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PRTOTACE

Durine tho vast 17 years of research on the subject
"Theoretical and experirental stuadies of VLF and LF
waves” quite a number of scientific conclusions could
Le¢ érawn that are reflected in wore than hundred
papers and were read ac several scientific confer-
ences and meetings.

Under the VLF Research Cuntracts nine comprehensive
thesises were completed up to now, four more are
in preparation.

Cxperimental measurements and investigations were
conducted in the home mines of Grusskogel/St. Gertraudi,
Palkenstein/Schwaz, Lafatsch/Scharnitz, and salt mine
Hall (all of them in the Tyrol), as well as in Blei-
berg/Carinthia, Mitterberg/Salzburg and in some German
and Dutch mines.

In addition to commercial apparatuses and measuring
instruments we have designed and bhuilt a great number
of davices and equipments ourselves tc reach an utmost
efficiency for our specific purpcses. We may especially
mention the staticnary facilities in the mine of

St. Gertrauii, e.qg. the fully conditioned mine labo-
ratory, the floodable gallery with the pumping equip-
ment for subsurface erperiments, and the big frame
antenna, that could be constructed despite of our
limited budgetary funds thanks to the generous assist-~
ance of our home industries.

The yeneral rise in prices, the shortening of budgetary
funds in connection with the financial situation of
+he USA and last nct least the devaluation of the
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dollar by more than 20 % in the course of the last
two years sometimes brought about very serious

problems that could only be solved by the working
morale of every individual member of the VLF team.

We are indebted to the director of the Montanwerke
Brixleqgqg, Dipl.-Ing. Paul KETTNER, owner of the mine
of St. Gertraudi, for oeing allowed to conduct our
measurements there.

I should like to express by special thanks to
Univ.~-Prof. Dr. Rudolf STEINMAURER, Head of the
Physics Department of Innsbruck University, for his
benevolent support of our work and I thank all the
members of the VLF-Project for the good and success-
ful co-operation.

Norbert Nessler
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ABSTRACT

The results of the research on the production,
transmission and reception of VLF and LF waves is
represented in 9 compact chapters.

A new improved equivalent circuit diagram for the
helix is calculated giving a good explanation of
the measured effects over a large frequency range.
The receiving characteristic of a ferrite rod an-
tenna in the elliptically polarized field is in-
vestigated specifying a method that allows all
allipse parameters to be measured simultaneously.

The phase measurement at VLF-wave propagation and

the device built for this purpose are described and

an improved universally usable digital phase measuring
equipment for a large frequency range is particularized.

The various phenomena, e.qg. reflection, refraction,
and wave guiding, that are occurring at VLF and LF
wave propagation are described and explained.

A detailed description of a long-time registration
of commercial VLF transmitters is given.
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CHAPTER 1

HELICAL ANTENNAS IN THE VLF-RANGE

The impedances of the antennas H 1136, H 328, and

H 329 Cull in air showed the same characteristic shape
of real and imaginary part in the graphical representa-
tion as has been stated earlier with the antenra

H 772 /1/. The shape of the curves computed at Innsbruck
University reminds of the impedance characteristics of
a quartz crystal. It was now near at hand to examine the
equivalent circuit diagram of a quartz crystal more
thoroughly with particular consideration of its appli-
cability for the special case and vossibly to modify it.

The equivalent circuit diagram

A small helix for long waves can be thought cf as com-
posed in the following way:

1)
cs,
bt
cs,
dr T RER CFL{ \ o

Fig. 1.1

with dL, dR, C, being constant, CSj; being different.
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In the simplified diagram

Fig. 1.2

all Cs; were united to C; R, L, C, and Cp remain con-
stant. Fig. 1.3 shows the modified diagram.

"

C =
L% |
R

I

~

Fig. 1.3

L
3
-

This diagram is identical with the equivalent circuit
diagram of a quartz crystal,

Calculation of the impedance of the circuit

The complex conductance amounts to

1
+ with w = 2vf

. 1
R + L - ——
G wC)

Y = Jpr

U .

e s

o e Nl



or

1 wl -

Y= + 3 i- + ucp
2 -2 -4 .

