1.984 + 1°g10a2)
W o_.  -126x10% /FR
2 2min fHN W2
The number of turns in a loop is
3.53W x 104
N=Z2 X (2-31)
c
where W = loop copper weight in kg

a = loop radius - meters
Ac =loop wire area in circular-mils

Thus, an optimal transmit loop is one of large diameter with a minimal number of turns,

The minimum number of turns for a fixed receive loop radius is

. -8
_ 4.41FR x10 "m
2.0 2 3

f HN Ac X 43.2

N (2-32)

min
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2.,5.2 System Noise Representation

As 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 as 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 WV U data,

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

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

Noise Grade 1: Maxwell and Stone '"quasi'" 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 rate transmission, which can be accommodated in the system bandwidth, offers no
difficulty insofar as signal attenuation calculations at a specific carrier frequency is con-
cerned. For broadband, for example, direct up or down-link voice transmission, however,
the rms signal power must be calculated over the bandwidth of interest, that is,

£
2
2.2 2 2 2f 2 2
P, 47N TN,CA TAUE Q7B

51; = 5 (2-33)
t R1R2h
The rms noise power is handled in exactly the same way.
64774N22A22 x 1074 f90
PN = 4R2 ﬁl f HN (Hadf (2-34)

If the noise is 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
is to integrate the transmitted signal, it is self-suggestive that for broadband application the
signal be differentiated before transmission and signal and/or noise differentiated upon re-
ception. A. D. Little in their working memorandum no. 5 has considered this and has come to
the conclusion that there is little to be gained by differentiation except for mine depths of
approximately 400 feet or less. For the shallower depths, a 6-dB improvement in received
S/N rati® can be realized for the same transmitter 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 for more recent data.)
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Reference should also be made to A. D. Little working memorandum no. 8 in which a hybrid
harmonic commutator type filter is 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. For the examples selected o = .01
mho/m, a value which according to G. Keller is a good value to assume for coal mines less
than 1,000 feet in depth, For the up-link we have assumed the following:

W1 = 10 kg
a1 = 0.6 m (transmit loop radius)
P; = 10 watts

Noise grade 2
For the down-link we have the following parameters:

W1 =200 kg
ay = 10 m
P; = 10,000 watts

Noise grade 3

The received signal-to-noise ratios were calculated for depths of 100, 300, and 500 meters
and lateral displacements of 0, 100, 200, 300, 400, and 500 meters. The results are shown in
figures 2-4 through 2-9 of this section. We note at the shallower depths the optimal frequency
is extremely broad, for example, where the depth equals the displacement. In fact a secondary
maxima occurs at about 20 kHz. This is in essential agreement with Layman. With increasing
depths the peak is nore pronounced and occurs essentially at 2 kHz. It appears that for an
up-link with a portable transmit loop and a reasonable transmitter power, a 20 dB S/NO is
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 rates could be em-
ployed. The down-link curves indicate that at 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
transmit loop weights and diameters.

2.6 PREDICTIONS FOR THEORETICATL 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

greater than the depth is primarily through the upper half space at high frequencies.
c. Placing the transmitting loop at the surface rather than within the mine results in only a
small loss in received power if the separation is at least four times the depth.

2-13



d. Diameter of the transmit loop is far 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 @ to transmit loop Q.
e. Optimal frequency range is extremely broad at shallower depths, but becomes more

pronounced with increased depth.
f. Correction factor for loop-to-loop transmission is as follows:

10 log (W_“;> + 20 log< %} + 10 log <P_1?)>

where W = weight of transmitting loop
W = weight of reference loop
a = radius of transmitting loop
a( = radius of reference loop
P = power into transmitting loop

P = 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
as we did for the loop source in section 2. A method described by Sommerfeld in 1909 forms
the basis for determining the field components due to an elementary vertical or horizontal
dipole located near the interface of a conducting half space. The hertz vector in this problem
is comprised of the primary 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 air 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 is employed, with the z-axis vertical with p
measured radially along the surface, and with the angle ¢ measured from the x-axis. A time
factor eiWt is assumed.

p—>

e r(p.z,¢

Vs

Figure 3-1. Submerged Horizontal Electric Dipole.

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

~ 1dl © -, (z-h) u -ty -uy(zth) AdA

I = dm(0 + ieqw) fO JO(AP) [e + g e _ul (3-1)
3 Idl cosP o 4, -uy(zth)y o

U, = 5n(o+ ie;w)y02Jo JAp) ——— e dA (3-2)

Nl uo*u1
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2 . .
where Yl = Juow(al + J(lo)) w=2nf

2 . . 1
y() —-][J.O(A)(Jt’o(o) (0 %Xlo F/m
’ N 2.1/2
Uy = (A7 Y9 Y.2 (g, + i€ )
2 2.1/2 N2= 1 _ 1 1
u1=()\ +}’1) 1 y02 jejw

po=4mx 1077 H/m

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 across the bound-
ary, between media,

The electric and magnetic fields may be obtained from

E = grad div II - Y12H (3-3)

and 2
i 3-4
H o curl II (3-4)

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

5IIX 6211Z
Ep=-% cosqSII + cos¢8 2 82—8"- (3-5)
2
BII
v 2. sin¢ ! 51 _
E¢—)’1 s1n~:/>IIX "o B, 53 8¢ (3-6)
) 5711, 5211Z
= —)’ II + cos¢ (3-7)
Z ap 7 6Z2
2
Y oIl 11
1 X, 1 Z
Hp M()(l)(SII‘lt'P —p- -%) (3-8)
oz
)’12 SI 811,
Hp =705, "5 ) 59
. 2
-singy,” 611
H =— (3-10)
z jpow  Op



Thus we see that for Ep

52 ][ 2
Ep: COS(pl:_ylz +,5_pE] [ HX(p) + IIX(S)] +5 IIZ

5z5p
where
n ® - 1dl f°° JUC My g SPEHD)
T 4m(o+ i€w) Io(AP) My T 4m(o+ iew) r
(primary field)
where e [p2 N (z—-h)z] 1/2
-u_(z+h)
qp (8) - ___1di foo I S L V-7
X 4n(o+ i€w)JO To(Ap (u +u ) uy

(secondary potential due to interface)

The primary field Ep<p) follows easily from equation (3-12).

Ep(P) M <p> I:1+yr +y2r —<%)2 [3 +3)’r+y2r2]}

dm(o+ 1(0))P

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

Ep(p) _ +Idl cos ¢e_yp [}’p+ 1]

2m(0+ ica))p3

Utilizing the recurrence relations for the derivatives of the Bessel functions:

dd (Ap)
0*7"p” _
4, -AJ 1 (Ap)
and dJl()\p) 3 1(K )
=A| - _p)\ + Jo(hp)

dp

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

2 g
s) __Idl cos ¢ cntﬁﬂ*d“1 A”'éHfAd*] Up~uy Uy (zth)

( _idlcosy
EP 4m(0+ ilew)VO pu1 u1+u0
s ’\2 u. -u -u
2 (0 + i€w) YOZ 0 N12u0+u1

dA

(3-11)

(3-12)

(3-13)

(3-14)

(3-15)
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Similarly for Eg:

SII-

s 2 14d p) (8) 1 Z
E¢‘S“‘¢[Y1 ‘FHEHHX( RN ]+F_“3z5¢
E¢m):w1mn¢e‘yr<pf

- [erz +¥Yr + 1]
47 (0+ i€w)p

r

e @)
0 JLEgR? [y oy

E¢ (0+ iew) Jonp) g e AdA

|

0
Idl sin® T1(Ap) 3-8~y (=th) \2q)
dm(o+ icw) YO P uytuy uy

1d1 Sln¢ foo Jl( Ap) ul-uO e—ul(z+h)u Azd)\
2m( 0+ iew) yO N12u0+u1 1

We are interested primarily in
E

Ji

¢=0

, and E¢ , and H¢ , and
o7 oo

Hy,

b= - and H¢|¢: i

2
2
Y o1l
(p) ] 1 %Y
Hg = J“O cosc,1>8Z [I + 10 o 5,

(p) _ -1dl cosPe P yr+1 1 -£
H¢ - 4n p2 (I‘) r2

* u,-u. -u,(z+h)
(s) _ -1dl cos® 170 1
H(P B 47 0 Jo(kp) 1;[0+u1 e AdA

Qo
J1(Ap) ] u,-u -u,(z+h)
Idl 1 1 70 1 2
Coséfo [ 5 -AAp) | ——— e AZda

217)’ N, u.tu

2 2
Y v 1 311Z

1 ine-8 (p) (s)
Hp = TR singp—— 52 [II + 11 ] 3,0 8¢

. -Yr 2 211/2
(p) _ -Idl sin ¢e o P
Hp™ = ——— Py (r) [)’r + 1} [ 1 ——2]

r

34

(3-17)

(3-18)

(3-19)

(3-20)

(3-21)

(3-22)

(3-23)

(3-24)



_ -, (z+h)
Mf 0()\9) e 1 hda (3-25)

u +u

1dl sing [ J1(he) upmug o -ug(zth)
5 Jo P 3 e A dA
277}’0 N1 u0+u1
—sind;y
. 3
g (P) - 1dl sing (ﬁ) e [yr+1] (3-27)
Z 2 T,
4mp
. o u,~-u -u,(z+h) 2
(s) _1dl sin¢ 170 1 ATdA _
H == l(Ap)u 119, © u, (3-28)

Thus we see that broadside to the dipole (¢ = 7/2), we have Hp and H, field components,
whereas at ¢ =0, Hg is the only magnetic field component. The pmmary field contributions
to Hp and Heg vanish however at p = r (receiving point at same depth as 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 are needed for the submerged VMD which will adequately
account for the interfaces. The hertz potential is

®© -u (z—h) u.-u -ul(z+h)
* _IdA 1 170 AdA
0, =%z Jo JO()V’)G >e

u1+u0 ul

and H, = <—le + 5Z8—2> QIZ(F’) N H’;(S)>

by some simple algebra we find

H (P) - -Yr< > {1 -yr(1 +)’r)+[ <p :| X |:3(1 +¥Yr) +y2r2]}
Z 4np

1. Characteristics 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.
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2
and S -IdA )’1 x u; -y, —ul(z+h))\d)\
=—7 ) ooy ge e

(s) _
Hz 4 n u +u0 u1
o u,-u, -u,(z+th)
IdA 170 1
TanJo Joy g e uyAd A
170
u,-u, -u,(z+h) 3
1dA 170 1
“InJo J0()\")'\1 XTI %d"
10 1
-ju I dae™’* [y r+ 1]
Epz0 @ EP 200 1 £
p / ol 47 3
(s) _ ]I dAquf Ug-uy - (Z+h))\ d)\ ]IOdAuowlz
Eg¢ In 0 1(>‘f’)—u0+u1 e U I

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.

-Yr 3 2
Ep(P = ~Acoss ep3 (%) [1 vyr+v3e? o (%) [343m +Y2r2]] ‘ (3-29)
EgP) = [y 2 fyr+ 1] (3-30)
2 11/2
Hs® = B COS¢, yr + 1] [ 1%] (3-31)

Hp(p) = -B s1n¢

Yr + (3-33)

211/2
yr+1 _% (3-32)
r
Hz(p) B smqf) (

For the VMD our prime concern is Hy,

3 2
u, P _ L r (%) [-1 S yr(l+yr) + [ 1 _%} x [3(1 +YT) +}’2r2]:| (3-34)

p3

where I(dl)

dm (o + iew) dm T dn

A =

*(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-II, 8 January 1973, R. P. Decker, Spectra Associates, Inc.

3-6



For the computation of the secondary fields we define the following integrals:

_/-wJ Uy-uy —ul(z+h) A
L= ) O(N’)ufuge 4y

. ~’/'00 Jl()‘p) Uy-uy —ul(z+h) Az
—Jo

— e S—dA
2 p u1+uo uy
® u -4,  -u (z+h)
01
I =f JAp)—5—e 1 u )\3d)\
3~ Jo CoMP 2y 1
1 01

I, =

f°° J o uy-uy e—ul(z+h) 9
4 0

5 5 ul)\ dAa

Ny Uty

[0 o] -_ -
I =f J —uo ule ul(z+h))\d)‘
5~ Jo o(Ap) 0t 0

oo u -u, -u,(zth)
0 "1 1
IG =‘/0‘ JO()\p) e AdA

Yyt

© J (Ap)  uy-u -u, (z+h)
_ 1 0 1 1 2
Iz _./0‘ p © ATdA

2
N1 u0+u1

—ul(z+h) 3

[0.0] uO-ul
I =A I, —5——e AZdA
N1 uO+u

1

uo—u.1 —ul(z+h) )\de

o0
9 =fo T1 (A0 g © T

I :/«w 00 Uy, e—ul(z+h) )\3d)\
10 0 0 u1+uO uy

The field equations therefore become
2A cos ¢

(I5-1y)
y2 34
0

Ep=EpP) + Acosg(,-L,) +

2 . . .
Eg= E¢(p) -y A smqu5 + A sm¢12 + 2A smd>14

(3-35)

(3-36)

(3-37)

(3-38)

(3-39)

(3-40)

(341)

(342)

(3-43)

(3-44)

(3-45)

(3-46)
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2B 2B
Hg = Hg® + Beosdl, __y0_028_¢’ I, + ——5—%—5918 (3-47)
0 0
. 2Bsi
iy = Hy® + Bsingl_ + %@17 (3-48)
0

-y P _pgi
H, =H, BsquI9

_ 1 (P)
H,(VMD) = H _"“/(VMD) - CI,

Now we introduce the transformations used by Wait

X=Ap
D = (z+h)/p
I'=Yp
U= (x2 + r2)1/2
2 2.1/2
Uy = (2 - @23/
o 2
K=N,;
U, -U
0 1
R(x) =
U1 + KUO
U -0
0 1
T(x) =
UO + U1
The transformed integrals become
1 o o]
I =Eﬁ J o(X) T (x)exp(-UD) Uxdx (3-49)
1 (% (-UD) _2
L, =B§A Jl(x)T(x)exp o X dx (3-50)
I :1_f°° J(X)R(x)e (—UD)UXBdX (3-51)
3 p5.J0 0 P
1 * 2
14 = 05/0' Jl(x)R(x)exp(—UD)Ux dx (3-52)
1 * UD
I =p—£ Jo(X)T(x)exp (——U—-) xdx (3-53)
1 o]
I6 :;é-./()' JO(X)T(x)exp(—UD)de (3-54)



oo

I,7 = pl_4 0 Jl(x)R(x)exp(—UD)xde (3-55)
1 [7 3

I =;Z-A; JO(x)R(x)exp(—UD)X dx (3-56)
1 7 2

I, =p—2ﬁ 3 Texp (T2 xPax (3-57)
1 (7 3

I10 =ﬁ~£ JO(X)T(x)exp(—UD)x dx (3-58)

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.

A

x, =0, X, = ZO—AO, Xg = ZO-¢

1
_ 2]1/2 _ _ _ _
x6 —[Rer ] , x7 = 2X6’ X8 = 3X6’ x9 = 4x6, XlO 6x6

wp _ _K_y/z‘
Zo=7<  A=Z, |1 {K+1

The results of this analysis will be described in paragraph 3.4. For the line source, we shall
use a contact resistance of 100 ohms, For the VMD, the current moment will be computed
from

g Xq T Lot X5 T ZoTA,

Il

IAN = 0.5a \/(W)(Pt)(6.52)(10+3) (3-59)

where W = weight of loop in kg
Pt = transmitted power in watts
a = loop radius in meters

3.4 THE FIELD COMPONENTS OF A SUBMERGED INFINITE TLINE SOURCE

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, Iei®t, Such an antenna radiates a cylin-
drical wave, in contrast to the spherical wave radiated from a hertz dipole (figure 3-2), We

are concerned first with an expression for the primary hertz potential, that is, that under
ground,

T77 77777777 A /////lz’ 7z iz /. /

h

P

Figure 3-2. Submerged Infinite Line Source,



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

- )’lR

__I@x)e _
dit 4n(o+ iew)R (3-60)
where R = r2 + x2 and r = y2 + (z-h)2

and R is the distance between the current element and point P (in y-z plane), and r =Ny2 + (y—h)2
is the radial distance of P from the wire.

This potential has only an x~component, The total potential at P is

®© _yR ® -¥R
M=l Qd - I / e dx 3-61
T 4dn(o+ iew)J-o R X200+ iew) JO R (3-61)

xdx _ _RdR

since dR =—— or dx = ————
V R2_r2

00 —)’lR
we have II = L l e dR (3-62)

2n(o+ iew) m

LetR = ri, where u is a new variable of integration and r is a fixed radial distance. Then

o —-yr].L

I N S __QE (3-63)

2n (o + iew) Jq /\/u2_—‘£

since

equation (3-63) becomes

-1 (2)
II = “m‘) H —])’ T) (3—64)

Here, H0<2) is the second kind of Hankel function of zero order. Its asymptotic form at large

distances is
1/2 .
= ol n/4 —Y r
H —] ylr) = (Jn)’ r> 1 (3-65)

This is clearly an outgoing cylindrical wave,



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

(n/2 + ioo) -y,reosy
e

2) . 1
}%(NﬂYf):F/‘ dy

~(m/2 + ioo)

The Weyl transformation

-Y,rcosa
2), . 1 1
HO( )(—J ylr) =5 fe da

and the boundary conditions

0 6z 1 bz

We finally arrive at the hertz potential below ground

- I foo e'i)*y eiul(z-h) . uy-u, e—ul(z+h) A
T 4nm(o+ i€w) J-oo u,+u u

where u; and ug are defined on page 3-2.

