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FOREWORD

This report was prepared by Arthur D. Littie, Inc., Cambridge,
Massachusetts, under USBM Task Order No. J0387217 under Basic Agree-
ment J0377065. The contract was initiated under the Coal Mine Health
and Safety Program. It was administered under the technical direction
of the Pittsburgh Mining and Safety Research Center with Mr. Harry
Dobroski acting as the technical project officer. Mr., Joseph Gilchrist

was the contract administrator for the Bureau of Mines.

This report is a summary of the work recently completed as part
of this contract during the period April 1978 to January 1979. This

report was submitted by the authors in January 1979.

No inventions or patents were developed, and no applications for

inventions or patents are pending.
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I. INTRODUCTION

This report presents a mathematical model for the propagation
of UHF radio waves in the tunnels of a room and pillar limestone mine,
and describes the analysis of a small amount of propagation data
obtained by R. L. Chufo and R. A. Isberg(l’z’B) in the Black River
limestone mine in Kentucky. The model and analysis 1s based on the

(4)

waveguide mode theory developed earlier for the transmission of
UHF waves in coal mine tunnels, with allowance for propagation losses
due to refraction into the tunnel walls, to scattering by wall rough-

ness, and to long range random tilt of the walls.

Two types of tunnel in the limestone mine are considered. One is
a haulageway, containing a belt conveyor but no crosscuts, and having
cross-sectional dimensions of about 20 ft. x 9 ft., which are comparable
with the dimensions of the high-coal tunnels previously studied, The
other kind of limestone tunnel occurs in a room and pillar area and
has much larger cross-sectional dimensions, namely, 40 ft. wide by
35 ft. high. Each side wall of this large tunnel has an average open
area of more than 50% owing to the presence of intersecting cross-cuts.
A sample of the room and pillar geometry is shown in Figure 1, a plan

view of a section of the mine.

The basic elements of the model are developed in the discussion
of the haulageway tunnel, and then applied to the analysis of first
the haulageway tunnel data and second the room and pillar area data.
Propagation around corners and through pillars is also examined based
on a ray theory approach, together with the beneficial effects of
placing reflectors at intersections to significantly reduce corner
losses. The theory is found to be in fair agreement with the data;
however, additional in-mine measurements are needed to provide a more

conclusive test of the model.

Arthur D Little Inc
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IT. MODEL FOR HAULAGEWAY TUNNEL WITH BELT CONVEYOR

Figure 2 shows experimental data taken by Chufo and Isberg(l) of
total signal attenuation in dB experienced along a small cross-section
haulage tunnel at the two UHF frequencies of 466 MHz and 812 MHz,

Figure 3 is a photograph depicting the actual tunnel environment. The
total path attenuation is normalized with respect to isotropic trans-
mitting and receiving antennas. Also shown for comparison are calculated
free-space attenuation curves for the same frequencies. It is seen

that the experimental data agree with the free-space curves at small
ranges, but decay more rapldly at larger ranges. Beyond about 300 feet,
however, the average trend is linear, which means that the electric
field falls off exponentially with range in this‘region, rather than

according to the free-space law.

We interpret this behavior in terms of excitation of the waveguide
modes of the tunnel in the following way. The transmitting antenna
excites a large number of these modes which decay exponentially with
range at greatly different rates, depending on the horizontal and

(4)

vertical mode number components n, and n,. Theory shows that the

loss rate in dB/100 ft. is proporiional io a linear combination of ni,
and ng. Theory also shows that, if the width of the tunnel is greater
than its height, as in the present haulageway case, the mode of smallest
attenuation rate is the (1,1) mode with horizontal polarization, which

we designate as E We therefore postulate that, beyond a distance

h,1,1°
of about 300 feet, the only surviving mode is Eh 1.1°
L] s
A further postulate is necessary since the actual transmitting
antenna, rather than being isotropic, is a vertical dipole. Such an
antenna would not excite the Eh 1.1 mode of a smooth-walled tunnel. It
» ]

(5)

has been found experimentally, however, that at large ranges the
polarization 1s predominantly horizontal no matter what the orilentation
of the transmitting antenna may be. We therefore assume that the tunnel
walls are not ideally flat and smooth but have enough roughness and

tilt to cause mode conversion from the initial vertically-polarized

Arthur D Little Inc.
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Source: U.S. Bureau of Mines.