R + (NL u—c-) R + (wL HC)

&~

(1.1)
with real and imaginary part separated.

g

Therefrom real and imaginary part of the complex total
resistance Z is calculated to be

R
ReZ = 20 Z(RZ o2 > 5 (1.2)
l+w Cp (R* +RB*) - ucp.

H - uCp(R2 +H2)

ImZ =

(1.3)

with the abbreviatién g

, 1
H= - comen
{oL - )

Resonance frequencies

The resonance frequencies are calculated from ImZz = O,
resulting

H - @cp(n2 +H?) =0 (1.4)

and therefrom we obtain a biquadratic equation for w:

1 R? 1) .1
N - [ - g Sy S )
L L Lc] ¢ L?cp z2c? ’

with the solution

b 2 202 2
w2 el o E 1y 1 RO ARG NG
res 2LCp 2L LC 2ch L2 LC L

(1.6)
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With the antennas in question, R and C are small, L is
large; so the following approximations can be introduced:

2r?C 4R2Cp?

L LC
R“Cp
The root is expanded into a series, the term = can

ey

be neglected.

2~ 2 2
mz _14. 1 ..Rz‘!_' 1 1-2192__522 (1.7)
res 1C ZLCP 21,2 2LCp 1LC L
2 resulting
C+C R%C
2 P - =P
wi ToCy (1 = ) (1.8)
2 1 RZC
w3 = (1 + —£) (1.9)
LC L

o i

For the special case R = O all neglected terms disappear
so that the resonance frequency reads as follows:

c+C 1
mf(R:O) o Y, m%o; Wig = = /1 + £ (1.10)
LCCP JIC Cp
" w2(Re0) = L = w2 i wyp = == (1.11)
2 LC /IC

Thus, two neighboring resonance frequencies appear:
The first (lowest) resconance originates in the series
circuit L-R-C (Fig. 1.3) with Cp as capacitive load
parallel to the generator.

The second (slightly higher) resonance forms in the
parallel circuit L-R on the one hand and C in series
with Cp on the other hand. The tap occurs at the capa-

citive divider C, Cp.
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From (1.8) and (i.9)

2
v ,..L,}1+EC_ [1-_P.RC] (1.12)

wp T P 2L
1 RZC
w, X wg = 7:5 1 + 5L (1.13)

is calculated.

C
Generally, 2Lp <<« 1, i,e, the shift of the resonance

frequency on account of the loss resistance is negligible
with the antennas used here (smaller than the inaccuracy

of measurement).

Loss factors are:

R2Cp
for parallel resonance o1 <<1

IR R / C

tan 6p = = R/ = (1.14)

INPOL (I)pooL L(1+.é_)

. p

RZCp
for series resonance o1 << 1
- R R_.g/E

tan &g gL osgL RY T (1.15)

With the assumption of small loss factors the resonant
impedances are calculated as
1 Cp‘L

2] = =
2 :
R(upocp) RCP(C-GC)

= Rp (1.16)

for parallel resonance, and




o=

1 1
Y == 4+ C.. 0 - = ~ .
for series resonance.

From the loss factors both quality and band width can be

calculated:
Inu-c)
_1/L 1 Cp
Qs=tan63-§ Ec Qp"‘ﬁ__—c
=b, = ——  (1.18)
bcbfttanaofm —>bs-p-21{'L .

The calculation of the constants L, R, C, and C, from
the geometric and electric data of antenna and feed line

Inductance L: calculated in approximation as inductance

of a long air~core coil /2/. An accurate calculation is
given in /3/:

Inductance of a single-layer cylindrical coil:

08‘ 2 L4 -
L = 22 — . 107 |1, m] (1.19)
1 + 2.2 ¢ -

21 .... total length

0000

[ 429‘!(=d

,L____.O

r 3

a

- ¢ e 4 mma 4 e ¢ cme v emm ¢ e 6

OO0O00O0

Fig. 1.4 i
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If the clear distance a between two neighboring windings
is not equal to the wire thickness Zpl = d, the correc-
tion term AL must be added to Eg. (1.19).