Note that the upper sign applies when z > h and the lower sign when 0 < z <h,

Now since
Ex = -leII
)/12 SII SII
Hy = J—QEO—B—Z = (o+ l“‘))TZ—
_ . 511
Hz = —(0 + i€w) Sy

We have finally

“jp ol £ +u_(z-h) u,-u  -u_(z+h)
Ex = 0 [w el)\y e 1 +——1 Oe 1 d—)\

4n u1+u0 u1
I /‘°° “idy [ iul(z—h) uy-u, —ul(z+h)
Hy =)o e +e + u1+u0 e dA

-

i % iy | M@ Ut e‘“l(”h)] AdA

= — e +
14 —
z 4 0o i u1+uO uy

(3-66)

(3-617)

(3-68)

(3-69)

(3-70)

(3-71)

(3-72)



3.4.1 Results of the Submerged Infinite Line Source Analysis
From paragraph 3.4, the field components can be restated as:

-ju ol [ -u (z-h) u;-u, -u(z+h)
Ex = 20” -/O‘ cos(\y) {e 1 + 1 Oeu1 d—h—

u1+u0 u 1

*x -u,(z-h) u.-u. -u_.(z+h)
-1 1 1 0 1 dA
Hy =5 1; cos(Ay) | e +—u1+u0

® [ -u_(z-h) u,-u, -u_(z+h)
Hz=—217_/0‘ sin(Ay) |e 1 + 1 Oe 1 },\dk

u1+u0 ul

These can be suitably transformed by
x =Ah D=y/h 7Z =z/h

so that u0 = [xz - <(-‘)—h)2}1/2/h
c

2.1/2

(x +19) r=)’1h

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

-ju wl u,-u, -2u_h
px = 0 [/(; cos()\y)d)\ f coshy) 0 1 dA

Uy Ut uy
o o] -
e u uo 2u1h
Hy =57 )y COSAV T 7w T e dA

u,-u -2u_h
_ 1 sin(Ay)AdA 1 0 1°AdA
Hz =55 ,/0.————( ? fsm()m a +u0 o

The first integrals in Ex and Hz cannot be evaluated as they stand. However, they are related
to the modified Bessel functions:

e o]
_ cos()\y)d)\ f sin(\y)AdA

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

The results have been prepared in terms of S/N( as a function of frequency for a transmitter
depth of 300 meters, 0 = 0.01 mhos/m and Pt = 100 W*, Figure 3-3 depicts S/NO at the sur-
face, whereas figure 3-4 shows S/N 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.

60

pa

50 / Ex, D=0
// \ H = 300 M, O= 01

\ P = 100 W
MAXIMUM NOISE

SURFACE FIELDS

/ |

jd ~
/T

\
N

1K 10K 100K

40

Figure 3-3. Submerged Infinite Line Source.

*With preliminary noise grades.
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Section 4

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

This section is part of a continuing series of notes regarding analytical techniques for calcu-
lating signal-to-noise ratios 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 are 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-
siders 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 are no variations in the z direction.

X

TTTT7 7777777777 A T T S

Y ® P(X,Y)

Figure 4-1, Line Current Source.

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

I

H, =55 B(H, X) (4-1)
_ -l
H, =5 A(H, X) (4-2)

*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 % 2 ,.21/2
B(H, X) = 2 f T sin(sx)ds (4-3)
0 s + (s2 + iH2)1/2
© 9 91/s ~(s2+in?)L/2
A(H. X =2/ (s~ +iH") e cos(sx)ds 44
(H, X) 0 5 ..2.1/2 (4-4)
s+ (s” + iH")
and
- _ 1/2
X =x/h, H = k@) "h
The electric field is
-ipwI F(H, X '
p = WOl E(H, X (-9
where © 2 21/2
-(s +1iH)
F(H. X) = e cos(sx)ds
(H, X) =Jy 2 21/2
s+ (8 +iH")

4,1.1 Signal-to-Noise Ratios

Now in the case of surface line sources, the current produced by a given input power is de-
pendent to a large extent on the contact resistance that can be obtained near the earth probes.
According to Dr. Geyer ''porous pots'' may be used to reduce this resistance to ag low as 10
ohms, Typical values for the input resistance to a line source will then range from 109 to
200Q.

As before, the ratio of received to transmit power is

., 2
Pr _ VOZ
= ——3 (4-6)
t 4R 1R211
for a loop receive antenna
_ =7
Voo = 4an2A2H x 10
so that
P 40’N, %A 2B%H, x) x 1071
r _ 2 72
'P— = h2 (4_7)
t R1R2

the noise power received per Hz bandwidth is

64 12N %A 2. % x 10714
N g Ay Hy
nr 4R

2



therefore

2
PTB (H, X)
S/N0 R S — (h in meters) (4-8)
h™H "R
n 1
Line source on surface to VMD subsurface
2
PTA (H, X)
and S/N0 =55 (4-9)
h™H "R
n 1

line source on surface to HMD subsurface.

Likewise for the E field at a submerged line source

P o2rim, n.2x 1074
r . 2 4-10
TJ— - R_.R (4-10)
t 1°2
where Lo is the length of the receive line source,
Since
E 2L 2
p =-1Dn 2
nr 4R2
16 ﬂ2f2F2(H, X)Pp x 10714
s/NO = 5 (4-11)
R.E
1™n

where E, is the electric noise field in V/m/Hz.

The above relations for S/NO all assume the loop or line source is adequately dimensioned
so that the external noise pickup exceeds receiver noise.

4.2 COMPUTATIONAL RESULTS

Equations (4-8) and (4-9) were employed in a computer method for the calculation of S/Ng for
depths of 300 m and 500 m as a function of frequency for various displacements (figure 4-2).
Since Wait's A, B, and F functions are similar to his 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 results are shown in figures 4-3 through 4-7 (with preliminary noise grades). A contact
resistance of 1002 has been assumed for the line source, The VMD, of course, will produce
a null directly below the line source, thus there would be a preference for the HMD. At the
500-meter displacement, however, there is little difference between the two.

IF'or comparison purposes, figures 4-6 and 4-7 show a 100-meter radius loop, 200-kg weight
driven by the same power as the line source. The subsurface S/N( is comparable to the line
source case considering the size of the transmit loop.



The E-field signal-to-noise ratios 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 at 2 kHz
would be comparable to the H-field cases.

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

4.3 THEORETICAL PREDICTIONS FOR S/NO

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., For a loop
receiving antenna, the HMD orientation is 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 are relatively equal. For the line source transmitter 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,
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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 prior reports to analyze overall propagation for loop-to-loop and line source-
to-loop transmission for both HED and VMD orientations. There are 10 basic input para-
meters for computer programs, These are as follows:

a. Transmitted output power
b, Weight of VMD in kg

c. Radius of VMD in meters

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 or VMD in meters

i. *Noise grade

j. Length of HED in meters

Seven field components, five for submerged HED and two for VMD, are 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 are also included. While the agreement is fairly good, there are 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 array of roof bolts between transmitter and receiver can and undoubtedly do distort
the E and H fields

5.1 ON INTRAMINE WIRELESS LF COMMUNICATIONS

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

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

and H and

b=m/2, pIdJ:'zr|2,

and H
Z

E and E
p‘Qszo’ . d)

He

¢ =0, b=m/2

For the VMD we compute Hz and E

*Preliminary noise grades.
**Coal Mine Communications Field Test Report, Collins Radio Company, December 29, 1972,
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The basic input parameters for the computer program are as follows:

Transmitted output power

Weight of VMD in kg

Radius of VMD in meters

Length of HED in meters

Frequency in Hz

Relative dielectric constant of overburden
Conductivity of overburden in mhos/m
Earth probe contact resistance of HED
Depth of HED or VMD in meters

Noise grade

S R SR e

Code e
.

For each set of the above parameters, the seven field components are computed for receiving
point depths of 0 to 350 meters in 50-meter steps and for receiving point displacements of
100 to 1000 meters 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 various subinterval
limits 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 figures 5-1 through 5-5 of this section, we have shown a comparison of Collins measured
values of transmission losses 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¢at ¢ =0, Epat¢ = m,
Hpatd=m, Hpat ¢ =0, and Hz at » = 0. For an extended line source, particularly for

the first three components, these fields actually do exist, of course, since the fields should be
integrated over the length of the conductor.

Referring now to figure 5-1, we have shown E¢at¢p= n (line sources broadside). For

this and those through figure 5-5 we have selected Ey = 10, and o = 0.005 mhos/m. This
value appeared to offer the best fit in the loss decrement characteristic with frequency and
distance and therefore is probably reasonably close to the average overburden value. We
note insofar as this field component is 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 ¢ = 0 (line
sources end fire) we find the same effect, however, somewhat more emphasized. Figure 5-3
shows H¢ at ¢ = 0 now plotted in magnetic field strength dB > 1uA/m. We find now that
theory predicts a lower loss (about 10 dB) than experiment indicates. For Hp at ¢ = 90°
(figure 5-4) and Hz at ¢ = 90° (figure 5-5) a good agreement with an rms error of 2 to 3 dB
is observed.

While the agreement is fairly good, the discrepancies can be explained partially at least by
the following:

a. Elementary dipoles employed in theory instead of extended sources.
b. The array of roof bolts between transmitter and receiver can and do undoubtedly distort
the E and H fields.

*R. P. Decker, ""Signal-to-Noise Analysis for Loop-to-T.oop Mine Communications," Subject
Data C-684420, 25 September 1972,
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The extended line sources can be handled fairly easily as far as their primary fields are
concerned; however, the '"bed of nails' in the overburden may be an intractable theoretical
problem,

As time permits 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 as the transmitter,

For Ep, =0

potl/2 -YR
__ 1 e " (YR+1)dR
Ep 2m(0+ i€w) jl;o—f’/z 3 (5-1)

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

- Porl/2 pPHl/2 MRy 1yardp

0 2m(o + iew) JPo-f/2 Jp-f/2 RS

Vo (p) _ I

(5-2)

For E¢P), b,= 2

I V p02+(1'/2)2 p

. - Lt _
ET = 2n(o+ iew) Jp R (5-3)

_yR ]
R Rz_poz
/ [ 2 2
Vo= 2n(o+ iew)pg AO Po (5-4)
-YR
P——— [)’ R +¥YR + 1]%
R R -P
For Hz(p), ¢p="T/2
Ip \/ 1/2) -YR
Zp)_ Of e Lyr + 1]d2£_ (5-5)

R R = Py

A significant aspect of this data is that above 50 kHz, say 50 to 100 kHz, theory is 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. From the Collins
measurements apparently these components are seldom less than 15 dB below the main
component,
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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 first 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 first or zero order approximation to the max and
min values of this noise from 1 to 100 kHz.

The results are plotted in figure 5-6 in terms of S/N(. 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 variability' margin of at least 15 dB.

In figure 5-7 we have taken the same transmit loop, but now reception is on another VMD.
Adequate noise data is available for this case and the S/N is shown versus frequency for the
extreme cases.* Here we find essentially the same optimum frequency range; however, the
maximum S/Ng is approximately 28 dB lower than in the case of the line source receiver.

The next type of intramine path which is self-suggestive is 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 meters. Using the maximum noise character-
istic, the optimum frequency range of 25 to 50 kHz produces an output S/Ng 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 is VMD to VMD between working sections (figure 5-9). Here we have
used a 4-meter diameter 10-kg transmit loop with a power of 100 watts. We find the same
optimum frequency range as the previous one, but the (max) S/Ng is 10 dB lower. This could
be made up by a 12-meter diameter transmitting loop, but would be considerably more expen-
sive and less convenient than line source to line source.

Figure 5-10 depicts the expected S/N( 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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5.1.3 Conclusions and Recommendations

From the above analysis we can formulate some basic conclusions for intramine communi-
cations:

a. TFor personal portable 1f wireless communications within a working section a loop-line
source 2-way link is indicated as 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. For relayed transmission between working sections a line source to line source (broad-
side) 2-way link is indicated as optimum in the frequency range of 25 to 50 kHz., Line
source lengths should be 16 meters (or more) with an input power of about 100 watts.

While these conclusions are quite significant, the VMD to line source link needs experimental
verification and a series 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
stress the urgent need for subsurface E-field noise data.
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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 vertical 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 or 8 fre-
quencies beginning at 10 kHz and extending into the hf range. While the location sampling was
representative, there appeared to be considerable attention given to finding the maximum
noise possible (for example, trolley noise with car pull). Also, the spectrum data was again,
in several instances, system noise limited, which is an inherent problem with wide bandwidth
analysis in setting the system gain unless a low-pass filter is employed below, say, 10 kHz.
An additional comment is that frequencies of interest were generally considered to be below
20 kHz, whereas, frequencies for certain intramine paths exhibited optimal S/N performance
at frequencies in the range of 30 to 90 kHz, based on previously available noise data. All
things considered, the data is of excellent quality, covers several types of mines, and lends
itself well to mine communication system analysis.

The following discussions consider data from the following mines:

MINE TYPE
Robena 600 V dc, rail haulage
McElroy Ac/de, underground rectification,

belt and rail haulage
Itman Same as McElroy

Geneva Ac/de, rail 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 terms
of dB > /uA/meter/ VHz.

6.2 ROBENA MINE

The Robena mine is a 600 V dc mine, (dc conversion on surface) with rail haulage. The sum-
mary of the equivalent background (between peaks) noise fields are 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 area
noise levels. The trolley noise indicated in the upper curve represents some of the highest
noise fields ever measured in a mine. The face area levels are many dB less, but the ver-
tical component at the face area is roughly 25 dB higher than either horizontal component.
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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 are 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 64 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 as the mean of the horizontal compo-
nent. The vertical component of the surface noise field is also shown in figure 6-5. The
roof-bolt noise data was examined, but the conversion factor to absolute values was lacking.
As soon as this conversion is available, W. Bensema will inform the writer.

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

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

b. Less system gain protection factor is 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 less 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 is a dc mine with underground rectification and belt and rail haulage.
Summaries of the equivalent background noise fields are shown in figures 6-6 through 6-15.
Vertical noise fields in the face area and in location no. 2, which have a relatively small
variation in the means, are shown in figure 6-6. The composite of this data is shown in

figure 6-12 and can be considered to be a quasi-maximum average of face area noise, Kandu's
APD equivalent of Bensema's figure 97-83 is also shown, but there is little correlation except
at 10 kHz. Vertical noise fields for the head piece, middle of crosscut, and elevator shaft

are shown in figure 6-7. There appears to be quite a bit of variance in these noise fields;
however, considerably quieter fields are noted at the elevator shaft.

Figure 6-8 summarizes Kandu's APD measurements, showing about the same mean levels as
in figure 6-7 at 10 kHz and for corresponding conditions in the Robena data, but with less
variance, Figure 6-9 shows additional vertical field data at the head piece and arc welder.
The 10-kHz peak for the head piece is an extremely high level for this frequency. An assort-
ment of various locations and components is shown in figure 6-10.

The power entry is a maximal noise condition, while the site farthest from the power entry
exhibits the quietest noise fields. Figure 6-11 shows additional high vertical noise fields in
crosscuts and face areas. We note here the extension of high noise fields out to 50 kHz.
Surface noise fields are shown in figure 6-12. These fields are relatively quiet and show a
small degree of variance. The extremes and the means of the noise fields for the McElroy
mine are shown in figure 6-14, The extremes for Robena are higher than those of McElroy,
principally because of trolley noise, but the means are rather close 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 for McElroy and the correlation
of McElIroy data with Robena, Maxwell and Stone, and Geneva., The agreement is 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 are as follows:

a, Mean noise fields are about the same as Robena noise fields.

b. The surface noise fields lie between the mean and minimum subsurface noise fields,
power-on,

c. There appears to be a high degree of correlation between the surface noise data for the
McElroy and Robena mines.
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6.4 ITMAN MINE

The Itman mine is also a dc mine with underground rectification and belt and rail haulage.
Summaries of the equivalent background noise fields are 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) is 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 from miner, also exhibits very similar characteristics to the previous
three figures with little variance. Figure 6-20, Kandu's APD data is 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 means of the Itman data are 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 is due to the inclusion of APD data,

The general conclusions which may be drawn with respect to Itman data are as follows:

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

Again, the roof-bolt noise was not examined, because of the lack of a calibration factor.
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6.5 GENEVA MINE

The Geneva mine is also a dc mine with underground rectification and belt and rail haulage.
All measurements on hand for the Geneva mine are surface noise fields. Summaries of the
equivalent background noise fields are shown in figures 6-22 through 6-25. These results
show generally that there is 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 are the quietest of the four mines.
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Figure 6-22. Geneva Spectrum Data/Hy(H) East-West.
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6.6 SUMMARY

The data from the above mentioned four mines by the NBS/ITS team is valuable data and is
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 as follows:

NOISE GRADE

Dc mine, maximum trolley

Dc mine, face area, mean

Dc mine, face area, minimum
Ac/dc mine, head piece, maximum
Ac/de mine, face area, quasi-maximum
Ac/dc mine, mean noise

Ac/dc elevator shaft

Ac/dc power-on, quasi-minimum
Ac/de maximum (Itman)

Ac/dc mean

Ac/dc quasi-minimum

Surface noise - mean

Surface noise - power-on, minimum
Mean noise - all mines subsurface

600 V dc mine

‘e

bd e d ed e
R WN O W10 UIHE WK

Ac/dc mine

.