FIGURE 3 PHOTOGRAPH OF HAULAGEWAY TUNNEL WITH
BELT CONVEYOR IN LIMESTONE MINE
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Ev,l,l mode to the horizontally-polarized Eh,l,l mode, within a distance

of the order of 300 feet,
The first step in analyzing the data in Figure 2 is to determine
the attenuation rate of the Eh 1.1 mode. To do this we fit a least-
32
square straight line to the data from 300 to 2200 feet for each
frequency. The two straight lines are shown in Figure 2. Table I

gives the values of the attenuation coefficient a in dB/100 ft.

TABLE I

ATTENUATION COEFFICIENTS (EXPERIMENTAL VALUES)
FOR THE BAULAGEWAY TUNNEL

f a
(MHz) (dR/100 ft.)
466 | 4.02
812 2.03

Next we compare these experimental values of a with theoretical
values for the Eh,l,l mode. Three kinds of loss contribute to a:
refraction loss, scattering loss due to wall roughness, and gcattering
loss due to random long range wall tilt relative to the mean planes of
the four walls. In calculating these losses we use a combination of

wave theory and ray theory.

A. REFRACTION LOCSS

Each tunnel waveguide mode can be described, from the ray theory
point of view, as a bundle of parallel rays which are reflected suc-
cessively by all four walls of the tumnel. The grazing angles of

reflection (in radians) are given by the expressions:

nlk
d) = e (1)
1 2dl
n.Ai
_ 2
¢y 7 24, ° (2

Arthur D Little Inc.



where the subscript 1 refers to the side walls and the subscript 2 refers
to the roof and floor, Thus n,, n, are the horizontal and vertical

mode numbers respectively; dl and d2 are the horizontal and vertical
tunnel dimensions; and X is the free space wavelength, Expressions

(1) and (2) are the conditions for phase coherence of the multiply

reflected rays with each other.

The power gain for a distance z can be written as

8 = BBy » (3)
where By is the gain for side wall reflections and gy for roof and
floor reflections. In reality, the gains are less than unity, and

thereby correspond to power losses per reflection. In general, for

either the haulage tunnel or the room-and-pillar tunnels,

g, = (FRR)HM | %)
g, = Ry? . (5)

F is the effective fraction of reflecting surface on the side walls,

allowing for cross-cuts or other nonreflecting areas. Nl and N2 are

the number of bounces of a ray in a distance z, given by

b,z
1
N, = — (6)
1 dl
-]
N2=F2--. (7
2

Lastly, the power reflectances R1 and R, are given by the Fresnel

2
formulas

ke, - oF +x - nY2)? ©
R =
SUI PR SR

Arthur D Little Inc



(¢§+K- 1)1/2 2

R = (9)
S PR L

ﬁ’l"(¢i+K'l) 1/2)2

o
o
I

1,v 6, + (¢i +x - 2

“

f'
R <K¢2 _ (¢§ ol 1)1/2 2 (1)
2,v 2 172

LI.<¢2+ (¢2+K-1)

where K is the dielectric constant of the wall material and the sub-
scripts h and v signify horizontal and vertical polarization, respec—
tively. These are approximate expressions which are certainly valid

for the small values of ¢l and ¢2 that pertain to the dominant modes.

Therefore the attenuation rate ¢ fraction ig given by
10110%.g
0
%refraction “100( z ) . (12)
nll nzl
®refraction -1000 2 lOglO(FRl) 3 loglO(RZ) (13)
2d1 2d2

where A, dl’ and d2 are expressed in feet, and o in dB/100 ft.

refraction

B. ROUGHNESS LOSS

We assume as in Ref. 4, that the walls of the tunmnel are rough,
as illustrated in the close-up photograph of a sidewall in Figure 4,
with a Gaussian amplitude distribution about the mean surface described
by a root mean square value of h. The power loss factors per reflection

are then given by

(th sin¢l)2
g, = e\ A (14)

Arthur D Little Inc



Source: U.S. Bureau of Mines.