AL=2n K, »x - 10 |8, m| (1.20)

The correction factor Kz can be taken from Fig. 1.5.

Series loss resistance Reotal’

The series loss resistance R of the antenna consists of
the following partial resistances:

Riotal = Ruire * Reddy curr. * Rdiel.* Rrad.

l. Ry4re 1s the Ohmic resistance of the wire where a
current I with the frequency f flows. Current displace-
ment by skin and proximity effect must be considered at
the calculation of Ryjre-

The Ohmic resistance Ry, of the wire material can be taken
from tables /4/. The Ohmic resistances for wire gauges
relevant for helical antennas are listed in Table 1l.1.

Table 1.1: Resistance of a round Cu wire in dependence
of diameter.

@ |rmm| q |mm?2 | R(O" .,'m) 1 per R I%l
0.9 0.6362 0.0281 35.6

1.0 0.7854 0.0227 43.9

1.1 0.9503 0.0188 53.2

1.2 1.131 0.0158 63.2

1.5 1.767 0.0101 99




The increase of resistance caused by skin effect is
thoroughly dealt with in /3/, approximation formulas
are given:

For % <2 R = Ry (1.21)
g eapeld)]  em
g > 4 R = R, [Z% + 0.25] (1.23)
g> 10 R=Rong— (1.24)

d .... wire diameter

b .... equivalent conducting layer thickness
(cf. Eq. 1.25)

Im, Hg| (1.25)

The correction factor K, is dependent upon the wire
material and can be seen from Table 1.2

Table 1.2

naterial KI
silver 1.00
corper 1,03
alunin.m 1.37
zinc 1,97
brass 2,2

platinum 2,62

or can be taken directly from Fig. 1.6 in dependence on
the frequency.

e o EiSME AR AL e A e Y



5.
4 /
|
|
) /
1
i i
0. / —
!
-2. ——
i
I
-4,
0. 1. 2. 3. b,

a/d ———n
FIG. 1.5 CORRELTION FACTOR K8




sssss

B
//

‘///’_




The resistance of a 1 m silver wire in dependence on the
frequency and the radius of the wire can be deduced from
Fig. 1.7. If we use another wire the effective radius
must be divided by the factor K, .

Proximity effect: If currents are flowing in neighboring
wires in same or opposite directions, current displace-
ment occurs in addition to the skin effect on account

of the change of magnetic fields according to Fig. 1.8.

00 00

3ame current opposite current
direction direction

Fig. 1.8: Proximity effect

The hf-resistance of the respective wire is thus increased.
By multiplying the hf-resistance by the correction factor
K, this increase is taken into account. For the case of
two parallel wires with circular cross section, K, can

ke taken from Fig. 1.9.

Reddy current 1S5 caused by the surrounding conductive
rock and by the influence of the measuring devices.

If the antenna is surrounded by a second shorted wire
with the resistance R,, Reddy current reads

2
, M

= s —-— (1.26)

Reddy current R2

M .... mutual induction

it
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for the frequency range up to about 0.5 MHz, i.e.,
Reddy current 18 increasing Proportionally to f£2.

For higher frequencies, the approximation

L,
— (1.27)
L,

= . 12
Reddy current = Ry* k

k .... coupling coefficient

is valigd, i.e., the increase of eddy-current resistance

is only proportional to the increase in R, by the skin
effect.

Rijel. consists of losses caused by the capacitive
currents in the wire isolation and in the carrier ma-

terial. For constant current Rjjel. increases with f3,
Raje1. = 0.25 - £3 . ¢cp . 12 . q, . 109 (1.28)
{e, Hz, F, H]

Cr, «--- self-capacitance of the antenna
L ..... inductivity of the antenna
de «... loss factor of the dielectric

The value of C;, can be seen from Fig. 1.10 with the
same designation as in Fig. 1.4), d, fror tables,
e.g. in /4/.