Quieter ac/dc
mine

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

Hy = 121.5 - 32.5 logq f (Hz)

Hy is in dB >/uA/meter/ VHz

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 results of the S/N analysis for var-
ious paths and noise conditions.
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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 transmitter 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 line source. For a horizontal sur-
face loop to an underground horizontal loop antenna, the Hz (perpendicular field component)
is taken from the Hz (VMD) column of the printout at the desired loop displacement and
separation.

Although the depth of transmitter is a variable, as far as the printout is concerned, recipro-
city still applies and transmit position and field sample points may be interchanged. All data
is referenced to dB greater than 1 ampere/meter or 1 volt/meter.

To apply the data to a typical situation, one must first calculate a correction factor for that
situation. See figure 6-27 for correction factor formulas. This factor is then added to the
printout data to correct relative field intensity data to the actual power level, loop diameter,
line source length or loop weight used. Subtracting the appropriate noise grade from the
corrected field intensity data yields the S/Ng ratio at the sample point in question. If it is
necessary to know the open-circuit volts from 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 Electric and Magnetic

Field Components for Printouts on Pages 6-34
Through 6-83.
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NOISE = -130.00
NUISE = -147.00
NOISE = -107.00
NOISE = -95,00
ERHO(PHI=Q)
~47.9%
12.10
.IWNOWN
-29.94
~64,07
'}ﬂ. Wﬂ
~6T.40
-66.64
-83.71
-84.51
-107.30 -
-109.56 -

08 «.GT.
DB .GT.
DB «GTe
08 .GT.
08 .GT.
D8 .GT.
0B +GT.
DB .GT.
08 +GT.
08 .GT.
aw .n.q.
DB .GT.
08 GT,.
DB «GT.
DB .GT.

EPHIIPHI[=90Q)

~53,59

-69.63
-86.63
-85.54
thowb

105.45

PONER=

0.00 M

100.00 OMMS

10.00 WATTS

XMIT LOOP

DEPTH OF TRANSMITTER=

1A/M NOISE GRADE = 1

1A/M NOISE GRADE = 2

1A/M NOISE GRADE = 3

1A/M  NOISE GRADE = 4

1A/M NOISE GRADE = ]

1A/M NOISE GRADE = 6

LA/M NOISE GRADE = 7

1A/M NOISE GRADE = 8

1A/M NOISE GRADE = 9

1A/M NOISE GRADE = 10

1A/M NOISE GRADE = 11

1A/M NOISE GRADE = 12

1A/M NOISE GRADE = 13

1A/M NOISE GRADE = 14

1¥/M  NOISE GRADE = 15

HRHO(PHI=90) HPHI(PHI=0) HZ(PH1=90)

-56.71 =56.67 -80.25
~78.37 ~T78.34 ~19.94
-60.04 -58,99 -69.10
-~79.53 -T8eT4 ~4T7.94
-47.90 -63.99 -69.37
-82.95 -79.86 -60.17
~88.21 ~73.34 =75.97
-95.72 -83.25 -73.02
-95.61 -85.64 -B88.39
-102.48 -90.73 -87.84
-106.91 -100.89 -107.70
-110.69 -103.95 -108.15

HZ(VMOD)

~42.51

12.00
~48.42
=29.84
~84.36
~47.47
~72.46
~64.38
~83.40
-8l.64
~96.33

IOQ!WO

WEIGHT =

50.00

EPH{VMD)

-87.41
~H4e4l
=74.51
~65.%53
=71.53
-67.08
-12.59
-70.67
-80.71
-79.79
~115.17

~113.8¢6

o.o

KG

640
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DISP M)

5.00
5.00
25.00
25.00
50.00
50.00
100.00
10C.00
208.00
200.00
400,00

400.00

FRER= 2000.C0 HZ C

XMIT LOOP RADIUS=

DEPTH(M)

«JC
200.00
«0U
200,00
« 00
200.0C
« 00
200.9%
- 00
200.00
«0U

200.00

LINE SOURCE CONTACTY RESISTANCC =

NOQISE =
NOISE =
NQISE
NOI SE
NOISE
NOISE
NOI1 SE
NOISE
NOISE
MOISE
NOI SE
NOT Se
NOTSE
NOT SE
NOISE

Hw N n e u W

H oW

ERMO(PHI=0

-H2.08

12.10

-67.28
-108.73
~89.,15
~118,16

~117.15

OND o=

20.00 ¥

=71.00
~103.00
~128.00

~87.00

=99.04
~107.3G0
-129.6C
-139.00
~100.00
-113.00
-123.00
=130.04
~147.00
=-107.00

-95.00

) EPHI(PHI=IQ)

«01 MHOS/M

LINE

O
0e
Ok
0B
Ot
Di
0B
08
or
Dy
0g
op
S
08
bl

|$Wu

.oﬁ.
.GT.
«GTe.
«GTe
.nﬂ-.
«GTo
o GTe
.md«.
.Od..
.O.—-.
«GTe
.o.ql
.n.—v.
«GTe
«GTe.

87

6,08

~86406

-35.76

~Bbet2

~53,

33

-8B8.468

-69.

86

~95.04

~86a

80

~110.09

~108.74

1arM
1A/ M
1A/M
1a/M
LA/M
1A/M
1A/H
1a/M
LA/NM
1A/M
LA/N
1A/M
1A/M
1Aa/M™
/M

EPSa

100

NOISE
NOISE
NOISE
NOISE
NCOISE
NOISE
NOISE
NOISFE
NOISE
NOISE
NOISE
NOISE
NOISE
NOISE
NOISE

106U POWER=

SOURCE LENGTH= 100.G0 M DEPTH

+00 UHMS

GRADE =
GRAQE
GRADE
GRADE
GRADE
GRADE
GRAGE
GRAUE
GRAUE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE

it wnw

Lo e R e

[ T U S B B A )
P gt et Pt e
LW DO

P
v

HRHO(PHI=9G) HPHI(PHI=0)

-B4.94

-115.02

IQU.NW

~115.14

-86.12

-115.48

-89.41

~116.86

-100.06

-122.18

=118.49

-138.33

~B84.94
-115.02
-85.15
-115.07
-85.79
~-115.22
-38.10
-115.81
=94.96
-114.03
~10%.63

-125.33

10.00 WATTS

HI(PHI=9Q)

=120.26
~19.94
=106.53
-47.95
-101.26
-60.22
=38.01
~T3.31
=100.46
=89.09
-113.88

-111.27

XMIT LOQP WEIGH

OF TRANSMITTER= 200.00

HI(VYMO) EP

-83.168

12.00
-83.54
-29.83
~84.93
~47.40
~-90.50

~63.92

101.51
~-80.88
-105.08

-102.91

T=

H(VMEC)

-111.72
-64.40
-98.0¢6
-65.52
-32.73
~-67.08
~89.34
-70.67
-92.73
-79.79

-123.66

-113.95

6400 KG
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FREQ= 5000.00 HZ ¢cOnND,= .01 MA08/M EPS= 10,00 POWER= 10,00 WATTS XMIT LOOP WEIGHT= 6.00 G
XMIT LOOP RADJUS= €000 M LINE SOURCE LENGTH= 100.00 M DEPTH OF TRANSMITTER= «00

LINE SOURCE CUNTACT RESISTANCE = 100,00 OHMS

NOISE = =82.50 DB 6T, 31A/M WNOISE GRADE = 1
NOJSE = =113,00 DB .6T, 1A/M NOISE GRADE = F]
NOISE = =141.00 DB .GT, 1A/M NOISE GRADE = 3
NO1SE = =106,00 DB 6T, 1A/M NOISE GRADE = a
NOJSE = =115.00 D8 .61, JA/M NOISE GRADE = 5
NOISE = =120.00 DB 6T, 1A/M NOISE GRADE = 6
NDJSE = =138,00 UB .6T, 1A/M NOISE GRADE = 7
NOISE = =160.00 D8 .6T, 1A/M NOISE GRADE = 8
NO1SE = -118,00 D8 6T, 1A/M NOCISE GRADE = 9
NOISE = =128.00 DB .b6T, 1A/M NOISE GRADE = 10
NOJSE = =137.00 D3 .GT, 1A/M NOISE GRADE = 11
NOJSE = -144,00 D3 6T, 1A/M NOISE GRADE = 12
NOISE = =153.00 DB 6T, $A/M NOISE GRADE = 13
NOISE = -119,00 DB «67, 1A/M NOISE  GRADE = 44
NOISE = =107.,50 DB 6T, 1¥/M NOISE GRADE = 15

DISP(M) DEPTH(IN) ERKO(PH!=0) EPHI(PHI=®90) HRHO(PHI=Q0) PHI(PH]=0) HZ{(PR]=90) HZ{VMD) EPH(VMD)

5.00 «00 12,10 6,08 =116.99 ~116.99 =-19.64 12.00 =2.09

5.00 «00 12,10 6,08 =116.99 -116.99 =19,94 12.00 =209
25.00 «Q0 ~29,99 =35.52 -116.,99 =110.99 =48,05 ~29.79 =30.42
25,00 «00 ~29.99 =35.52 -116,99 -116.99 =48.05 =29.79 =30e12
50,00 « 00 -48,70 =~52.43 -116.99 ~116.99 =60,74 =47.24 =42.49
$0.00 «00 ~48,70 -52,43 -116,99 =116.99 -60,74 =47 .24 =42449
100,00 «00 ~69,27 -68.82 -116.99 -116.99 =75.29 =63.93 =55.99
100,00 <00 -69,27 -68.82 ~116.99 =-116.99 =75.29 =63.93 =55.99
200,00 «00 ~-94,92 -88,88 -116,99 ~116.99 -94,92 =82.62 =73.10
200,00 «00 -94,92 ~88.88 -116.99 =116.99 =94,62 =82.62 =73+10
400,00 .00 *132,12 =120,12 *116.,99 -116.99 ~126,10 =111.05 ~95.28

400,00 «00 =132,12 =120,12 *116,99 “11649% -128,10 *111.,05 =98.28
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DISP(M)

5,00
5.00
25,00
25,00
50,00
50,00
100,00
100,00
200.00
200,00
400,00

400,00

FREQ= 5000,00 HZ ¢

XMIT LOOP RADJUS=

DEPTH(1)

.00
«C0
«00
00
« 00

.00

LINE SOURCE CONTACT RESISTANCE =

OND .= .01 MHOS/M

€0.00 M LINE SOURCE LENGTHe

NOISE = ~82.,50 DB 6T,
NOJSE = =113.00 DB .6T,
NOISE = =141,00 DB .GT,
NOlSE = =106.,00 DB .GT,
NOISE = =115,00 D3 .61,
NOJSE = -120,00 DB .6T,
NOISE = =138,00 UB .6T,
NOISE = =160,00 DB ,L6T,
NOISE = =118,00 DB .6T,
NOISE = ~128,00 DB .GT,
WNOJSE = -137,00 D3 LG6T,
NOISE = ~144,00 D3 6T,
NOISE = ~153,00 UB 6T,
NOISE = ~119,00 DB .6T,
NQISE = ~107.50 DB L.GT,
ERHO(PHI=Q) EPHI(PHI=®90)
12,10 6,08
12,10 6.08
-29,99 =35.5¢2
=29,99 =35.52
IAQONO IUNQLU
=48,70 -52,43
=69,27 -68,82
-69,27 -68,82
=94,92 -88,88
=94,92 -88,88
w132,12 -120,12
®132,12 =120,12

1LA/M
1A/M
1A/M
1A/M
LA/M
1A/M
1A/M
1A/M
1A/M
1A/M
1A/M
1A/M
1A/M
1A/M
1V/M

EPS® 10,00 POWER=

100,

NOISE
NOISE
NOISE
NOISE
NOISE
NOLSE
NOISE
NOISE
NOJSE
NOISE
NOISE
NO1SE
NOISE
NOISE’
NOISE

10,00 WATTS

XMIT LOOP WEIGHT=

100.00 M DEPTH OF TRANSMITTER=

00 OHMS

GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE

L

> NOo U»

HRHO(PHI®=Q0) HPHI(PHI=OQ)

-116.99

-116.99

=-116,99

=116499

=116.,99

=-116,99

~116,99

-116.99

=-116.99

=116.99

116,99

116,99

-{16.99
=116.99
-116.99
-116.99
-116.99
~116.99
~116.99
=116.99
=116.99
=116.99
-116.99

~116.9%

HZ(PR[=90)

~19,.64
~19.94
=48,05
-48.05
«60.74
-60,74
=75.29
=75.29
-94,92
-94,62
=-126,10

“126,10

HZ(VMD)

12.00

12.00
~29.79
-29.79
=47.24
=47 .24
~63.93
=63.93
=82e62
-82.62
=111.05

=111.,08

.oo

EPH{VMD)

=209

=209
=30e¢12
-30.12
=42.49
=42¢49
=55.99
=55+99
=73.10
=73¢10
~98+28

=98.28

600 KG

644
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DISP (M)

25.00
25.00
50.00
5C.00
100.00
100.00
200.00
200.00
400,00

400,00

FREG= L000.20 HZ C

XMIT LOOF RADIUSE=

DEPTH(M)

«0C
100.09
0
100.0Q¢C
.00
100.00
00
120.00
00
100,00
«00

100.00

LINE

NCISE
MO SE
NQ I SE
NOI SE
NOTSE
NQISE
NOISE
NOISE
NOISE
NO[SE
NOISE
NOI SE
NOILSE
NOTSE
NOISE

ERHOtPHI=Q)

SOURCE CONTACT

a8 B o A H B D MR U NHE NN

~66,02

12.10
~65.86
-29.99
=Tl.29
-68.72
~868.56
~69.42
~96,04

=9 .48

~114.45

-126.1¢6

{INDe=

20.00 ¥

~82.5C
~113.00
~141.00
-106.00
~11%.00
-120.00
-138.00
-160.00
-118.00
-128.00C
-137.00
-144,0C
~153.00
-119.0¢C
-107.5¢C

«0

1 MHQOS/M

EPS=

15630 PUWER=

10.00 WATTS

LINE SOURCE LENGTH= 100.00 M DEPTH OF TRANSMITTER= 100.00

o)
on
D&
nB
DE

be
~£8.

=35,

.Od..
‘O.—-.
‘Qﬁ‘
«GTe.
«GTo
.o*‘
«GTe.
.GV,
«GTe
«GTe
«GTe
‘Od‘
«GTo
.oq.
.mq.

EPHI(PHI=90)

o8
92

52

~70.83

-52.

=Tt

41

60

-¢8.68

~89.,60

-BT7.79

-113.31

~116.20

la/M
1A/M
1A/
1A/M
1A/NM
1A/M
1a/M
LA/M
1A/M
1A/m
1a/M
1A/M
LA/M
1A/M
1V/M

RESISTANCE = i00

NOISE
NQISE
NCISE
NOISE
NOISE
NQISE
NOISE
NOISE
NOISE
NOISE
NOISE
NOISE
NOISE
NOISE
NOISE

«00 OHMS

GRADE
GRADE
GRADE
GRADE
GRADE
GRANDE
GRADE
GRADE
GRADE
GRADE
GRADE
GRAQE
GRADE
GRADE
GRANE

W RB UK KU

WX NG WP NN

L
[
o

HoEOH UM
(o
w

HRHO(PHI=90) HPHI(PHI=Q)

-71.28
~38.54
~72.33
-98.94
-75.37
100.17
-85.11
104.89
104,32
120.84
118.26

129.56

=71l.27
~98.53
=72.02
-93.70
~T4.14
-93.20
=B0.37
-101.06
-93,26
~107.09
=112.06

-122.95

HZ(PH[=90)

=-100.867
-13.54
-87.59
-48.05
~84.13
~60.74
=85.85
=75.25
-97.08
-94.38
~123.14
=123.04

XMIT LOOP WEIGHT=
HZ(VMD) EPH{VMD)
-63.38 -85.7%

12.01 ~48.64
~£5.09 -72.48
~29.60 ~50.49
=70.41 ~6He49
~46.51 -53.,17
-83,.89 =69, 44
~62.91 ~59.72
~-87.05 -86e38
-B2.49 ~78.76

-101.01 ~110.94
-107.57 -108.42

6400 KG
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DISPIM)

25.00
25.00
50.00
50.00
100.00
100.00
200.00
200.00
400.00
400.00

FREQ= 5000.00 H2 C

XMIT LOOP RADIUS=

DEPTH(M)

«00
300.00
Q0
300.00
.00
300.00
«00
300.00
<00
300.00
«00

300.00

OND o = «01 MHOS/M EPS=

10.00 POWER=

10.00 WATIS

XMIT LOOP WE[GHT=

20,00 M LINE SOURCE LENGTH= 100.00 M DEPTH OF TRANSMITTER=

LINE SOURCE CONTACT RESISTANCE = 100

NOISE
NOISE
NOISE
NQOI SE
NOISE
NOT SE
NOISE
NDISE
NOI SE
NOI SE
NOISE
NOISE
NOISE
NOI SE
NOISE

ERHOLtPHI=O

=100.39
12.10
=100.64
~29.99
~101.40
~48.70
~104.39
-69.27
-115.51
-94,93
-137.01

~132.09

~82.5G 08 «.GT.
-113.00 08 .GT.
IH&ﬁQOO D8 «GT.
~-106.00 D8 +GT.
-115.00 08 .GT.
-120.00 0B .GTe.
-138.,00 DB .GT.
-160.00 DB .GY.
-118.00 DB .GT.
~-128.,00 DB .GT.
IWWQ‘OO oB Oﬁﬂc
~144.,00 OB .GVe.
~153.00 DB +GTe.
=119.0C 0B +GTe
-107.50 08 .GT.