FIGURE 4 CLOSE-UP PHOTOGRAPH ILLUSTRATING ROUGHNESS
OF A SIDE WALL
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(2ﬁh sin¢é)2
gz = e_2 by (15)

Again taking ¢1 and ¢2 as small angles, we find, from (1), (2), (3),

(6), and (7) that the attenuation rate due to roughness is

3 3

had n
o = 434.3 ponlA L + -2 (16)
roughness 4 4

4

where all lengths are in feet and o is in dB/100 ft.

roughness
C. TILT LOSS

Instead of calculating the tilt loss for a fixed tilt angle BO,
ag in Ref. 4, we now consider the long range tilt to have a Gaussian
distribution with a root mean square value 60 (radians). For a parti-
cular reflection at a part of a side-wall where the tilt angle is 9,
the reflected beam is inclined at an angle ¢l + 20 with respect to the
wall, The electric field of this beam therefore has the form

e-iko[Z cos(¢1 + 28) + x sin(¢l + 28)]

E' = Eo (17)

whereas the field of the mode is

E=E e—lko[Z cos¢1 + x sin¢l]

o (18)

where ko = 2n/A.

The power coupling factor of E' back into the mode E is given by

the normalized overlap integral

g, (8) = ij"ﬁ'. E'¥ dxdﬂ2
(ff[Eizdxdy)(ff{E'izdxdy)

where the integrations are taken over the cross-section of the tunnel.

s (19)

For small 8 and ¢1 {17) reduces to

10
Arthur D Little Inc.



sin kOBdl
8,(8) =\~ %a , (20)
o 1
and likewise,
s8in koed2 2 (
= —° < 21
8,(8) k 6d : ‘
o 2

We now introduce the statistics by using the Gaussian weighting

factor

2 2
p(8) = —1— &% /28, | (22)

N

)
o

Then

gl(e) p(8) de (23)

go
[t
]
b8

g, = g,(0) p(e) de (24)

8

In order to avoid numerical integration, we use the approximation

, 2 2
(%1nﬂx). Ve ~x /3 , (25)

X

and obtain for (21) and (22) the closed form expressions:

1
g — =
1 ) (Zneodl)Z 172 (26)
1+ 3

e

A

1

&2 7T 5 (2w8 d )271/2 (27)
o 2

1 +_§ —

e

-

11
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Then from (1), (2), and (3), the tilt loss rate becomes:

500nll SOOnZA
Geqre T T T2 108p8; ~ T3 1088, (28)
at &

where all lengths are in feet and @ ¢ In dB/100 ft.

til
D. COMPARISON OF THEORY WITH HAULAGE TUNNEL DATA

The haulage tunnel has nominal dimensions of 20 ft. in width and
9.5 ft. in height. However, Figure 2 and the photograph of Figure 3
indicate that the conveyor belt system occupies about 5 ft. of the
width and contains equipment and debris that would trap incident UHF
waves. We therefore assume that the effective dimensions of the tun-
nel are d; =15 ft. and d, = 9.5 ft., and that only a fraction 2/3 of
the area of the wall on the conveyor-belt side is reflecting. This
means that the geometric mean of the reflecting fractions of the two
side walls is F = (2/3 x )Y/
to the frequencies of 466 MHz and 812 MHz used in the experiments are

= 0.816. The wavelengths corresponding

A=2.11 ft. and 1.21 ft., respectively. The dielectric constant K of
limestone is assumed to be 5. Moderate errors in this assumed value
are tolerable, since calculations show that the final results are very

insensitive to K.

For these values of the physical constants Eq (13) gives the

values of o shown in Table II, for both the Eh 1.1 and
L] 3

refraction
Ev,l,l modes,
TABLE II
COMPARISON OF THEORETICAL Opofyraction
WITH EXPERIMENTAL %yotal FOR HAULAGE TUNNEL
Theoretical Experimental

£ Olh,refr. 0"v,refr. “total
(MHz) (dB/100") (dB/100") (aB/100")
466 : 3.60 7.12 4.02
812 1.43 2,57 2.03

12
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It is seen that the Eh 1.1 values for o are comparable with
LRl

refraction
results, although somewhat lower.

the experimentally determined % otal
This is reasonable since roughness and tilt losses have not yet been
included. The Ev,l,l values are definitely higher than the experimental
values, in accord with the idea that the horizontally polarized (1,1)

mode always dominates at large distances for tunnels of this shape.