Rradiation must be considered only with very high fre-
“

quencies or in the case of antenna dimensions larger
than A1/10 (A = working wavelength). In /5/ radiation re-

sistances for smaller antennas (capacitive or inductive
standard antenna) are quoted:

o T L N




s

TR —— A T T——T——r
[zH Lyol1d
ao._ ] oo— ho._ wo— mo— 49 mo— ~o_. ot
ot
L+ Ue
- \\
LT AT
AT
A o® il =
ot
v €-
\j \ \j.\
...... LA
\
== ] ot
L~ T z-
| \‘ \\\\\ \ -
—Em.t- A\&\“H \\ LT
L =
Si . - o - A" 13 (-0t
0s - \\\ = . \\\\ _
P o -
wm \\\\.\ \\\\\\\,\\A 4
02 \\\\ ]
1 \w e
0 P~ o oo—
50 11
‘0
m.o (w/wyol
- |
| ﬂOw




2.4

o
e
d-

¢ X HOLIVd NCILIO3NMN0D
'€ T

3
-~

G

.H .
.

o

o e o
i .
-

R o

i1

e Th———ie G

“lsrd o

X

51




R

/0. ¢

3 A i Ot it . v A i e

1O

20.

10.

r .5
r {m]

.25

.05

025

.01

.005

Fle. 110




e

- 11 -

2
et e (i 029
inductive _ . .2 . [n-A)?

A ..... wavelength

l ..... length of the electric dipole
nA ... turn area of the magnetic dipole
Re,R, . radiation resistances

In every case, however, R,.,3 is essentially (several
decimal powers) smaller than Ry,jre and R3jo)r, respectively.

With sufficiently large gallery cavity, Reddy current 18
as well much smaller than Ryj,e and Rjjey on account of
the low conductivity of the surrounding rock and the
small dimensions of the used measuring devices.

Capacity C: For the calculation of C, the approximation
formula for the static capacity of a symretyric cylindrical
antenna has proved useful. According to /6/

21€qn « 1 meegqs o1 3.54 -1 -
C = —"-""—01 = 1 0 = 3 . 10 13 |F'mi
1n[——2] 1nH- 0.55  1n [l] - 0.55
3r°) 5 \r (1.31)

21 .... total length of the antenna
Y ..... radius of the cylinder 21 > r {

In this simple form the equation is only valid with
comparatively narrow windings (as e.g. at H 772, H 1362,
H 1136 Cull, H 328 etc.).

Cp is calculated from the paralie! connection of the
capacity of the feed line and the capacity of the two §
inner windings: 3
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According to /3/ the feed-line capacity appears as the
capacity of the symmetric two-wire line and reads

Te€ge€qpcl 0,121 + €, .1 -0

3 e 4 : |F0m|
/ - /2_.. l

. ln[d]+ — 1 Og[ + az2 1 (1.32)

D .... distance between wires
d .... diameter of the wires

l .... length of the wires

N

Generally, the cable capacity is given by the manufacturers
or can easily be determined by experiment.

The capacity C; of the two inner windings of the antenna
; can be calculated according to /3/ as the capacity of

* two parallel wires of the length 1, of the antenna
circumference 2rn, the distance D and the diameter 4:

ci = 00121.5:‘1 . lo—lo_ 00754.er$r - 10 10 IF ml
) [
log|2 Jp? D D2
ogiz + -52--1 log-d-+ -d—z--l
(1.33)

with ¢, to be determined experimentally on account of the
influence of t' = wire isolation (¢ not known with suffi-
clent accuracy).