) EPHI(PHI=90)

=102.79
6.08
-102.93
=35.5¢
~103.35
~52.43
=104.98
-68.82
-110.79
-88.88
~128.65

-120.17

1A/M  NOISE
lA/M  NOISE
1A/M NOISE
1A/M  NOISE
1A/N  NOISE
1A/M NOISE
1A/M  NOISE
l1A/M NOISE
1A/M  NOISE
1A/M  NOISE
1A/M  NOISE
1A/M NOISE
1A/M  NOISE
1A/M  NOISE
1v/M  NOISE

HRHO(PHI=

=106,.56
-156.66
~106.76
~156.75
=107.37
-157.02
-109.75
~158.09
-118.37
-162.33
=138.41

~177.04

«00 OHMS

GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRAUE
GRADE
GRADE
GRADQE
GRAUGE
GRADE
GRADE
GRADE
GRADE

VDN PN -

bt s g Pt
PWR O

48 & BN BRNENNN N

—
N

90) HPHI(PHI=0)

~106456
~156.66
-106.71
=156.71
-107.17
~156.85
~108.94
~157.43
-115.09
~159.66
-132.68

~167.89

HZ (PHI=90)

~144,.85%
-19.94
-131.04
-48.05
~125.54
~60.74
=121.55
=75.29
=122.70
-94.92
-137.75

-126.11

HZ (VMO

-108.64
12.01
~108.5¢0
-29.60
-106&.89
~46.50
-111.52
~£2.89
~117.39
~82.96
-120.39

lﬂﬂboNb

300.00

) EPHIVMD)

-137.,22
-48.64
~123.11
-50.49
-116.84
-53,17
-110.53
~59.73
-108.08
-78476
-157.98

~108.43

6.CC XG
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NISP (M)

25.00
25.00
50.00
50.00
100.00
100.00
200,00
200.00
40G.00

400.00

FREQ= 7000.00 HZ C

XMIT LOOP RADIUS=

DEPTH{ M)

« 00
50.0C
«00
500G
00
50.00
«00

50.0C

50.00
.co

50.00

LINE

NOISE
NOI SE
NOISE
NOISE
NOISE
NOISE
NOIT Sg
NCISE
NOISE
NOISE
NOISE
NOISE
NOISE
NOT SE
NOI SE

ERHO(PHI=O)

SOURCE CONTACT RESISTANCE =

0B xoNH R B KW H NN NN

~47.04

12.09
-55.07
~306.13
~66453
~49.,29
-T70.99
~55499
-91.06
~93.40
109.16

116459

OND e =

20.0C ™

«01 MHOS/M EPS=

10,00

LINE SOURCE LENGTH= 10

-88,00 0P
~1146.0C 08
~149.0C 08
~10¢.00 08
-120.00 08
~141.0G¢ D8
~163.00 08
~126.00 0§
=-135.00 DB
-139.00 D8
~145.00 0B
-156.00 OB
~124.0C DB
-107.5C D8

‘oq.
.mq.
«GTe.
oGTa
.mq.
.Od.
.m*.
«GTe
«GTe
«GT,
«GT.
.mq.
«GTe.
«GTe
.m*.

cPHI{PHI=9Q)

~52.09

6.08

=54.52

-3%.
-59.

-51l.

32

83

79

=70.48

~6T.83

-67.

59

-87.51

-109.20

~117.26

1A/M  NOISE
1A/M  NOISE
1A/  NOISE
1a/M  NOISE
1a/M  NOISE
1A/M  NOISE
1A/M  NOISH
1A/M  NOISE
1A/ NOISE
1A/M  NDISE
LA/M  NOISE
1A/M  NOISE
1A/M NOI1SE
1A/M  NOISE
1V/M  NOISE

HRHG(PHI=

~57.42
~80.81
~60.94
-82.10
-69.40
~85.96
-90.17
~100.30
~97.80
~106.60
-116.55

-123.26

GRADE
GRADE
GRAUE
GRADE
GRAQE
GRADE
GRADE
GRADE
GRADE
GRADRE
GRADE
GRANE
GRAQE
GRADE
GRADE

90} HPHI(PHI=O)

POWER=

0.20 M

100.00 QHMS

LI )

i
LD NN D NN

-
]

— p
SN

LI B I I TR N N TON ]
—
L

-—
v

~57.37
-80.77
-59.83
-8l.25
-65.21
-82.62
-75.71
~86.91
~90.94
-97.34
110.37

117.07

10.00 WATTS

DEPTH OF TRANSM

HZ(PHI=3(Q)

-80.91
=19.95
~69.92
~48.12
=70.66
~6le32
~T18.3%
“75.96
-95.99
-95.80
-126.50

-131.01

XMIT tOOP WEIGHT= 6.00 KG

I1TTER = 50.00
HZI{VMO) EPH{VMD)
~43.39 -68.63

12.01 -42.87

~49.66 ~56.28
=29.44 -45.10
-€5.92 ~54.58
~46.18 -48,40
~70.35 ~59.9¢6
-€3.15 =56.69
~80.95 =87.49
~-8Z.71 -84,20
~99.9¢C -124.29
-104.61 -122.21
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DISP(M)

5.00
9400
25.00
25.00
50.00
30.00
100.00
100.00
200.00
200,00
400.00
400.00

FREQ= 7000.00 HZ C

XMIT LOUP RADIUSE

DEPTHIM)

<00
200.0G
<00
200.00
- 00
200.00
00
200.00
«00
200,00
00

200.00

ONDe =

20,00 M LINE SOURCE LENGTH= 100.00 M DEPTH OF

.01 MHOS/HM EPS=

LINE SOURCE CONTACT RESISTANCE = 100

NOISE
NOISE
NOISE
NOISE
NOISE
NOISE
NOTSE
NOI SE
NOISE
NOISE
NOISE
NOISE
NOISE
NO1SE
NOISE

& 4 " 9 0 N R EH N HAH N

ERHO(PHI=0

~85.97
12.10
~86.48
~30.07
-B8.04
-49,05
=93,96
~T0e46
~-116.22
-98.10
=129.48

-138.63

-88.00
-116.00
-149.00
-106.00
=120.00
-122.00
-141.00
-163.00
-126.00
~135.00
-139.00
~145.00
-156,00
~124.0C
~107.50

) EPHI(PHI=90)

08
ou
h].]
a1}
]
DB
DB

.Qd.
GV
.md-.
'n*.
oGTe
«GTa
«GTe.
«GT.
«GT.
.m*.
«GTe
.nq.
.o*.
«GV.
«GTe

-88.,69

6.08

-88.9%5

-35,35

~89.

74

|MHQOQ

lﬂNQON

-68.

73

-102.10

=-9Q.

12

-127.90

=-126.19

1A7M  NOISE
1A/M NOISE
1A/M NOISE
1A/#M  NOISE
1A/M NQISE
1A/M  NGISE
1A/M  NOISE
1A/M NOISE
1a/M  NOISE
1A/M  NOISE
1A/M  NOISE
1A/M  NOISE
1A/M  NOISE
1A/M  NOISE
1v/M  NOISE

-93,70
-136.,32
-94.09
=136.48
=95.,27
-136.9%
=-99.71
-139.02
~114.13
~146.85

-133.99

10,00 POWER= 10,00 WATTS XMIT LOOP WEIGHT= 5,00 KG
TRANSMITTER= 200,00

«00 OHMS

GRADE = i

GRAODE = 2

GRADE = 3

GRADE = 4

GRADE = 5

GRADE = )

GRADE = 7

GRADE = &

GRADE = 9

GRADE = 10C

GRADE = 11

GRADE = 12

GRADE = 13

GRADE = 14

GRADE = 15

HRHO(PHI=90) HPHI(PHI=D) HZ(PH1=90) HZ(VMD) EPHIVMD)

~-33.,70 -128.64 -92.15 -115.58
~136.32 -19.95 12.01 ~42.88
~93.99 =-114.99 -92.34 -102.95
=136.40 -48.13 ~29.43 -45,.,10
-94.86 -109.93 -93.73 ~99,56
=136.66 -61.09 -46.05 =48.41
-98.,06 =107.09 ~99.65 -109.51
“137.67 -T6e49 -62.81 ~564£9
-107.68 -113.46 ~10C3.08 -98.06
-141.51 ~98417 ~84.76 ~£4424
-13C.46 -137.79 -114,01 -129.43
~154.76 =133.73 -119.75 -122.26

-163.01
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DISP(M)

25,00
¢5.00
50,00
50,00
100,00
100,00
200.00
200,00
400,00

400,00

FREWS 17000,00

KH1T LRaP

JERTH

« 00

« 00

.00
« 0V
«00
.00
o 00
.00
«00
« 00

«C0

)

RALIU

W INE

NOTSE
NUTSE
VU1 SE
NO1SE
NOLSE
NO|SE
NOISE
NO L SE
NOTSE
NOISE
MU SE
NOTSE
NOJSE
NOSE
NOSE

ERKO(PHl=0)

HZ C
S=

SNURCE

4 N 8 uUH U

WU u NN

{2,006
12,09
«30.,20

=-30,20

=72.12
102,45
102,45
149,54

149,54

UNL o= .01 MHOS/M

20,00 M [ INE SOURCE LENGTH=

CONTACT RESISTANCE =

=95%5,00 NB LGi.
-120.00 R LG6T,
=151.,00 DB LGT,
=101.,00 U8 euT,
=123.00 DE .GT,
=125.,00 DB 46T,
=137.00 1B 6T,
=165.,00 B 6T,
=1351.00 DB LGT,
=142,00 D3 GT,
=181.00 LB .GT,
=147,00 D2 L6T,
=100.,00 D3 6T,
-129.00 DB .G6T,
=107.50 UB .G&T,

EPHI(PHI=90)

-35.10
-35.10
-51,49
-51.49
-68,96
-68,9¢
-93.45
-93.45
-134,54

-134.54

1A/M
1A/M
LA/M
1A/0
1A/H
1A/M
1A/M
1A/M
1A/M
LA/M
1A/M
LA/M
1A/M
1A/M
1y/m

EPGs

100

A0Sk
NQISE
NOTSE
A018E
HOISE
HCISe
H401sE
H018E
NO1StE
NOI1SE
NQISE
NQ1SE
NCISE
NO1SE
NQ1SE

10.00 POwERs=

«00 0iiM8

GRADE
GRADE
GRADE
GRADE
GRADE
GRAVE
GRADE
GRAVE
GRADE
GRADE
GRADE
GrRADE
GRADZ
GrRADE
GRADE

VTN P D GLN -

HRHD(PH1=290) HPAI(PHI=Q)

=-116,99

-116.99

=116.99

-116.99

=116.99

=116.99

=116.,99

=116.99

=116.99

=116,99

~116.99

-116.99

-116.99
=116.9Y
-116.99
-116.99
=-116.99
~116.99
-116.99
~116499
~116.99
-116.99
~116.99

-116.99

10,00 walTS

HZ(PKH]I=90)

-19,95
-19,.95
-48,26
-48,26
=61.b1
=61.61
=78.14
=78.14
=102,.45
~102,45
-143,5%2

-143,52

XMIT LOOP WEIGHT=

100.00 m DEPTH OF TRANSMITTERs=

HZ(VMD)

12.01
12.01
=29.59
~29.59
=46.59
=46.59
~63.63
~63.63
-85.88
-85.88
=119.,69

-119,69

.00

EPH(VMU)

=36+96
=51.79
=51.79
=72.50
=72+50
=98+81

=98.81

6.00 ¥G
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DISP(M)

5.00
5.00
25,00
25.00
50.00
50.00
100,00
100,00
200,00
200.00
400.00
400.00

FREG= 10000.00 HZ C

XMIT LOOP RADIUS=

DEPTH(K)

«00
100.00
«00
100.00
«00
100.00
«00
100.00
« 00
100.00C
«00

100.00

LINE SOURCE CONTVACT RESISTANCE =

NOISE
NDISE
NOISE
NOISE
NOI SE
NOISE
NOISE
NQISE
NOISE
NO1SE
NOISE
NOISE
NOISE
NOISE
NOISE

ERHOUPH] =0

~64429
12.09
~66.11
-30.19
=Tl.46
-49,.56
-91.71
~72.12
-101.87
~101.78
~119.11
-137.75%

OND. =

«01 MHOS/M EPS=

10,00 POWER=

10,00 WATTS

XMIT LOOP WEIGH

20.00 M LINE SOURCE LENGTH= 100.00 M DEPTH OF TRANSMITTER= 100.00

IOGQOO
-120.00
-151.00
-101.00
~123.00
-125.00
-137.00
-165.00
-131.00
~142.00
-181.00
-147.00
~160.00
-129.00
-107.50

) EPHI(PHI=90)

08 +GT.
08 .GT.
08 .GT.
am .od.
08 «GT.
ow .oq.
DB «GT.
08 .GT.
0B «GT.
DB «GTe
DB .GT.
b8 +GT.
0B «GVe.
DB «GT.
08 .GT.

-6T7.84

6.G9
-68.60
-35.10
-70.76
-51.50
=77e49
~68.97
-93.79
~92.63
119.26
123.71

1A/M
1A/M
LA/M
1A/M
1A/M
1A/M
1A/M
1A/M
1a/M
1A/M
1A/M
1a/7M
LA/M
1A/M
ly/M

100

NOISE
NOISE
NQISE
NOISE
NQISE
NOISE
NOISE
NOISE
NOISE
NOISE
NOISE
NQISE
NQISE
NOISE
NOISE

«00 QHMS

GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRAOQE
GRADE

-
DOX N VS WN -~

s s e
&N

>
wn

HRHO{PHI=90) HPHI(PHI=O)

-73.97

~135.66

“75.16

~106.13

=78.59

-107.60

-89.77

-113.25

-107.98

-129.36

-128.17

-143.69

=-73.96
-105.65
-T74.82
-105.86
=77.24
-106.51
~B84.48
-108.93
=100.20
=116.96
~121.94

-138.16

HZ(PH1=90)

-103.20
=-19.95
~90.24
~48,2¢6
-87.10
~6l.62
~89.98
~78.15

-104.71

-102.99

=140.854

-l4l.14

HZ(VMD) EP

~£64.20
12.01
-67.95
~29.17
=73.63
~45,56
~83.30
~62.99
~87.43
-86.57
~110.06

~119.69

I=

H(VMD)

-80.28
-36.78
67445
~39,51
~64 .46
43,65
-69.70
~54.40
-89.49
-94,58
~123.04

-121.51

600 KG
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DIsPIM)

5,00
5.00
25.00
25.C0
50.00
5C.00
100.00
100.00
200.00
200.00
400.00

400.00

FREQ= 10000.,00 HZ C

XMIY LONP RADIUS=

OEPTH(M)

.00
300.00
00
300.00
.00
300.0C
00
300.0C
<00
300.00
+00

300.00

UNO .= .01 MHOS/M  EPS=

10.00 POWER=

10.00 WATTS

XMIT LOOP WEIGHT=

20e00 M LINE SOURCE LENGTH= 100.00 M DEPTH OF TRANSMITTER=

LINE SOURCE CONTACT RESISTANCE = 100

NOI1SE
NQISE
NOI SE
NOISE
NOISE
NOI SE
NOISE
NOISE
NOISE
NOTSE
NI SE
NOISE
NOISE
NOISE
NOISE

D& W B o

ERHO(PRI=0

-109,75
12.09
-110.04
-30.20
-110,95
-49.57
-114.50
~T2.12
-127.66
-102.45
-149.91

-149,.56

=9%,00 0b «GTe
-120.00 0B .GT.
~151.00 DB 4GT.
-101,00 08 .GT.
~123.00 08 +GTa
-125.00 08B .GT.
-137,00 DOP .GT.
-165.00 DB +GT.
-131.00 DB .GT.
-142.00 DB +GTe
-181.00 DB .GT.
-147.00 DR .GT.
=160.00 DB «GT.
~129.0C D8 .GT.
-107.50 08 .GV,