If we now Include the roughness and tilt effects, we find from a
series of trial calculations, using Eq (16) and (28), that roughness
and tilt values h = 0,2 ft. and 60 = 0.0122 radian = 0.7°, give good

agreement between theory and experiment as shown in Table IIL.

TABLE IIT

COMPARISON OF THEORETICAL ooy FOR Ey 1 MODE
3>
WITH EXPERIMENTAL ¢,,:,1 FOR HAULAGE TONNEL
FOR h = 0.2 FT. AND 6_ = 0.122 RADIAN = 0.7°

£ “refr. 0Lroug’m‘uess “ri1t *total O‘e:y:pt
(MHz) (dB/100") (dB/100") (dB/100") (dB/100") (dB/100")
466 3.60 0.051 0.377 - 4.03 4.02
812 1.43 0.029 0.589 2.05 2.03

E. MODE CONVERSION

Since the transmitting antenna in the haulage tunnel is a vertical
dipole, whereas the received signal at large distances is mainly the
Eh,l,l mode, the structure of the tunnel walls must be such ags to cause
mode conversion from the E and higher order vertically polarized

modes to the Eh,l,l mode. Y%i;; conversion process clearly requires
that portions of the tunnel walls are tilted about the longitudinal
z—axis of the tunnel, or that conductors with this kind of tilt are
present in the tunnel. The support structure of the conveyor belt
indeed contains metal struts and other members oriented in this way

as shown in Figure 3.

13
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The vertically-polarized mode having, by far, the greatest
coupling to the Eh,l,l mode is the Ev,l,l mode. The reason is that
these two modes have exactly the same spatial structure, of the form
cos(ﬂx/dl)cos(ﬂy/dz), whereas higher modes are orthogonal to the Eh,l,l
mode. We therefore consider only the interaction between the two (1,1)
modes, which can be described by means of the following coupled differ-

ential equations:

_dIh
dz

- ahIh - athh + athv _ (29)

dI
v

- - _ ‘ 30
dz a'VI\J' athv + athh _ (30)

where Ih’ Iv are the intensities of the two waves, a, and a are the
power attenuation coefficients, and avh; a, are the power coupling
constants of the waves. From the reciprocity principle it follows

that

b ™ %y - o (31)

Equations (29) and (30) can be written in the more compact form

4T,
“h_ 2
2z -l ek (32)
ar,
Bz - TRl taph (33
where
a) =& ta (34)
a, = a, + a. (35)
412 T ey (36)

The solution of (32) and (33) for the boundary conditions Ih = Q,
I =1 at z =20, is
v o

14
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a. I
I =120 (e"‘—z - e‘*+z) (37)

h A - A
I
Iv =3 [(a -A)e - (a, - A,)e ] . (38)
+ -
where
2
;\+ = -:2L~|: a (a + a ) -(a132 - 312)] (39)
1 2
A= E[al + a, \/(a + a ) 4(3132 - 312)]. (40)

From (39), (40), (34), and (35),

A, - A= \ﬁav - )’ + el | (41)

If we make the reasonable assumption that a.

is small compared with
- a, Eq (37) becomes '
(720" - V) (42)

a

A
v ~ %

This shows that T'h reaches a maximum at the distance

a
mn!—g?
zZ = ah (43)

mooa - a
From Table II we find, on considering only the refraction losses
and converting from dB/100 ft. to (ft.)_]‘, that a, and a, have the

values .0083 ft.-l and .0164 ft.-l at 466 MHz, and the values .0033 ft.

and .0059 ft._l at 812 MHz, respectively. Therefore, upon substitution

-1

of these a and a values into (43), we get z = 84 ft. at 466 MHz and
223 ft. at 812 MHz. These results are consistent with the point on
Figure 2 at about 300 ft. beyond which exponential decay takes over.

Inclusion of roughness and tilt losses would reduce z, somewhat.