PO
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Numerical evaluation of the parameters of the equivalenéi
circuit diagram for the antennas H 1136 Cull, H 328 I,
H 328 II:

Table 1.3: Geometrical data

quantity unit H1136Cull H 328 I H 328 IX Remark

n 1136 328 328

r m  1.43:10"' 5.5.107% 5.5-102

s m 1.72¢107% 2.5.1073 2.5.1073

b m  0.75:107° 5°107"  s5.107"

1 m  0.977 0.41 0.41 P v

dc 4.1073 4:100% 4107  of the dielectric

carrier material

Table 1.4: Results

l quantity unit equation H 1136 Cull H 328 I H 328 1II

! e o & s P

L H 19, 20 2.7°10"%  8.04-10" 8.04-10""

+ Rgjel. @ 28 332 24 24

= Reotal @ 389 40 40
c F 31 20.1-10°2  7.8-107% 7.8:107"
. -12 -12 -9
<p F 32, 33 90°10 98-10 1.97°10

H 328 11: Same data as for H 328 I, Cp artificially in-
creased by parallelling of a low-induction
ceramic drop capacitor.
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The measuremeat-, .hei: . - aiuation and comparison with

the equivaleiic <izcuit+ diagram

The measurements were executed in a larger cavity in
the SO-gallery of the mine St. Gertraudi/Tyrol. The
following measucing devices were used:

for the frequency range up to 600 kHz:

sclective levelmeter SPM-2, Wandel & Goltermann

decade R-C-generator TG 66 A, Levell

three-stage preamplifier, gain 80 4B, 50-1G00 kHz,
transistorized, constructed in the VLF-lab

for the frequency range over 600 kHz:

L-C-generator, transistorized, constructed in the
VLF-lab
selective heterodyne voltmeter 2006, Briiel & Kjaer

for both frequency ranges:

R-C-L-bridge LE 300/A 1, Hatfield
frequency counter, type 100A, Monsanto

The values of RE Z (exp) and IM Z (exp) were computed
according to the formulas given in /1/ and listed in
tables 1.5 to 1.7,

The columns mean from the left to the right:

f kHz
RE 2 {exp) kQ

working frequency

real part of impedance calculated
from experiment

RE 2 (th) k& real part of impedance calculated
from the equivalent circuit diagram
DRE 2 ratio RE Z (exp) / RE Z (th)

IM Z (exp) kf
from experiment

IM Z (th) k@
from the equivalent circuit diagram

DIM 2 ratio IM 2 (exp) / IM Z (th)

A ¢raphical representation of the measuring results is
shown in Figs. 1,11 to 1.16.

{
1

L

imaginary part of impedance calculated

imaginary part of impedance calculated
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Discussion of results

The deviations still appearing between experiment and
theory can be explained on account of the following con-
siderations:

i. The equivalent circuit diagram is calculated with a
] constant resistance Rygtal which, however, changes witn

frequency (skin-effect, dielectric losses). The influence
of the surrounding medium on the eddy-current resistance
is virtually incalculable.

2. Due to the nigh humidity in the mine the parameters
R3gjel and C change in a way not yet investigated (measure-
ments in the mine have, however, among others the advantage
of an essentially lower noise levell},

3. The parameters L, R, C, Cp cannot be calculated with
1 the required accuracy (approximatior formulas) because
there are quantities (e.g. e) that are not known exactly

enough,

4. The calculation of RE Z (exp), IN Z (exp) is subject
3 to an error of measurement, yet not excceding !0 %.

The equivalent circuit diagram gives, however, a good
r interpret.i..on of some effects, that have not been able

to be clearec : :tisfactorily up to now:

1. In the equations >7 /1/ Cj 1s contained in the cal-
culation of the series .«<s.nance frequency. This is, how-
ever, in variance with pre:cn.. experiments, where the

decrease of Cj by raising th. ¢ cstance between the two
inner windings has nd influenc.. . 1+ the series resonance. )
The equivalent circuit diagram shows definitely that Cj |
is only affecting the parallel resonance. This is proved

by the experiment with the antenna H 328 II, with Cy4
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being artificially increased by parallelling a capacitor.
The series resonance frequency remained constant whereas
the parallel resonance approached the series resonance.

2. Body effect: The small static capacity C is essan-
tially changed (increase of ¢,.) by approaching a hand
especially at the two ends of the antenna, whereas it is
relatively insensitive in the middle.