) EPHI(PHI=90)

=111.74
6.09
-111.92
-3%.10
~112.48
~51.49
~114,63
-68.9¢6
-122.25
=93.45
~148.29

-134.54

1A/M  NOISE
1Aa/M  NOISE
1A/M NOISE
1a/7M  NOISE
1a/7#  NQISE
LA/M  NOISE
1A/M  NOISE
1A/M  NOISE
1A/M  NOISE
1A/M  NOISE
1A/M  NOISE
LA/M NOISE
1A/M  NUISE
1A/M NOISE
1¥/M  NOISE

«00 COHMS

GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRACE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE

—
QLT NP AL WONM-

e
~

M H N R W R U HE R A BN

po s gt
BN

HRHO(PHI=9Q) HPHI(PHI=0)

~118.84
-183.80
-119.09
-183.91
-119.86
-184.26
-122.86
~185.66
-133.75
~191.20
~156.16

-208.12

-118.84
~-183.79
~119.03
-183.86
-119.63
-186.,07
-121.90
~184.88
~129.91
-188.04
-154.05

-199.93

HZ(PHI=90)

~156487
=19.95
=143.10
=48.26
~137.75
-6l.61
-134.30
=78.14
~137.44
~102.45
=159.83

~143.52

HZI(VMD

-121.00
12.01
~-120.52
~29.17
-120.63
=45,56
-123.16
-63.04
-125.70
-87.53
~134.18

-128.62

300.00

) EP

H(VMO)

~136.00
-36.78
-122.86
-39.51
-117.98
~43.65
-116.68
~54,40
-132.90
-94.59
~153.78

-121.50

6.00 KG
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DISP(M)

5.00
5.00
25.00
25.00
50.00
50.00
106.00
100.00
200.00
200.00
400.00

400.00

FREQ= 20000.00 HZ COND.=

XMIT LOOP RADJUS=

DEPTH(M)

«00
5000
<00
50.00
« 00
$0.00
«00
50.00
«00
50.00
<00

50.00

20.00 M

«01 MHOS/M

LINE SOURCE LENGTH=

EPS=

LINE SOURCE CONTACT RESISTANCE = 100

NOISE = -108.50 Ot -GT.
NOISE = =127.00 0B .GT.
NQJ SE = =159.00 0B .GT.
NOISE = ~119.00 OB .GT.
NOISE = -117.00 DB .GT.
NOISE = ~125.00 DB «GTe
NOISE = -133.00 DB .GT.
NQISE = -16%5.00 OB .GT.
NOISE = =136.,00 0B GT.
NOISE = -151.00 D8 .GT.
NOISE = ~181.00 08 .GT.
NOISE = =153.00 0B .GT,.
NOISE = ~169.00 DB +GT.
NQISE = =128.00 OB GT.
NOISE = ~116.50 08 .GT.
ERHO(PHI=0) CPHI(PH]I=90)
.Iko@lﬂﬂ IMOQN-N
12.09 6.11
~53.23 =52.77
=30.65 ~34.34
-70+49 IWQJWW
~51.36 -50.61
-17.98 -71.53
-Té6.41 -69.72
~96.40 -95,23
-108.11 -98.11
~114.33 -113.94
~1264.67 -125.77

1A/7M
LA/M
1A/M
1A/M
1A/M
1A/M
1A/
1A/M
LA/M
1A/M
1A/M
1A/M
1A/M
1A/M
iv/m

NOISE
NOISE
NOISE
NOISE
NOISE
NOISE
NOISE
NOISE
NOISE
NOISE
NOISE
NOISE
NOISE
NOISE
NGISE

10.00 POWER=

«00 QOHMS

GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRAUE
GRADE
GRADE
GRADE

VRNV WU

H 80 B # 08 % 8 2 08 K B H

HRHO(PHI=90) HPHI(PHI=O0)

-59.37
~B6.54
-63.32
~88.12
“T73.06
-92.83
-92.27
108.77
106.23
117.52
126.32

138.47

-59,.32
-86.50
-62.10
~-87.14
-68.32
~-89.00
-81.21
=95.04
-100.99
-110.88
~119.98

-132.04

10.00 WATTS

HZ{PHI=90)

-82.72
-19.96
-72.08
~48.69
=73.80
-63.21
~-85.03
-B82433
=111.09
-110.97
-140,27

~151.068

XMIT LOOP WEIGHT=

100.00 M DEPTH OF TRANSMITTER=

HZIVMD)

~45.,51
12.03
~52.34
=28.44
~65.81
~44.85
-68.98
~€4.42
-82.94
-89.49
-1132.02
-125.51

50.00

EP

H{VMD)

-55.73
=-24.99
~44,40
-29.08
-45.34
-35.64
-62.26
-54.67
-86.85
84,31
~-141.05

-140.28

6.00 KG
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DISP (M)

©.00
5.00
25.00
25.920
50.,C0
50.00
10C.Q0
100.920
206.00
200,00
400.C0

400,00

FREQ=s 20000.00 HZ C

XMIT LOOP RADIUS=

DEPTHIM)

230.035
.00
200.00
«00
200,00
<0

200,00

LINE SGURCE CONTACT RESISTANCE =

NOI SE
NOISE
NOTISE
NOISE
NOISE
MO1SE
NOISE
NOISE
NQOISE
NOTSE
NOISE
NOISE
NO1SE
NOISE
NOISE

# # B M

Amoau H B BN

ERHO(PHI=D

-97.22
12.09
-97.85
-30.63
-G99,.,31
-51.20
~-107.28
~-76.85%
~129.44
-L14,06
-150.91

-1764.75

CNDe =

20.GC2 M

~108.50
-127.00C
-159.00
-119.00
=117.00
-125.00
~133.00
~165.00
~136.00
~151.00
|N®H.OC
-153.00
~169.00
-138.00
-116.50

) EPHI(PHI=90)

«Q1 MHOS/M

EPS=

1000 PQOWER=

10.00 wWATTS

XMIT LOQP WEIGHT=

LINE SOURCE LENGTH= 100,00 ™ DEPTH OF TRANSMITTER=

o8
0B
08
oe
o8

«GT.
«GTe
«GTe.
«GTe
«GTe
«GT.
.OQ'
.m“‘
‘Oq‘
«GT.
«GTe
.mq.
«GT.
«GTe
.mql

-99.,27

bell

-99.65

=34.36

~100.83

~40.75%

1A/M
1A/M
1A/M
1a/7M
1A/M
LA/M
LA/M
1a/M
1A/M
1AM
1a/M
LA/M
La/M
1A/M
1y/w™

100

NOISE
NOISE
NCISE
NOISE
NOISE
NOISF
NOISE
NOISE
NOISE
NGISE
NOISE
NOISE
NOISE
NOISE
NOISE

«00 UHMS

GRADE
GRADE
GRAUC
GRADE
GRAUE
GRADE
GRADE
GRADE
GRADE
GRACE
GRADE
GRADE
GRADE
GRAQE
GRADE

H oW N H B8N B U H B NN NN

HRHO(PHI=90) HPHI(PHI=])

~109.33

-171.35

-109.87

=171.59

~111.51

=172.35

-117.73

~17%8.34

-136.26

~186.70

-163.30

=207.20

~109.33
-171.35%
~109.74
-171.49
-110.99
~171.92
=115.60
-173.62
-130.41
~180.08
~156432

-203.70

HZ(PH1=90)

-143.88
-19.96
-130. 36
-48,70
-125.75%
63424
-1264.99
-82.537
~126.09
114404
~1€1435

-169.2¢

HZ(VMD

-107.87
12.03
-107.53
~28.44
~108.65
~44.83
-113.52
—64.89
-114.38
~%6.12
~144.59

~151.63

2C0.00

} EP

H{VMD)

-115.87
-264,99
~102.H9
-29.08
-98.81
-35.64
-101l.62
~54,68
~112.44
-84.33
~156.30

~14C0.%4

6,06 KC
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‘DISP(M)

25,00
25,00
50,00

50,00

100.00

100,00
200,00
200,00
400,00

400.00

FREW= 50000,00 HZ ¢

XMIT LOUP KADIUSS

DEPTH(M)

.00

LINE SOURCE CONTACT RESLSTANCE =

UNL .= <01 MHOS/M

EPS=

10,00 POWLR=

10.00 WATTS

XMIT LOOP WEIGHT=

20,00 M LINE SOURCE LENGTH= 100,00 M DEPTH OF TRANSMITTER=

NO]SE = -122,00 D3 .GT,
NOJSE = =137.00 DB .GT,
NOISE = =163,00 NB 6T,
NOISE = -138,00 DB .6T,
NOJSE = =126.,00 08 .GT,
NOJSE = =137.00 DB .GT,
NOISE = =154,00 DB .G6T,
NOISE = =1067.,00 NB L6T,
NOISE = =151.00 DB 6T,
NOISE = =158,00 DB 6T,
NOISE = -181,00 DB .GT,
NUISE = =172.00 DB LT,
NOISE = =179.00 DB 6T,
NOISE = -148,00 DB .G6T,
NO1SE. = =118.,50 LB LGT,
ERHO(PH]=0) EPHI(PHI=90)
12,058 6.18
12,08 6.18
-31.93 -33.13
~31.93 ~33.13
-55,32 -51,25
=-5%,32 quoNU
«87.,57 =77 .60
-87.57 -77.60
-138,63 -122.66
-138,63 =122.66
227,99 =206,00
=227.99 =-206,00

1A/M
1A/M
LA/M
LA/M
1A/M
1A/M
1A/M
1A/M
1A/M
1A/M
1A/M
1A/M
1A/M
1A/M
iv/m

100

HOIStE
NO[SE
NOISE
NOISE
NO]SE
NOISE
NOISE
NOISE
NO1SE
NOISE
NO1SE
NQISE
NOISE
NOISE
NOISE

«00 OHMS

GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE

CoNOOD WA -

HRHO(PH]I2g90) HPRI(PRI=0)

=116.99

-116,99

-116,990

~116499

=116,99

-116,99

=116.,99

=116,99

=116,99

=116,99

=116.99

=116,99

-116.99
~116.99
~116.99
-116.99
~116.99
=116.99
-116.99
~116.99
=116.9Y
-116.99
=116.99

IH»O.QO(.

HZ{PR]=90)

-19,99
=19,99
=49,49
=49,99
-67.36
=67,36
=93.,59
=83,59
=-138,.,63
=138,063
~221.97

lNNwQPN

HZLYyMD)

12.04
12.04
~28.28
~28.28
~45.68
=45.68
-65.60
»69.50
=103.29
=103.29
=133.09

=133.09

«00

EPH({VMD)

1789

1789
=11.18
=11¢18
=26.62
=26e62
=48479
=48479
=74+61
«74.61
~98466

9866
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(M)

5,00
5.00
25.00
25.00
5000
50.00
100.00
100.00
200.00
200.00
400.00

400.00

FREQG= 50000.00 HZ C

XMIT LOOP RADIUS=

DEPTH(M)

«00
100.00
<00
100.00
«Q0
100.00
<00
100.00
=00
100.00
«00

100.00

LINE SOURCE CONTACT RESISTANCE =

NOISE
NOISFE
NOISE
NOIT SE
NOI SE
NOI1SE
NQISE
NOISE
NOISE
NOT SE
NO1SE
NOISE
NOISE
NGISE
NOILSE

¥ # H M @ 8 H B KRR N B 4 8

ERHO(PHI=0

=72.91
12.05
~T75.14
~31.93
~81.78
-55.32
~104.,03
“87.57
~-121.87
~137.7%
-141.20

-179.65

OND, =

20402 M

-122.00
-137.00
-1463.00C
~-138.00
-126.00
-137.0G¢
~154.,00
=-167.00
-151,.,00
-158,00
-181.G0
-172.CQ
~-179.G0
-148,00
-118.50

) EPHI(PH]=90Q)

« 01 MHOS/M

LINE SOURCE LENGTH=

0B
08

«GTe
'ad.
.Oq.
«GT.
.Dq.
.m.q.
oGT,
.Dd‘.
«GTa
QQ“.
«GT.
«GTe.
.mﬂ-.
«GT.
«GT.

~75.20

é.18

~T6.45

-33,13

-80.

ce

IWV!NM

|OFQOM

=77.60

~123.60

-122.77

-139.06

~177.73

1A/M
LA/M
LA/M
1A/N
1A/M
1a/M
1A/M
1A/M
1A/M
1A/M
1A/
1A/M
1a/M
1A/M
1Y/M

EPS=

100.

NOISE
NOISE
NOISE
NOISE
NOISE
NOILSE
NOISE
NOISE
NOISE
NOISE
NOISE
NOISE
NOISE
NOISE
NOISE

1000 POWER=

10.00 WATTS

100.00 M DEPTH OF TRANSMITTER= 100,00

00 (HMS

GRADE
GRADE
GRADE
GRADE
GRADE
GRACE
GRADE
GRACE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE

-
QOVT N R P WN

=
-

R R B 4 ¥ 8 M 6 ¥ B H 8 4 0 d

e et
WS W N

HRHO(PHI=30) HPHI(PHI=])

~89.05

-140.99

-90.85

-141.79

-36.15

-144.28

-112.85

-153.86

~136.79

-171.58

=157.16

-195.59

-89.03
-140.97

=90.38
=1l41.41

-54.26
~142.75
~106.41
-147.82
-132.12
-165.97
~149.68

~-188.04

HZ{PHI=90)

=117.74
-19.99
-105.31
~49.,99
-103,75
-67.30
=112.0¢
=93.59
~147.85
-138.73
~174.36

INOOONﬂ

XMIT LOOP WEIGHT=
HZ{VMD) EPH(VMD)
-81.39 -86431

12.10 -9.60
-82.72 =72.76
-27.21 ~16.77
-88.31 ~69.15
~45.32 -29.52
~-89.48 -8l.66
~T1.69 =6Q0e43

~108.46 -125.10
~-116.84 -101.20
~142.79 -185.34
-179.04 -184,.31

600 KG
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DISP(M)

5.00
5.00
2%.00
25,00
50.00
50.00
100.00
100.00
200.00
200400
400.00
400.00

FREQ= 50000.,00 HZ C

XMIT LOOP RADIUS=

DEPTH(M)

«00
uoowoo
«00
300.00
«00
300.00
«00
300.00
-00
300.00
« 00
300.00

OND.s= «01 MHOS/M EPS=

10,00 POWER=

10.00 WATTS

XMIT LOOP WEIGHT=

20.00 M LINE SQURCE LENGTH= 100.00 M ODEPTH OF TRANSMITTER=

LINE SOURCE CONYACY RESISTANCE = 100

NOISE
NOISE
NO1SE
NO1SE
NOISE
NODISE
NOISE
NOISE
NO1SE
NOI SE
NOISE
NOISE
NOISE
NOISE
NOISE

ERHO(PHI=0

-159.78
12.05
-160.28
=31.93
~1l61.84
-55,32
~167.95
=87.57
~188.40
-138.643
~218.21
-227.99

=122.00 OB .GT.
=137.00 DB .GT.
=163.00 DB .GT,
IWW@.QO DB +GT,
=126.00 DB LGV,
=137.00 0B «GT.
~154,00 08 .GTe.
=167.00 DB GT.
~151.00 DB .GT.
=158.00 DB .GT.
~181.00 DB .GT.
~172.00 DB .GT.
~179.00 DB .GT.
~-148,00 08B .GT.
~118.50 DB +GT,

) EPHI(PHI=9(Q)

~161.07
6.18
=161.44
~33.13
-162.58
-51.25
-167.02
=77.60
~183.63
~122.66
~215.94
~206.00

LA/M NOISE
1A/M NOISE
1A/M  NOISE
1A/M  NOISE
1A/M  NOISE
1A/M  NOISE
1A/M NOISE
1A/M  NOISE
1A/ NOISE
1A/H NOISE
LA/M NOISE
1A/M NOISE
1A/M NOISE
1A/M NOISE
1¥/M  NOISE

HRHO(PHI=

~-175.78
~304.10
~176.24
-304.32
=177.69
-305.02
~183.33
-307.79
-202.33
-3168.57
~234.24

-345.49

«0Q OHMS

GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE

—
OOV NOV®WN -

e
W -

LN B B I TN R B BN N BNY RN B B B )

-
(IR

90) HPHI(PHI=Q)

-17%.78
-304.10
-176.15
=304.25
-177.32
=304.72
-181.83
=306.60
~198.56
~313.95%
-226.32

-343,95

HZ(PHI=90}

~213,20
-19.99
-199.63
~49,99
-194,.88
-67.36
-193.80
=-93.59
-205.80
=138.63
~249.08

~221.97

HZ (VMO

-1717.75
12.10
-175.50
-27.21
-174.72
~45.,32
~176.63
-71.68
-176.98
~116.74
~223.17
-2Q0.08

300.00

) Ep

H{VMD}

-199.50
~9,60
-187.62
~16.77
-173.90
-29.52
-163.02
~60.43
-180.74
-101.20
~232.64
-184.37