15
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For large values of z, (37) and (38) reduce to the approximate

forms:
a h -
Ih x Io ;""‘;’—-—-— e h . (44)
v °h
avh 2 -ai, Z
I X I{————] &°h (45)
v o av ah

In these equations a, and a_ can be calculated at each frequency from
the roughness and tilt parameters determined above. Also Ih versus

z is known for large z from the experimental data. However, Iv Versus _
z at large z is not known experimentally from the measurements to date
in the belt haulageway. Therefore Eq (45) does not provide any useful
information for analyzing the current set of data. This means that

we have two unknown quantities, namely,-Io and a . and only one

vh _
equation, i.e., Eq (44)., There is therefore not encugh information in

the present set of data to determine the mode conversion parameter &

If the unknown intensity IO is eliminated from (44) and (45), we
obtain the simple relation

I a
v .___vh (46)

Ih av - ah

for the equilibrium ratio of the two (1,1) modes at large distances.
This ratio could easily be determined by means of a dipole receiving
antenna that could be orlented first vertically and then horizontally.

Then (46) would permit the determination of a p

16
Arthur D Little Inc.



III. APPLICATION TO TUNNELS IN ROOM AND PILLAR AREAS
A, COMPARISON OF THECRETICAL AND EXPERIMENTAL RESULTS

Figures 5 - 10 show the results of experiments on propagation
around corners in a room and pillar area, with and without the help

of a metal reflector having two perpendicular 4 ft. x 4 ft. panels

mounted in an intersectlon near the roof and inclined at 45° to the

two intersecting cross-cuts as shown in Figure 1l1. In each graph the

vertical scale represents the received signal in dB relative to 1 uV.

Also included in each figure is a diagram showing the relative positions

of the fixed receiver, the corner, and the movable transmitter.

Figures 5 and 6 show thaf a marked decrease in signal loss rate
occurs beyond the corner when the reflector is located at the inter-
section of the two tunnels containing the transmitter an& receiver,

In discussing the result it is convenient to consider the transmitter
and recelver to be interchanged, which makes no difference to the sig-
nal, according to the reciprocity principle, Then the TX dipole now
replacing the RX dipole at the bottom of the diagram in Figure 5
excites many modes of the tunnel which attenuate at very different
rates depending on the mode numbers ny and n,. By the time the waves
reach the cormer, 1300 feet away, only the two (1,1) modes have
appreciable amplitude. These modes are very well collimated since the
grazing mode angles ¢l and ¢2 are of the order of 1°. The portion of
the wave that enters the aperture of the cross tunnel is therefore
very small, and furthermore is nearly pependicular to the cross-tunnel
side walls. The modes excited in the cross tunnel are therefore high-
order modes which decay rapidly, in agreement with Figure 5. On the
other hand when a reflector is present at the corner, a substantial
fraction of each incident (1,1) mode is re-directed down the cross
tunnel, and preferentially excites low order modes in the cross

tunnel, which decay at a lower rate, as in Figure 6.

In order to check these arguments we show on Figures 5 and 6 the

theoretical decay rate of the Eh 1.1 mode calculated for K = 5 and the
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Source: U.S. Bureau of Mines

FIGURE 11 METAL REFLECTORS MOUNTED NEAR THE RGOF
IN AN INTERSECTION OF TWO TUNNELS IN A
LIMESTONE MINE
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same roughness and tilt values, h = 0.2 ft. and 60 = 0.0122 radian =
0.7° found for the haulage tunnel. However, we use tunnel dimensions

of d1 = 40 ft, and d2

to the 35 to 40 ratio of reflecting area to open area on the side walls

= 35 ft., and a value F = 0.467 which corresponds

of the tunnel in the room and pillar area. For these parameters, the
theory gives loss rates of 0.53 dB/100 ft. for the E , 1 mode and
’ »
0.56 dB/100 ft. for the E
v,1,1

of the two loss rates is due to the almost square cross—section of the

mode, at 466 MHz. The near equality

tunnel. The wvertical positions of the Eh,l,l theoretical curves in
Figures 5 and 6 are arbitrarily chosen. It is seen that the slope of
the line agrees fairly well with the experimental points in Figure 6.

In addition, the period of the oscillatory character of the experimental

points suggests interference between the Eh and E modes, which
s L,1 v

1,1
b Rl J
are close in amplitude and phase velocity. However, it is not clear

how a vertical receiving antenna would sense this.