600 KG
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nISP (M)

25 .00
25.00
sn.00
50.00
100,00
10n.00
200100
200,00
400_.00

400.00

FRERA= 7n000.00 HZ C

XMIT |.OOP RAD!lIS=

NEPTH (M}

.00
50,00
.00
sn,00
,00

50,00

50,00
.00
&N ,N0
.00

50,00

OND .= «0! MHUNS/M FPSm

10,00 POWER=

10,00 WATTS

XMIT LOOP WEIGHT=

20,00 M LIME SNURCFE LENGTH= 100,00 M DNEPTH NF TRANSMITTERm

LINE SAURCE CNNTACY RESISTANRE = 100
NOISF = ~126,00 DB 6T, ta/M NOJSE
NOISFE = =141,00 DR _GY,_, fa/M NNISE
NOISF = ~163,00 DR 6T, 1a/M NOISE
NOISE = -141,00 DB ,GT, la/M NOISE
NDISF = =131,00 DR ,GT, 1a/M NDISE
MOISF = «153,00 pB ,GT, ta/M NOISE
NOISF = ~158,00 DB ,GT, 1a/M NOISE
NOISF = =171,00 DB ,GY, 1a/M NOISE
NQISF = »146,00 DR ,GT, 1a/M NNISE
NOISF = -163,00 DR GV, ta/M NOISE
NOISF = -1A1,00 DB ,GT, 1a/M NOISE
NOISE = =175,00 DB ,GY, fa/M NOISE
NOISE -186,00 DB 6T, 1a/M NOISE
NOISF = -185,00 DR 6T, 1a/M NOTSE
NOISE = -123,80 DB ,GT, 1Y/M NOISE
ERHN(PHInO) EPHI(PHI®I0) HRHN(PHIa
IBN.NI .__-manﬂﬁ ~65.87
12,03 6,04 »102,27
-84,97 -53,09 «?70,A%
«32,72 32,79 104,48
«76.59 w61,95 wA3,40
«87,58 »52,25 {11,168
w88,12 »82,45 wiDi,AR
IOV.UQ IO_OBV lu“‘.)ﬁ
v1N7,02 105,08 -l?4,5%
129,94 135,40 wi A7 ,29
=125,87 =-123,48 =143,
~148,65 »146,16 166,07

«00 0QHMS

GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE

90) HPHI(PH1=n)

=65.51
~102,22
«69,15
~103,27
=77,.58
»106,34
*96,60
116,74
117,55
«140,41
~134,90

=157 ,61

H7(PH1=G0)

-R8,59

-20,01

HZ(VMD)

51,84
12,16
59,29
=-26,85
-65.,43
46,23
-72,28
-74,98
«105,17
»120,458
~128,84

=151,33

50.00

EPH(VMD)

49,67

-4,02
~42.19
12,92
wh5,48
=20,78
-hh B6
RA,63
w17 ,42
“)11Q,47
=172,R9

=184,17

6,00 KG
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FREQ® 70000.00 WZ COND,= <0l MuNS/M  FPSs 10,00 POWERs= 10,00 WATTS XMIT LOOP WEIGHT= 6,00 KG
XMIT LNOP RADIUSSs 20,00 M LIMNE SNURCF LENGTH= 100,00 M ngPTH NF TRANSMITTER= 200,00

LINE SOURCE CONTACTY RESISTANCE = 100,00 OHMS

NOISF = -126,00 DB 6T, lasM NOISE GRADE = 1
NOISP = =141,00 DB L,GT, ta/M NOISE GRADE = 2
NOISF = ~163.00 DR ,GT, {a/M NOJSE GRADE = h]
NOISF 141,00 DR ,GT, 1a/M NOISE GRADE = 4
NOISF = »131,00 DR ,GT, tasM NOISE GRANE = s
NOISF = ~153,00 DR GT, 1a/M NOISE GRADE = 6
NOISE = «158,00 DB 6T, ta/M NOISE GRADE = 7
NOISF = «i71,00 DB ,GT, 1a/M NOISE GRADE = 8
NOISF = v146,00 DB ,GT, 1a/M NOISE GRADE = 9
NOISE = «163,00 DB ,GT, 1a/M NOISE GRADE = 10
NOISF = -181,00 DR ,6T, 1a/M NOISE GRADE = 1
NOISF = ~175,00 DA ,GT, 1a/M NOISE GRADE = 12
NOISF = -1A8,00 DR ,GT, 1a/M NO1SE GRADE » 13
NOISE = «155,00 DB ,GT, 1a/M NOISE GRADE = 14
NOISF = ~123,%0 DB ,GT, 1¥/M NOISE GRADE = {5

nISP (M) DEPTH(M) ERHO(PHI=O) EPH] (PHI=90Y HRHO(PHI=90) HPHI(PHI=N) H?{PHI=90) HZ(VMD) FPHEVMD)

5,00 .00 128,88 130,34 w{46,35 146,34 -180,42 144,67 =151,13

5.00 200,00 12,03 6,24 250,31 250,30 20,01 12,16 d 07
25,00 .00 «129,82 -131,00 -147,21 ~147,03 -167,19 -142,87 =136,65
2%,00 200,00 «32,73 «32,78 «250,71 250,57 80,80 -26,85% 12,92
&M .00 .00 »132,73 133,03 149,85 149,12 -163,47 ~143,68 129,40
%n, 00 200,00 w87 ,66 52,18 -2%1,08 ~251,39 »K9,70 45,26 »29,78
100,00 .00 =143.81 -140,87 =159,82 156,90 -166,09 144,49 129,26
100,00 200,00 »93,.29 »81,87 257,01 n254,64 29,31 «75,95 -58,63
200,00 .00 -169,30 «170,5% niA4,74 ~184,96 =190,3? «154,06 =154,42
200,00 200,00 w|8].31 »133,89 «273,99 267,32 151,31 -127,96 110,43
400,00 .00 w1Q4,17 .191,53 211,59 »n203,05 =229,41 -196,23 *232,35
400,00 200,00 w2%84,%50 ©231,26 -302.79 »293,83 =248,68 =225.33 207,97
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nise(M)

PREA® 100000.00 HZ C

XM1T LOOP RADIUSS

NEPTH(M)

.00
100,00
.00

100,00

100,00
«00
100,00
.00

100,00

100,00

OND,= e01 MWNS/M FPSs

20,00 M LIME SOURCE LENGTHs= 100,00 M nEPTH NF TRANSMITTFRa

LINE SOURCE CONTACY RESISTANAE = 100

NO1SE
NOISE
NO1SF
NOISF
NOISE
NOISF
NO1SE
NOISF
NDISF
NOISFE
NOISE
NOISE
NOISFE
NO1ISE
NOISE

FRHN(PH1=O

*A2,99

11.99
»AS5,66
»33,87
93,60
60,80
115,78
100,73
139,04
w1 87.,19

I_,Vouw

.V‘wu_‘m

-128,00 p8 ,GT,
lahLoOO Bm onﬂc
I_VO.OO Om -040
144,00 DB ,GT,
-137,00 UQ -Oﬂo
163,00 DR ,GT,
=161,00 DB ,GT,
=-180,00 DR ,GT,
150,00 DR ,GT,
~164,00 DA ,GT,
~181,00 DB ,GT,
»186,00 DB ,GT,
190,00 DB ,GT,
-164,00 DB ,GT,
~135,50 DB ,GT,

) EPHI(PH!=90)

84,89

6,33
-86,54
«32,%8
91,35
53,81
»107,62
87,76
136,91
=148, ,R0
~154,03

~208,28

fa/M NOISE
fa/M  NOISE
fa/4 NOISE
fa/M NOISE
ta/M NOISE
ta/M NOISE
fa/M NOISE

{a/M NOISE

1a/M NOTSE
1a/M NODISE
14/M NDISE
14/M  NOISE
1a/M NOISE
14/M NOISE
iW/M NOISE

10,00 POWER=

.00 OHMS

GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE

—
QO NPALUN-

R AN PR O RNERNRNER D

HRHN(PHI®90) HPHI(PHI=n)

=102,08
-169,58
104,34
«170.64
=111,06
=173.90
~130,52
~186410
-158,36
«20Q,10
176,35

230475

~102,04
169,57
=~103,79
~170,18
108,81
“172.,08
~125.12
179,28
~150,19
=204,85
~167,00

~221,32

10,00 WATTS

H7(PH1a90)

~{%0,49

-20,0%
-118,48

~%1,93
-118,16

~72.84
-130,83
=-{N6,75
172,41
~147,56k
=-195,56

249,88

XMIT [LOOP WEIGHT=
100,00
HZ(VMD) FPH(VMD)
04,27 «92,13

12,26 1.83
-95,01 ~83,23
26,66 ~9,43
=99, =106,19
-47 R0 33,42

»100,63 »02,03
~81,84 “h6,73
=-139,50 ~141,49
~142,88 »127,33
161,70 =203,73
215,70 244,15

6,00 K6
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ntse (M)

FREQ= 10n000.,00 WZ C

YMIY L0OOP RADIUSA

di4I~Z.

<00
Jon,00
.00
300,00
.00
300,00
.00

Jo6H,00

OND = +0! MHNS/M  FPSa

10,00 POWER=

10,00 WATTS

XMIT LOOP WEIGHT=

20,00 M LIMF SNURCF LENGTH=s 100,00 M ngpTH AF TRANSMITTER=

LINE SAURRE CONTALT RESISTANAE = 100

NOTSF
NQOISF
NO1SF
NDISE
MOI SF
NDISF
NOISF
NO1SF
NOISF
NN 1SF
NOISF
NO1SF
NOISE
NOLSF
NOISF

FRHN(PMH1a0

-2n].4!
11.99
-202,07
»33.A7
-204,13
~60480
212,16
»i{N0,73
236,69
“liA7,53
»286,20

288,59

=128 _00 DR GT
144,00 DR ,GT,
=170,00 DB GT,
-144,00 DB ,GT,
~137,00 DB 6T,
=163,00 D8 ,GT,
=161,00 DR ,GT,
=180,00 DB ,GT,
-150,00 DR ,GT,
«164,00 DR ,GT,
=1R1,00 DB ,GT,
~186,00 DB ,GT,
=100,00 DR ,GT,
~1681,00 DR ,GT,
-135,50 DR ,GT,

) EPHI(PH1=90)

.202,48

6,33
«203,00
~32,54
«204 ,59
~53,A1
»210,77
-87,77
=235,58
~148,56
»262,54

-263,60

ta/M NNISE
1A/4 NOISE
{a/M NDISE
fa/M4  NDISE
1a/M NOISE
14/M NDISE
1a/M NDISE
1a/M NOISE
1a/M NNISE
14/M NDISE
1a/M NOISE
1A/M  NOISE
1a/M NOTISE
14/M NOISE
I¥/M  NDISE

.00 CHMS

GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRANE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE

O DN SN -

HRHD(PM1830) HPHI(PHI=N)

«220.40
396,25
=221,03
396,55
222,97
397,50
=230,.%6
-401,28
254,22
415,49
«285,17

~449,01

~220,40
~396,24
220,92
~396,46
~222.53
~397,14
m228,74
~399,85
n253,73
=410,51
n275,63

»438,60

H7(PHT1x90,

287,59

~20,085
n244,17
51,93
=219 ,89

-72,84
-240,60
-106,75
=259 ,82
=147 ,53
-3n4,01

-2R2,57

HZ(VMD

=222,03
12,26
-218,56
»26,66
=-217,71¢
=47.89
=218,18
~81,84
=-223,37
=142,63
=269,3¢

-257,68

300,00

) EP

HeVYMD)

=219,95
1,83
~208,12
=9.43
=206 .87
-33.42
=211.31
56,73
~248,32
~127,33
=303,77

«242,53

6,00 K6
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ISP (M)

FREQ® 200000.00 WZ

XM]TY LOOP RADIUSS

NEPTH (M)

50,00

COND, =

20,00 M

«01 MKNS/M FPS=

10,00 POWER=

70.0n WATTS

XMIT LOOP WEIAWTm

LINE SNURCF LENGTH= 100,00 M NEPTH NF TRANSMITTER=

LINE SAURCE CONTACT RESISTANAE = 100

NOISF » -130,00 DR ,GT,
NOISF = =14R,00 DB ,GT,
NOISF -190,00 DB ,GT,
NOISF = «150,00 DR ,GT,
NOISF = -145,00 DB ,GT,
NOISFE = ~177,00 DR ,GT,
NOISF a -167,00 DB 6T,
NOISF = -186,00 DB BT,
NOISF = -160,00 DR ,GT,
NOISF = -178,00 DB ,GT,
NNISF = -183,00 D8 ,GT,
NOISF = -198,00 DR ,GT,
NOISE = -198,00 pB ,GT,
NOISE = =176,00 DB ,GT,
NOISF = «149,50 DR GT,
ERHO(PHTa0) EPHI (PHI=G0)
-854,97 «57,14
11.84 6,67
53,53 »61,83
|3N-Mo .uu-nn
-85,%59 «73,65
«£9,35 -59,38
»104,08 w104,A2
»119,38 «104,40
«123,20 =119,A5
l»,_.omo ImMN.NO
*1%2.62 ~134,60
170,94 -172,92

1a/M NOISE

14/M NOISE
1A/M NOISE
1A/M NOISE

1a/M NDISE
1a/M NNISE

1a/M NOISE
1a/M NNISE
1A/M NOISE
1a/M NOTSE
1a/M NOISE

14/M NOISE
1a/M NOJSE
14/M NDOISE
1y/M  NOT1SE

,00 OHMS

GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE

OB®NOADUN -

g e e pen
8 WUdN~—-O

—
(4]

HRHN(PH1830) HPHI(PHIan)

77,07
128471

=83,91
«131,89
100,51
~141,37
=124,99
«159,29
-145,17
«1A3,50
=~1%4,59

«192,92

»77.00
n128,65

~82,03
~130,36

.94,11
»135,38
»119,39
~153,23
n135,84
»174,06
~150,53

~188,87

H7(PHT=30,

»09,72
=20,20
~91,53
~%5,25
~99,79
-81,39
-135,56
-126,37
161,35
106,76
~182,01

*220,65

HZ (VMD)

«63,15
12.60
»70,04
~27.19
-71,19
«53,47
»90,10
-98,47
-124,37
-160,43
~144,27

~186,12

§0,00

EP

H(vMD)

»55,89
1296
44,79
~5,37
57,51
»36,02
«102,03
-76,90
“156,32
-~1%9,39
“184,16

=222,80

6,00 XG
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nrsSp(M)

v

5,00

5.00
2%.00
25,00
®n,00
&6 ,00
100,00
100,00
200,00
200,00
400,00

400,00

FREGm 20n000.00 HZ C

XMIT LOOp RADIUSS

NERPTHIM)

OND, = 20! MuNS/M FPSs

10,00 POWER=

10,00 WATYS

XMIT LOOP WgIGHTa

20,00 M LIMNE SOURCF LENGTH= 100,00 M nEPTH NF TRANSMITTFR=

LINE SNURCE CONTACT RESISTANCE = 100

NOISF
NOISE
NDISE
NOISF
NNI1SF
NOISF
NOISE
NOISF
NOISF
NOISE
MOISF
NOISF
NOISF
ND1SF
NOISFE

ERHO(PH]a0

-1R2,13
1104
«1A3,55
-17.19
*1A7,90
59,35
»203.93
=120,25
»239,76
-209,28
»P47,72

«174,55

~130,00 DR ,GT
~148,00 DR 6T,
190,00 DR ,GT,
~1%0,00 DB ,GT,
~«145,00 DB ,GT,
-177,00 DB ,GT,
-167,00 DR ,GT,
-186,00 DB ,GT,
160,00 DB ,GT,
-178,00 DR ,GT,
~183,00 DB ,GT,
m19A,00 DR ,GT,
«~19A,00 DB ,GT,
«176,00 DR ,GT,
~149,%50 DR ,GT,

) FPHI(PHI=GN)

183,23

»33,12
~187 64
»59,39
=200,31
-104,28
»234,08
187,30
=249,55

~346,06

1a/M NOISE
1a/M NOISE
1a/M NOISE
fa/M NDISE
1a/M NOISE

1a/M  NOISE
fa/M NOISE
1a/M NOISE
fa/M NOISE
14/M NNDISE
1a/M NOISE
fta/M NOISE
1a/M NOISE
fa/M NOISE

1y/M  NOISE

«00 OHMS

GRADE
GRANE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE

O B®NOINDE N -

— = e
2WN-—O

—
"

HRHO(PH1m90) HPHI(PH!=n)

204,14
«370,22
205,47
=370,86
=209 ,87
w372.R7
274,64
-380,77
262,52
403,97
269,69

423,24

n204,13
=370,21
»205,23
n170,67
~208,58
n372,09
n221,28
n377.67
®250,48
m401,22
"265,56

418,93

H7(PHI=90)