In Figure 7 (with-reflector) the calculated theoretical Eh,l,l
curves for 450 and 850 MHz do not agree very well with most of the
experimental points at these frequencies. In Figure 8 (without
reflector) the experimental decay rates are greater than those in
Figure 7, but not as markedly different as in the cases of Figures
5 and 6. The reason for this is not very clear. 1In Figure 9, with a
reflector at the corner, the experimental decay rates show signs of
interference, but the rates seem to be much greater than the theoretical
Eh,l,l and Ev,l,l rates. Figure 10, with no reflector at the corner,
shows experimental decay rates considerably greater than in Figure 9,

as expected.

The reason for the high experimental attenuation rates relative
to the calculated Eh,l,l values may be that the higher modes have not
completely died out in distances of the order of 1000 feet around the
corner. Table IV gives calculated values of the attenuation constants
oy and o, for a number of higher modes at 450 MHz, for the same para-
meters as before. It is seen that for a 1000 foot distance the total

attenuation is about 7 dB for the (1,1) modes, 16 dB for the (2,2)
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TABLE IV

THEORETICAL ATTENUATION RATES OF LOWEST AND HIGHER ORDER MODES
AT 450 MHz FOR TUNNEL IN ROOM AND PILLAR AREA
FOR dj = 40 FT., d2 = 35 FI., F = 0.467,
K =5, h=0.2FT. 6_ = 0.0122 RADIAN = 0.7°

Mode No.'s Refraction Roughness Tiit Total
®h ®v “hr % % %y *h %y
oy ] (dB/100') (dB/100") | (dB/100') | (dB/100') | (dB/100') (dB/100')
1 1 0.399 0.430 0.0004 .259 0.658 0.689
1 2 0.765 1.088 .0021 - .393 1.160 1.483
2 1 0.644 0.479 .0014 .383 1.028 0.863
2 2 1.009 1.136 .0032 517 . 1.558 1.656
1 3 1.178 1.997 - .0068 .528 1.713 2.532
3 1 1.057 0.560 0042 .507 1.568 1.071
2 3 1.423 2.046 .0079 .652 2.083 2.706
3 2 1.423 1.217 .0059 .B42 2.071 1.865
3 3 1.836 2.127 L0106 776 2.623 2.914
1 4 1.640 3.175 .0160 .662 2.318 3.853
4 1 1.646 0.673 . 0096 .631 2.287 1.314
2 4 1.885 3,223 .0170 .786 2.688 4,026
4 2 2.012 1.331 L0113 .766 2,789 2.108
3 4 2.298 3.304 .0198 .910 3.228 4,234
4 3 2.425 2.240 .0160 . 900 3.341 2,272
4 4 2.887 3.418 .0252 1.035 3.947 4,478
26
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modes, and 28 dB for the (3,3) modes. Thus the higher modes do die out
fairly rapidly compared with the (1,1) modes. However, beats between

the two (1,1) modes will persist for quite large distances.

B. PREDICTED VARIATION OF ATTENUATION RATE OF (1,1) MODES WITH

FREQUENCY

Table V shows how the attenuation rates of the (1,1) modes vary
with frequency, again for the same parameters. As expected for tunnels
having nearly equal vertical and cross-sectional dimensions, the ver-
tical and horizontal attenuation rates are also close in value. The
total attenuation rates are seen to fall steadily with increasing
frequency, which suggests that microwave frequencies would be worth
trying, especially since reflectors at the tumnel intersections would
have much sharper reflected main beam patterns, and would therefore
couple much more efficiently into the (1,1) modes of the cross-cut.
Should this beam sharpening introduce a reflector alignment accuracy
requirement at say X-band wavelengths, simply reducing the size of the
reflector will broaden the beam to more tolerable widths. It is to be
noted that roughness loss becomes negligible at high frequencies. An
interesting prediction of the theory is that the tilt loss should at
first increase with frequency, reach a broad maximum at about 1000 MHz,

and then steadily decrease.
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TABLE V

VARIATION OF THEORETICAL ATTENUATION RATES
WITH FREQUENCY FOR TUNNEL IN A ROOM AND PILLAR AREA
FOR n] = ny = 1, d; 2 40 FT., dp = 35 FT, F = 0.467