237,84

n20,20
225,05

~55,2%
.222.67

=a1,39
=230,30
~126,27
-276,5%
209,28
-297,24

-368,93

HZ(VMD

-201,77
12,60
~198,20
-27.19
©199,21
~53,46
*197,93
-98,36
=234,.86
~181,38
»262,59

-341,02

200,00

) FPH(VMD)

~190,8)1
12,96
w{7R8,A)
5,37
-177,22
~36,02
~194,%0
~76,90
-233,67
«150,82
~299,38

=327,10

6,00 K&

6-82



Y% 00°9

ov*Lec-
90 S -
¢st6si-
06°Ycie
06°9(=~
vR°S9C-
20°9L=
£0°65C-
LE° G-
PN TS
96°¢1

19°942=~

s MUl 3N 4UOT Llwx

dd 4

oo oot

2o Ivia
P00 6LLa
ve'lgi-
06°L6¢-
9596~

1°84c=-
9P LG

vO*0RCe
oi*42-

L9°08¢C~
09°*et

gL °68e-

SWALZHM

L6 uyi=
[N AR WA
CTAE YA
vi®oug=
(9l
PL®LuE-
T

LA AT
YA

T1%guL=
0¢°*oc¢-

cLticg=

-~
[}
o
)
-

Hd I &N

AT
y2eZris
AN AT
VAR IV
f2%2gu~
£6°g6cw
gCre2sw
62 (8C=
LE° (26
90°G8c~
§0°* L26%

1298 2T

SL*9LS~
LVe9VL~
potlug"~
pi*oge=
vo'LuLs”
ou‘yol-
TR TN
vy lul-
Lv*Lésm
0¢*Suci=
QU LEs~

pPLvul~

(Vs [Hd) IHdH (Q€w[Hd)UHEH

30Yad
3ave9
Ava9
0Yy9
PR 2°F]
3J0vYad
3ava9
34vag
3Uva9
Juva9
3qva9
avad
3avy9
vy
Juved

~NMDWSUW  OCNT OC
—

SWhp LO°®

2y3 ) IRGNY L 30U Hid34 W 00°001

SLAVYM VOO

a¥3im0d 00°01

ISIuN W/ MY
35IUN  W/VY
3SIUN  W/V]
3ASION  W/VT
3SIUN RV
ASIUN  R/VT
ISIUN  W/VYY
3ASIUN  W/VY
3ASIUN  W/VYT
3SIUN  W/VI
3SIUN hK/V]
JSLIUN K/VT
ASIUN  RW/V]
ASIUN  W/V]
ISIUN  W/VY

G6°9bhyL=
PR TN
oL*(81=
ou'pli=-
scv0i=
Su°vice
oL*6S~

61°99Z=
AR

90°£9¢e=
(9°y

peg9c=

(U3 [Hd) IMdd (

19° wd vs*ovi=
19° wd Vu*gLi=
*19° ol voue6i=
19° dd Vvtyoi-
L9° ud Qou'gwi=
.»w. 40 00wl =
19° ud vo'ovi-
*19° dd Vo'ywi-
19° "l vuLvi=
19° uwl VUYL=
*19° W wou'gpi=
*19° wl oU*OGl~
°19° ud VU'OoL=
*19° 40 Vo'yri-
*19° B VUL~

ovl = JUNYASTSIY LUYANUI

=HL9NIT JJanus NI W 00°ue

Bydd W/SUHW JO* a®UnU

Go*viL~-
pVeVCL-
gC o™
cectbul=
getuci=
L9°*9LC
Grooye=

66°Syce
[ 5

$C°EYCe
gyl

wgtlyc=

0% [Hd ) UHY3

45 JON
4% [ON
A5 1UN
4S5 TON
4S8 JUN
35 TUN
48[ UN
450N
45 [ON
45 JON
4S5 1UN
510N
45 [UN
45 [ UN
38 [UN

3J33Nus aNin

E9010VY Q00 4w

2 2M VU000V ¢ sU3y4

(WiHid3U

0o vy
[olo R *IVA 4
00" vue
00" wue
0o uul
neuvul
00 Vs
V0 Uy
00" s¢
00 %¢

00"y

00 ' »

(Wlasiu

6-83/6-84




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 are 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 or VMD.

c. Intramine communications between submerged horizontal electric dipoles (HED), between
HED and VMD, or VMD to VMD.

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 or VMD. *

c¢. Intramine communications between submerged horizontal electric dipoles (HED), between
HED and VMD, or VMD to VMD.**

d. Intramine communications from a submerged infinite line source.

The first program is employed for most up-link or down-link paths., It computes the H-fields
on the surface from a submerged VMD at various displacements, or 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 results are displayed for various receiving point depths and displacements in terms of
signal-to-noise spectral density.

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




The input requirements are as follows:

FORTRAN NOTATION MEANING
PT Transmitter power in watts
w1 Weight of transmit loop, kg
AC Circular mils area of loop wire
Al Radius of transmit loop, meters
/ A2 Radius of receive loop, meters
SIG Overburden conductivity mhos/meter
/ RNF Receiver noise figure, dB
NOISE Noise grade; 1, 2, or 3*
/ LINK = 1 up-link, = 2 down-link
1T If IT = 1, a large diameter surface XMIT is used
ITYPE = 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
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 are presented. A
2-dimensional (depth and displacement) array of S/NO is then printed out.

’ The printed output first consists of a 2-dimensional array of Wait's functions used to com-

*Preliminary noise grades.
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FOMPL EY SUMLFUNSnNONI FeZaP
NIMENGION |INI2,1g) ,FREGI{A) NN, 1A aKLINK(2),0X(11,12),N8(11,12)
NATA rpEo/1nn.,gnn,.1oo..soq..7no,.loao..zooo..3000,.:000..7000..
L10ANA,,20000,530A00,55300000e70000,,100000,7sKLINK/4H  UP, 4MDOWN/
BATA (UN(1,1)alRys16)1/46 5631 ,0e10,056,050,056,05=13,0,218,5,2243%
QE,-?n.%.-BJ.n.-d;,0.-46.ﬂ.-‘;ﬁ.C.-'ﬁ?l,S.-"i?.ﬂ/olUiJ(?,o!’.llI:lﬁ)/:SO.t
DheRomh Nam17 0,9n8 0,00 Noal37 ,59md0,09%d0,04%80,0sm4Nq0s=d9,04+50
BNy =BT 0 KR OpmgR N/ (DNI]1,1),181,16)/59,0,54,5551,0,45,0,42,.5540
4.0.31.0121.ﬁ.1.";-3.‘:-‘q.U."ZQ.011-34.0:"43.0."65.0.-73.0/:(nN‘?:l
T)otm1 1681 /A7 (05370001900 ,12,0511,0,11205110056,0s99,0,222,05=32,02
6-4&,0,-55.0.-64.5\.-60.0.-73.0/.HW(.'S-I).1-1.16)/30.0,&.0.-6.0.-17-‘
7(\3—?=,00-30.00'3'}.03-40.03"4‘\.0:"“‘-03-45.'):-54.S,"‘gg.o.”?.nl'?SO
BNsu?h 0/
FXTFeNnaAlL FUNM
PlzT,141592654
REAN 2,PT oWl ,ACspat s A2 STIR,RANFANDISE,LINK, 1T, ITYPELLL
2 FOoMAT(7F10,2+519)
TFPT 1LT,..0001) pALL EXIT
MINKak INK (L ITNK)
IFtT1TYPE ,GT,1) Gn TN 2n
N=a
TFOLTNKGFR 2, aND TT FN, 1) M=y
20 NO 12 139, 1A,0L1L
FRE=FRFA(])
TFILINKGGT Y)Y 60 T0 3
MMz UNENDTSF, 1)
nY TN 4
3 HN=DN(INOTSF, 1)
4 CONTINUE
NN
HMz1n_ #* ((LNei120 ) /20 ,)
REnztn s (PNE/IAT)
1FIITVPF ,GT,1) Gn TN 2.
Cly=() 515«FRF2A; DGIN(Q6K Seaq)afwy Fa3) /Ay
21 MTz(A4_ A1 2RFNRY (FR)/(FRFaw2uH e # 24 pAC#A2%«3) 41
TN=MT
K22 ADSTNWAR) /(2 78% 1 JF+4)
QL2zt1 [ SIS«FRF A NGIO(A6 Swa2)wwuy E3) /A2
17 PNANZIN A OGIN( 4 «PTR*44R 522 W2) w230, +NUM*2D  w AL NGIO(FRERA2)
no 7 1=tl,12
HE N84 DR*F| NAT( ymy)
SIaMzS1G«1000,
Y2 NARRSORT(FREwgIGM) &K
N 7 xsl,11
Na' KaF| DAT(K=1)/y
Az(Al/H)el Fal
TEue=y Fafh
Ql)u:(ﬂ..ﬁ.)
(i=n
qu.
"N 8 Jeilln
2AP=nNNANLE (1,5,F XN AN TTYRF, FUNY
QUHM=QIfM+ T AP
TF(RaRg(7AP) LT, 001=TEMP) 60 TN A
TFur=NARS(7AP)

n=r

—

Fza,af]
& M T EALE




6 N=rARS(SUM)
TF(N L FeNINmY F_10
JF(ITYPE ,GT,1) G TN 22
ANPEmAN e+ 10 % ALDAIOIARS 201 ) =10 #Al DGIOI1A,*Pl*a2) 420, x4 NG1IO(ALQ
1) = NUMa gD HALNGIO(H)$10 %A 0GIO(PT)
6N TN 28
29 SNR=IN_*ALNGLOLD jH) =M 10, «aALNGIO(PT/100,)+60,
r CAUTION FOR TTYPF 4 QURSURFARE 1_1ME SOUKCE NDISF FIELDS amE NNLY APPRO
f Y1HMATE
TFIITYPE ,EN,4)SNp=SNR+20 »al NGIN(HWFRE)=100,5
2R N8 (K, 1y=DN
7 qu(’y)-SNn
PRYMT 8
19 FORMAT(IRY,/ /820y ewal TS N elCTIANP ,/ /)
PRYNT (AR,N8
18 FORMAT (11X, 11F11.a/)
TFITYPE ,GT 1) Ga TN 24
PRINT RoFRF,PT,, Wy, 02,01 ,582,8T0,MINKaNI]ISE,RNF
8 FOPMAT(IHL L 10X s ?pREQ @2 aFR,0O,2 HZ TRANSMITTER POWERP 2,FR_0,2wATTS
{ YMIT LNOP wFIGLY #,Fr,2,*r kG ROVE LONP WEIGHT #,Fg, 2,7 KG *,/ /s
210¥,YMIT | NOP RyNIUR P Fh Pt M RCVE LNOP RADIUS »,FA 2. M
IPOMN, 2,FA 2,0 uHOS/M  » A4, INK NIISEm?,]2.? ROVR NFmo»,Fd4,0,°
ANR )
PRINT (3,PNONLNT QL1012
173 FORMAY (/710X *NnTSE POWER TFISITY *,F7.1,* DRW, Reve LOOP TUKNS
{ 2,14,2 YMIT INNp 1 2,FAR 2,¢,PCVE (0D0OP 0 *,FR,.2)
nn TN 27
24 PRINT 2S5 ,FRF,PT,,alG,MINK NOT&F,PNF
A5 FODMAT (LRI LINX, PpREN =P ,FR,N,» A7 TRANS FOWER *#,FR,0,” wWaTTS CON
I1Pe P,FRaPs? MHWNR,M 2 A4 *LINK NNISEa?, 12,7 RCVR NF=a?,F4,n,? DR’
29
PRINT DA
9k FORMAT(//saNY s L tNE SDURCFE TOUNLINK?)
27 PRINTY g
5 FNPMAT(///,20Xs ?pECFIVEN SI6GNAL TN NDISE SPECTRAL NFNQITY?,//040Ys
1PD1SP| ACFMENT=KM, /7,0 DERPTH(KM) .00 N5 10 15 2N
2 .25 .30 .35 JAD ods 50 *s/)
nod 10 || 321,142
Hz  NSe ORWFI NAT (| =)
10 PPINT {1,H, (OX{M_ ) M=1,11)
1] FOPMAT(IXsFAR,222ysi1F7,1/)
12 rONMT EntE

[eYANE S AT
Frn
NF HIMIVALR 11AR FNARTRAN V CaMPTL ATTINAN, 0 «NTAGNUSTIC® HESSAGF(R)

-_



F

F

P

LI R Yol

EISERVIYS)

1
2

3 4 3R3K0465F 2,4 55889307,

4

?
3

4
5
5
6
7

rOMPLFY FUNRTINN NONNLE (N, A RLCLDN,ELKLLoFiIMN)

NIMENSTION Y (32),,(32)
rOMP) EXY FUN

NATA (w(r),1-1,1;)/3.5093050E~3.5,13719745—3.1.2696G397F-9.

1'71369314?-2.?'14179490r-2.?,540002;65-2.?,93420457:-9,
3 2011 1114Fe2, 316170897 1F=2,3,00069470F=2s4, 1655062 (Fas,

4 R5700443F 2y

nATA (v‘]).1-1.2q)/!.3680691F~3.7.19424422E-3:1.761R872?E-2.

2.4,.692219954F=2,4,78193600F=2,

3195459620F-?.ﬁf153942?1F-2.7,s3151931r-2.g.oz7sexnzr-1.
t']lOO&QdOF-l.!'68477666?-\.?,06]421215-1.?.46550045:-1.
?:aq37436|r-1.3'3406569AF-1,3,803=63‘8E-1.4.27764O1qr-l.
AL 7SRA61RTF 1,5 24183830Fal,5,72035980F =105, 1964368 ) Fuly

5 K5034301F 127 10A7563RFm1,7.53449054F 1,7
Al 31822133Fm1,8 66001050F=1,8.07241637F =100

914R160577F-1,9"'67457037Fy,

NAva lv(I),1-30-1?)10.8?33112735-1.9.928057q65-159.03631QB!E-}/

nANN F=l0,,0,)

YX = &
HE(Rad ) /IFLOAT (1Y)
nn 8 1el,l1k

J=2ay

wWlr)ymw(])

no ,’.jl”

nn 2 78113?
XeyyYasrieY(])

nnnn|r.nonnLF+w(;a«FUN(X,n.L.F.K.L)
XXzXY4H
AN FeHaNNONLF

L9335787RF =1,
«2468380R/F=1,

RETYLIRN
Ernm
tina FORTRAN V CaMpIi ATIAN, N «DITAGMNOSTICe (ESSAGF(S)

rOMPIFy FUNPTINN FUN(CY, H Npf K,
FOMPFY 0

nNuRp F PRECIRTINN Yf‘p“n’n,"‘b'.}n\’nwo?n‘
YNeYea?

HN g a2

FALL CNSORTEYN,,Hn,C,F)
HENFYP (=) eNPrDG(e)
VELNFYP(=C)wN&TN(F)

WENR| (X))

ra)y DC‘DY??(H.V.n-.Ea?nT‘

D=rMB| X (SNRL 1Z2),aMNGl (T) )

FOTN (1,2,3,4),,

FUnaXxaSa0aRES (yu],y 1)
7F¢r_rn.n.nk.x.L7.1.r-ﬁ)uFTupn
FlINSFIIN®GD (wRSSI (yaG,3) /(¥wG)

RFEFYLIRN

Fline aXeQeSTN(X D)

RE TR
rUm=ﬁ_.m-CMP|X(SNCL(P).SMCL(F))*C”Q‘X'D)
RETRL

FilmeDp «NelNS( Yolly

OFEY RN

Frinm

11'nR FARTRAN V CAMP I ATTAN,

«DJAGNOSTICw

HMESSAGF (S)



MEonenIop FNTRY PATMT 0aN0T4
HEEN (RLACKw, NaMF, LFNGRTH)
el alahla NONNSH

N0 *NATA noantLo
ey *R| ANK nnnonn

RFFFRFNCFS (RILNCK, NAME)

N3 MERRZR

ASSTANMENT FAR VARTARLFS (nL0OCK, TyPE, RFELATIVE [LOCATION,

nononn vl JPg

- SURRNITINME NODI2a(AR,CaNaX,Y)

» POHRLE PRECISTON 8,R,CoN,¥,Y
te XSreranwn

» YE(RelNwAuD)/sY

d Y= (Awf4Bad) /Y

« REYURN

* FNR

NE HNTVAC 11AR FORTRAN V CAMPIL ATINN, 0 «DIAGNOSTICw
* SUnRPNIITINE CDNSARY(AsRSCHN)

‘. NNuaLF PRECISINN 4,R,C,N,72,75R.F
e 72=zAwAsBeR

» 7SPeNSRT(72)

. rf=NSART(O,SNO* (A, 7SR))

* F'?Spbl

* Fantav (D NOL,7SR_A)

* NENSIAN{T ONNGR) NSART IO SLAF)

. REYLIRN

* Fhn

OF HMIVAL (11n8 FARTRAN V CAMPILATION, 0 «NI1AGNOSTICe

NAMF )

MESSAGF(S)

MESSAGF (S)




7.3 PROGRAM NUMBER TWO

The second program is 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 are calculated on the surface and at the transmitter depth
for various displacements. The input requirements are as follows:

FORTRAN NOTATION MEANING

PT Transmitter power in watts

w1 Weight of the transmitting VMD, kg

Al Radius of transmitting VMD, meters

L1 Length of transmitting HED meters

FRX Frequency in Hz

EPS Relative 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, or 3

LT The number of displacements in 100-meter incre-

ments from the transmitter,

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

The field components computed are

H H H
& =0 E¢|¢=n/2; p(ﬁ:n/z; ¢¢:0; and 'z b= /2

For the transmitting VMD, the field components are Hz and E¢.