K=5, h=0.2"FI., 6, = 0.0122 RADIAN = 0.7°

Frequency Refaction Roughness Tilt Total
f ah av ah, av ah, av ah av
(MHz) (dB/100') (dB/100') | (dB/100') | (dB/100') | (dB/100') (dB/100'")
500 . 349 375 .00035 .269 .618 .642
1,000 .153 .160 .00018 . 289 JA42 449
1,500 .098 .100 .00012 . 267 .365 367
2,000 071 073 . 00009 242 ‘ .313 315
3,000 .046 047 . 00006 .201 247 . 248
5,000 027 .028 . 00004 .152 .178 .180
10,000 013 .013 00002 .097 .110 .110
28
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IV. COMMENTS ON PROPAGATION IN A COAL MINE TUNNEL

Table VI shows calculated attenuation rates for the coal mine
tunnel ihvestigated in Reference 4, including revised values of the
attenuation rate due to tilt, based on the impréved tilt theory given

in the present report. It is seen that, although a has a flat

tilt

maximum at about 3000 MHz, o decreases steadily with increasing

frequency, instead of fallingotzla minimum and then increasing as in
Reference 4. It turns out, however, that the rms tilt angle 90 =1°
used in the present calculation gives as good a fit to the original
experimental data as the constant—e value of 1° used in Reference 4.
The results in Table VI suggest that even higher frequencies than
1000 MHz may be usable in coal mines as well as in limestone mines.
However, one must keep in mind that the attenuation rates in tunnels
havirg large scale undulations (like in some coal seams) that obstruct

the line of sight will be more severely affected at the higher

frequencies.

Although portable and moblile equipment are not commercially
available above 1000 MHz, fixed point to point mine communication
applications may arise that are suited to the use of available fixed
station equipment at these higher frequencies. The use of small,
compact, low power police radar equipment may be well suited to per-
forming simple in-mine experiments to test the validity of the theor-
etically predicted behavior at X-band frequencies.

29
Arthur D Little Inc.



TABLE VI

VARIATION OF THEORETICAL ATTENUATION RATES WITH FREQUENCY

FOR THE Ey

1.1 MODE IN A COAL MINE TUNNEL

FOR dj =14 FT., dp = 7 FT., F = 1.0
K=10, h =4 IN., 6, = 1°

Frequency Refraction Roughness Tilt Total
aref arough 0Ltilt %total

MHz (dB/100") (dB/100") (dB/100") (dB/100")
200 25,50 1,05 .35 26,89
500 3.72 42 .79 4,93
1,000 .92 .21 1.27 2.40
1,500 41 14 1.50 2.05
2,000 .23 11 1.60 1.94
3,000 .10 .07 1.62 1.79
4,000 .06 .05 1.55 1.66
5,000 .04 .04 1.46 1.54
7,000 .02 .03 1.29 1.34
10,000 .01 .02 1.09 1.12
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v, PROPAGATION AROUND A CORNER AND THROUGH A PILLAR

A, RAY PATH REFRACTION AND REFLECTION

Figure 12 shows what happens to a pair of parallel rays A and B,
belonging to a low-order mode in a North-South funnel, when they encounter
two pillars. Ray A misses the first pillar and enters an East-West
intersecting tunnel where it zig-zags between the two pillars at steep _
angles, corrsponding, on the wave picture, to a superposition of high
order modes of the East-West tunnel. These modes attenuate rapidly by

refraction, roughness, and tilt losses.

Ray B strikes the West wall of the first pilllar where it is partly
reflected and partly refracted into the pillar. The reflected ray
remalns in the original low-order mode since the grazing angle ¢ is
unchanged after reflection. Note that the grazing angle has been
exaggerated in Figure 12 to better illustrate the principles involved.
The refracted ray is strongly bent, as shown, and proceeds in the lime-
stone pillar at an angle with respect to the normal to the N-S wall
that is slightly less than the critical angle C, which for K =5 1is
26.6°. The ray then strikes the E-W wall of the pillar at 63.4° with
respect to its normal, which is well beyond the critical angle of 26.6°
for the E-W wall. Total internal reflection therefore occurs, and no
refracted ray enters the E-W cross tunnel. The ray next strikes a N-§
wall at slightly less than the critical angle. Therefore refraction
occurs and part of the ray enters the parallel N-S tunnel and travels
southward at the correct mode angle in this tunnel, Thereis alse an
internally reflected ray which undergoes further reflections and
refractions. It is to be noted, however, that refractlons occur only
at the N-S walls of the piliar. No rays enter the E-W tunnels from
within the pillar.

The main effect of propagation through and around the pillars is,
therefore, that the original low-order mode in a tunnel, produced by a
distant transmitter, can be transferred to parallel tunnels, provided

that attenuation in the limestone is not too large. No direct transfer

of the low-order mode into 90° intersecting tunnels takes place.
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AB

FIGURE 12 RAY DIAGRAM FOR PROPAGATION AROUND
AND THROUGH A PILLAR
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B. EVANESCENT WAVES

When total internal reflection occurs as shown in Figure 12, an
evanescent wave exists in the cross tunnel just outside the E-W wall
of the pillar. The electric field of this wave falls off with distance

x from the wall according to the relation

-
E = Eoe . (47)

where

Q
0

%F\j(K—l) - K coszw . (48)

Here X is the free-space wavelength, K is the dielectric constant of
the limestone, and ¥ 1s the internal angle of incidence at the wall.
For the case illustrated in Figure 12, ¢ & 90° - C. Therefore,

"

cosp = sinC -1 (49)
VK

and (47) becomes

a=—i-|/K-2 . (50)

Table VII shows values of o for K = 5, at the wavelengths of

interest.
TABLE VII
EVANESCENT WAVE DECAY RATE
£ A a 0
(MHz) (ft.) (Neper/ft.) (dB/ft.)
450 2.19 4,98 43.3
850 1.16 9.40 81.6

It is seen that the evanescent wave is of negligible amplitude at a
distance of 1 foot from the wall, However, this conclusion is strictly
valid only in the case of a perfectly smooth wall. If the wall is

rough, the evanescent wave undergoes diffuse scattering to an extent
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that depends on the magnitude of the ratio h/A of the rms roughness to
the wavelength. However, since the diffuse radiation 1s almost 1so-
tropic, it does not significantly excite the desirable low-order modes

of the E-W tunnel which are concentrated at small grazing angles.

c, ATTENUATION RATE IN LIMESTONE

The efficiency of transfer of a low-order mode from one tunnel to
a parallel tunnel by transmission through pillars, as illustrated in
Figure 12, depends on the electrical conductivity of the limestone.

The attenuation and phase constants,a. and BL, for propagation in the

L
limestone are given by the real and imaginary parts of the equation
- 2.2 1/2 .
a, + 1B, = (-4n"f e K+ ianuoo) , (51)

where Hye €, are the magnetic and electric permittivities of free
space, K is the dielectric constant of limestone, and © is the conduc=~

tivity of limestone.

Table VIII shows how oL depends on frequency and conductivity.

TABLE VIII

ATTENUATION RATE IN LIMESTONE

f o aL
(MHz) (Mho /m) (dB/ft.)
450 107t 20.89

1072 2.229
1073 0.2231
850 1071 21.843
102 2,231
1073 0.2231

It is seen that ar depends very slightly on frequency, but varies
almost linearly with conductivity. Since the pillar cross-sectional
dimensions are 35 ft. x 35 ft., the shortest path of a ray from the

left-hand to the right-hand tunnel is about 42 ft. The minimum
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attenuations are therefore 880 dB, 94 dB, and 9 dB, respectively, for
conductivities of 1071, 1072, and 107> Mho/m. If values of lime-
stone conductivity(6) are more likely to be In the vicinity of 10_2
than 10“'3 Mho/m, it appears that mode transfer to a parallel tunnel
will not be significant in most cases. However, in those cases where
the conductivity is close to 10_3 Mho/m, a usable amount of coupling

to the parallel tunmnel will occur. Furthermore, qualitative data taken
by Chufo and Isberg(l) in parallel tunnels at the Black River limestone

mine appear to support the existence of this behavior at this mine.
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