Ep

The output format first displays the basic input data and the noise fields for the three noise
grades. The above seven field components are then printed out for the indicated displacement
for receiving points located at the surface and at the transmitter depth.
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TOREAL LY

COMPLEX AsGl 31 2sKaMaFP EFHaHPrHsHEsRZVaSAMalia T ,BET,ALP,TEBSPLA
DIMENSIUN FREQU19)aUN(15517)120(10) s (10)aP(LES),,FEP{B210)

[oFCPHIUBs IO ) sFHPHTR, 10U s FHP TR, 101, FHZ(B5 101 .FHZIVI{E,10)

DIMENSICN FEPHV(B8,10),0P(2),DX(6)
DATA FREQ/10060200e2300¢2500e07006210004622000¢530000050004,57000,0»

1 READ 2, PTaWiasAl,L1sFRXsEPSSSIG,RSsDSoNOISELLTY

TTTBW(CURWRIY /A WP Ty T T

——bPtirwo,

Rty T T T T

T GAMSGIZYRMOWwZ

—IOWW¥RFO7C"

T 1100004+200004230000e25000042700000,14E+552.E+45,3,35E¢5,4,E45/

DATAC(DN(I0J)sJml,s17)s]131,15)/88,5780072¢00808590554,049.245,,37e5
1932042500 110504.5,20,=60s80s=100085.538.5330228.52500210017.213,
)'70.d‘lo.'-7"-12.‘ 17..‘71-,'24.1-28.351.JOQ.J31.!22.'16.'10..‘6.
3"13.!-21-D‘Zgo.-‘lo0'39.:‘41-0‘43.3-43.0'50.0.70.588.374.)66.056.

408745405 330023401%0214,019081e2m1000=1805=6105=2442=230026842057,»

7 530"42.’36'5301l21.l14.'5.00.0'5.'3.00-1‘6-0’11.”17.0‘25.057.!46.

004300330!280023.013.'700000'2.0'500'505-13-0'17."330"43.!‘57..30
7..21.0100010.lb.1‘-‘ 90"140‘-1603-21-l'l?o"’0-5-2400“3458.38.l"

Bles 67 o057 e0Ad:0330019es10eslen=19, 2=30,5=40,02483,5,=45,,=45,,=45.,
gm= 47.5’51.0-60.1-65.131.oe7.355.045.n41.oTA.aZO.n12..2.3'6..'11.5
A= 13002224931 40=2R 830,280,067 ¢40584.086,03609290223027¢20e0"b0as

X'LS-.‘22.0'31.:.3d.”38.:‘43.“4401‘580118.‘?9-022.015.010.!6-"30
207940017 40~19¢5=61.0=6145=61,5=6105=06100=6100="63,021:013028,0304s
3= l03-3.0-1003‘10.0-24.1'2500-27¢0-3300'3900'52."55."66.0-75..-7.

5.-120’-13l;-19.’-?1"-24.;-27..-29.’-33.;-30..-400‘-‘9.‘-52...59.’
46045270007 8,356,504605541.03365229¢5244013¢0b00100"4,00"G,0=18,,

5"30"’5 J‘Js-l‘d!o.-Sb03420040.‘36033600330129.’250‘19 5’12 5' S

612-3;12 $23.5, 2,5.1. 5,23.5s=15,5,=29,5/
OATA IX/5¢425,050,010060200.24004/
Pls3,141592654
E8{1, /(3647211 )01 E=9
Cu2,93796E+8
J)“d.*r’l.l.f-?

2 FORAAT(9F8,2,212)

T CURMEY SR ATESGRY(WIFPT#E ,S2E+3Y T T T T

[F(PT.LT..00C01) CALL EXIT
DI 16 1%1,19

THE TEST FUR EVUALLITY BETWEEN NOHaIMTEGERS MAY NUT BE MEANINGFUL.

IF(FRY, NC FR Q(I)) GO TO 16

T FRESFRYX

W2, aPI*FRE
GIZ-UO-wa(O..l.)t(SlG+(O..1.)'EPS'EG*N)
TCURSSIRT(PT/RS) - T
GUs=(4/C)mw2

GLeCSIRT(GL2)

Ko (SIG+(0eal ) WEPS*EQWH)/((0qsle) *EQ"K)
AI(CUQ'Ll)/(4.'PI‘(31G*(0.01.)tEPStEU'W))

CKaCURM/(4,.+P])
Tl-(O..l.)'Uﬂ'htCURM/(d tPl)

DP(2)=pS
DO 12 J=i,2

DO 12 L®1.LT
RHO®DX(L)

D=(Z¢D8)/RHO
RuSQRT(RHO®«2+(Z=DS)*e2)

DELO®Z20%(1,=1,/SQRT(2,)) .
DELKuZO*CABS(1.«CSART(K/(K*+1,)))

P{2)wZ0"DELD
P(3)aZp»DELK



71 CORTrMUE

T ITGU*FHO#*«5)7) T

98 P(LK)=Z P (L¥=1)

T P(4)=20+DELK
P(5)®20+DELD
P(S)=RHUSSGRT(=REAL(G12))
DAY IR TN Y) '
P(RY=3 4P (¢)
P(I)s4, *P(6)
P(l0)ag.eP(t)
P(ll)m1b8,*P(E)
LD 98 K=12,20

DJ 99 LL=1,10
99 H{LL)®(0.sC,)

T 5Tele o AND 'S ,6T.1,) (D TO 9067
BET®lam{1o+GCloRI4 , *GLI2%RW*2/OQ ,+GI*GL2#Ru*I/ /G, )InCEXP(~GL*R)
TEB8 18 *CK*BET/(T12%RHUwwS)
FAZVIJ,L)=20 »ALEGLO(CABSITER))
ALP 3] qall (41 wR4G12#Rx92/2 ) wCEXP(m(:LxR)
PLASE (o TwALP/(GI12wRHUwwA)

TFEPHV(JalL)®20 ,vALCGLO(CARS(PLAY)
Gy 10 714

997 DD 7 ¥=1,19

Gef ()
E=sP (M4
CALL HMUL(LabaEaTi s 700K, GAM,0)
DO 1S 11mi,1C
15 H(ID)ax (1140 (11
7 CONTIMUE

CUMPUTE PRIMARY FIELLS

Epees et P (=01 eR)«(1o4GIaReBI20Re %2 (RHD/R) %220 (3,43, %G14R+G120R"n

12))/Fwad”
EPH=A#CEAP (=GiwR)» (G12wRwa2+4G1wR¢),)/Rex3
EPHVETWCEXP(=GlaR)RHON(G1*R¢+1,)/Ran3

IF(CARSIHPRH) LT, 1, E=9)HPHa (] ,E=9,1.E=9)
HIBBuwCEXP (=Gl aR)wRRUN (Giwhe],)/Run]

RIVECKwClEXP =G {sR)w (=1 ,=GiwR=G12vRe#2+ (1 ,«(RHO/RI#«2)* (I n(1,¢61*R
1)+G12#R*w2)) /Rew3
FEP(JsL)®20.#ALOGIO(CABS(EP+AR(H(1)=H(2))/RHO®#342,4As (H(J)=H(4))/

FEPA(JLL)®20 , wALOGIO(CABS(EPH=ARRGLI2wH(S)/RHUSAwH(2)/RHO#a3+2 ,0AwH(
14)/RHO=*5))

T TFRPRTILLY 820, s ALOGIOICABS TRFH*B*HI B ) /RHDwé2# 2, wBn (H{BI1=H(7))/7(G0®

{RHOw®%4)))
FHP(Ja L) 820.2ALNGLI0(CABS(HPH4BeH(6) /RHOwW# 242 ,*BwH(7)/(GO*RHO2e4)))

FHZTJS L7220 «ALNGIO(TCABS (RZ-EwH (G /RHD*« 2T
IF(Z,LEelaaAND,DS,LEsLs) GO TO 12
FHZIV(J,L)®20,«ALOGIO(CABSI{HZV=CKwr(10)/RMHO#*3))

FEFRVIJsLT®20 , #ALOGIO(CABSTEPHV»T#HT2Y/RHD*® Y]}
12 CONTINUE
PRINT 30

 1CE = *,FBeza’ OHMS’s//)

SO0 FORMAT{IHID - o T
PRINT 17DFREJS!GOEPSJPTDNIDAIDLI.DS..RS
L7 FORMAT(//»s10Xs?FREQG® *,F9,2,” HZ CONDems ?,F6s2+" MHOS/M EPSs »,
» ol ENm 2, N LI X1l ol/le
210Xs?XMIT LOOP RADIUSE ?,F8,2,? M (INE SOURCE LENGTH® *,F8,2,' N
3 DEPTH OF TRANSMITTER® ?,F8,2,//+20Xs?LINE SOURCE CONTACT RESISTAN

IF(1.57.17) GO YO 221
DO 792 NOISE=y,15
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Hya Ok (NUISES TV =120,
79 PRINT 22,HNaNCISE
22 FORMAT(20Xa*NCISE = *,F10,25" NB «GT, 1A/M NOISE GRADE =?,14)
221 PRINT 18 T
18 FORMAT(//)
PRINT 19 o

{G FORVAT (XS P ISP (M) MNEPTHR(M) ERNO(PHI=Q) EPHI(PHI®G0) KRHO(PH]
1890) HPAL(FHI=G) Hz(PHI=Q0) MZ(VMD) EPH(VMD)?,//)
05 13 N®1,LT
DISP=sDXx(NY
Cyu 20 NN=1,2
DPTHaDP(NN) - B
J0 PRINT 21 sUICP,LPTHsFEF(NNSN)SFEPHINNSGN) oFHPHIANNSN) ,FHP (NNoN)FHZ(
IMNaN) 2 FHZVINNSN) ,FEPHY(NNN)
21 FORMAT (2F9,2,7F13,227)
13 TONTINQE — 7 7 7
14 COMTINUE

STUATIONT ‘I DIAGNOSTICS,
SURROUTINE wv) ENTRY POINT C0014)

SURRCUTINE HWMO(N,AeBsDeZ0sKsG12,R)
CUMPLEY RsS5sKalG12
DIMEMSTIUN Y(32),W(32),R(10)28(10)
DaTA (w(1):181315)/3.50930505-3.8.137197AE-Z.1.26960{37E-2.
1 1e71369314E=2,2,.14179490E=2,2,54990296E=2,2,.93420467E=2,
2 3.29111118E%2,3.61728971E=2+3.90569479E=2,4,16559621E«2,
3 4,38260465E=2,4,5586939E=2+4,692219954E=2,4,78193600E=2,
4 4.,B2700443E=-27 .7 T T
BATA (v(1)al31429)/1e3680691E=3,7416424422E=-351,.76188722E=2,
2 3.25469620Em245,18394221E~2,7,53161931E~2,1,02758102E=1,
T 1.337908940E=1,51,68877866E=-1,2,06142121FE=1,2,.46550045E=1,
4 2.89324361E=1s3,.34005698E~1s3.80356318E1,4.27764019Em},
S 4475946167E=1,5,24153832E~1,55,72235980E=1,6,10643681E=1,
B 5,85933301E~1,7,108675638E=1.7,53443954E=1,7.93857878E=1,
6 9.313522133E=1sR,66091059€=158,9724)1897E~1+9,24683806E=1,
7 9.48160577Ew159,67453037E=1/
TATA (YT 1.1830,32179,823811278E=1,9,.,92305756E=1,9,988310J({E=]/
00 8 lsl.io0
8 R(I)®m(0es00)
XX=A
He (B=A)Y/FLOAT(N)
DO 5 I=i,16
Je33el
5 W(JimA(])
DO 1 Jsmi,N
DO 2 I=1,.3:
XaXXérnY (1)
CALL FUN(XsD,20,Ke612,8)
PO & MelalV
8 R{MISRIMISW(T) a8 (M)
@ CANTINE:
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1 XXm{X¢4q

DO 7 L=lel10
7 R(L)Imdar(L)
T ORET RN

E )

END OF cOMPILATIONS NO  DIAGNUSTICS,

SUBRDITINE FUNIX,D0ZU0,4261259)
TOUPLEX XK»8,512,U»U05ReTHE
DIYMENSION 5¢(10}
JuCSQRT(X*#24512)
YaViwZZd)we?
TFUYeLTaOa) UIMCMPLX{Q42SARTIABSIY)))
[F(Ye35ade) UDaCMPLX(3ARTIY)D,)
ReETIO<U T /7TU+K=UDY
Ta({ JD=U) /7 (UD+U)
[IF(X,LTelE*+S) G0 TO ¢
And,
B5a2d,
51 0123 2

T ARASSLTX,1) -
Bm=BSSL(X,3)

2 EmCEXP(=UxD)
STITaRaTAE#*RUxX
3(2)m3aTnEnxwn2/yy
S(TFr1mAarkaCullaXwnl
STATRIaRAEAURAAWD
S(9)mATaE~X/Y
S(S)mAaTwER)
S{7TudaReETXwn 2
S(3)mA«RaENX N2l
S(9)mB8aTabexan2/y
STIOTSAFTRERX* %3
RETURN
END
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7.4 PROGRAM NUMBER THREE

The third program in the series 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 are as 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

LT The number of displacement increments to be
computed

The basic input parameters are first printed out after which is displayed the noise fields for
the three noise grades. The three field components of interest are then printed out at the
surface and at the transmitter depth. These are repeated for each displacement. The last
data card is left blank.
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FlMS oy 5] gt Z gkt

CT BT I (F g 1O GFRE AR G R 1A s D) oMU 5 ) a5 g FE X (R ) s
JE v P a1 C)aF? el vl JNkt2)

VATSE FREQ/NIN0,0200 0300, ,8500,,4700,21000,029004,23000,,5000,,7002,»
110000, 20000 530000, 480000, 0700004102000/ 051 iR784  LPg4A~D NN/
TATE (N1, 1) T2, 18246 R 0,10 Ned  NaflgNamt ,Oa=13 Ua=18,5s=2473
1E s m?8 SpmIX Npwh]l Hemdh Ny=b0) Ne=B X, 5,m07,N/,501,(281),131,18)/3D,2
9".’\o-6.01"17.(r'l"2";,.()."\50,“0'"57.51"'(’.")3-4"')."):"4;‘;.()0-11”.().—40.‘.’,).-50
Ve DewCt O ymBl Oy mOR N/ ({11 ) 181 ,16)/53,N:54,2551,0,485,N542,.%5940
Ay NP1 051 B m S R m 8, 0,m20,0smd8.0sml 8, 00=05,0e=23,0/,(00M12,1
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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 results 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 are combined with the
specified noise grades and an equivalent S/N is calculated. These resulting signal-to-noise
ratios are 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/Ng ratio is the minimum requirement for communication of normal
speech assuming 75-percent word intelligibility and a 1-Hz normalized bandwidth. From
these experimental results, predictions are drawn concerning optimum usable frequency
versus maximum transmission displacement for various antenna configurations, Figures

7-1 through 7-16 are 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/Ny ratio.

b. For 20-meter radius transmit loop, a maximum of approximately 225 meters/740 ft
separation can be achieved. (This assumes a minimum of 37 dB S/NO ratio for adequate
information transfer with an optimum frequency of 10 kHz to 20 kHz.) At lesser separa-
tions, the 100-kHz to 200-kHz range provides the higher signal-to-noise ratios.

c. TFor 8-inch/0.3032-meter diameter transmit 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/Ng ratio. ’

e. For up-link and down-link propagation, maximum transmit depth for 13.58 meter/44.68
foot radius loop was 175 meters/574 ft at a frequency of 10 kHz, and for the line source
transmit, maximum depth was 225 m/730 ft at a frequency of 10 kHz (37 dB S/N 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 trans-

mission is included.

Figures 7-17 through 7-19 show typical mine entries and crosscuts with 1f and v1f theoretical
predictions illustrated. Darkened areas indicate loss of transmission.
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Figure 7-17, LF Propagation (Theoretical -
Fixed Station - NG 14).

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

20-meter radius loop (fixed station) to loop transmission
VMD to VMD

Frequency - 10 to 20 kHz

37-dB minimum S/NO

10-watt input

Darkened areas indicate loss of transmission
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Figure 7-18. LF Propagation (Theoretical -
Portable - NG 14).

Portable - NG 14)

7.5.2 LF Propagation (Theoretical -

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 areas indicate loss of transmission
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Figure 7-19. LF Propagation (Theoretical - NG 14).

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/NO

10-watt input

Darkened areas indicate loss of transmission
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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
is stressed 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 as frequencies increase beyond 50 kHz. Additional
experimental work needs to be completed to obtain reliable predictions for the higher ranges
of frequencies,
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