3. Influence of humidity: Water vapour deposits on the
antenna on account of the high humidity thus influencing
both loss resistance and capacity C. This gives a good

explanation for the difficulties occurring with earlier

E experiments using wood as carrier material. Water-re-
pellent materials such as epoxy, PVC etc. proved more ]
favorable.
Finally the qualitative agreement of the impedance curve
I in experiment and theory can be regarded as best proof

for the validity of the equivalent circuit diagram which,
however, holds only in the range of the first (deepest)

series and parallel resonances. At higher frequencies
additional effeccs of the individual windings occur and
the simple mode). described here fails.

Considerations on the efficiency of the antennas in air

According to /7/, the distant field of a small self-
resonant helix with many windings may be regarded as a
combination of an electric with a magnetic dipole. The
length of the helix corresponds to the length of the
electric dipole, the turn area corresponds to the

magnetic dipole n<A = ner?-.q,

For these dipoles the efficiency can be calculated with
given radiation frequency (here the first resonance fre-
quency) according to /5/:




2
Pradiation I Rradiation
) Ge————————— B 5 {1.34)
Praa * Ploss I°(Rpaq + Ripgs)

As mentioned already the radiation resistance is smaller
than the loss resistance by several decimal periods, so
that R,.,3 can be neglected in the denominator:

2
_ I"Rrad _ Rrad _ Prad

> (1.35)
I Rlos s Rloss Rloss

Rrag can be calculated according to Egs. (1.29) and (1.30).

Egqs. (1.34) and (1.35) are only valid with antenna dimen-
sions << X (which is certainly the case for the antennas
described). Table 1.7 gives a survey of these calcula-
tions for the antennas H 1136 Cull, H 328, and H 1136

in water.

ggple 1.7
Rloss R, n R n fres
Q dB dB kHz
H 1136 Cull 400 1.6-10° -74 40-10°% -70 220
H 328 40 0.24 -22 5.6°10°% -48 2020
H 1136 Cull v1n—8 -6 _
i oater 35 4.4°10 71 2.8:10 89 1.1

Discussion: Antensas with a relatively low resonance fre-~
quency in air (e.g. H 1136, H 772) show a decrease of
resonance frequency caused by a narrower winding and

thus increased inductance. As regards efficiency these
"inductive" antennas are by far less favorable than
"capacitive" antennas as is shown in the table. Thus,

for any application we have to make a compromise between
antenna efficiency and favorable fiequency for the trans-
mission in the dissipative medium, which is thoroughly
dealt with in /8/.

ansicilin,
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Progagation measuremants

Diagram 1.17 shows the characteristic course of a propaga-
tion measurement. In this case, antenna H 1136 Cull was
operated in water in the mine St. Gertraudi.

Curve a shows the curvature of field strength in dependence
on the distance. The antenna was situated in the water-
filled "Mabuse-gallery”, measurements were executed along
the west-gallery.

Measuring data of this experiment:

frequency £ = 1.1 kHz
antenna current I = 1 A
applied power Py = 100 W

Transmission was detected unobjectably in a distance of
1 km with a signal-to-noise-ratio of 7 dB. The com-
ponents Br, B, could be determined. By vanished in the
noise at greater distances,

This result indicates the predomination of the part of
the electric dipole.

Stimulated by this experiment the same antenna was once
more fed in water, this time, however, in a lower water-
filled gallery near the VLF-laboratory. For this experi-
ment, the VLT -transmitter (Savage) in the lab was used.

Measuring data of the experiment:
frequency £ = 1,1 kHz
antenna current I = 3,5 A

700 W

applied power Py

The power could not be increased on account of sparkovers
at the ends of the antenna that would surely have in-
fluenced the measurement.

Surprisingly, the signal was to be detected unobjectably
even in a distance of more than 7 km on the earth surface,
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CHAPTER 2

MEASURING THE ROTARY FIELD ELLIPSE BY A

FERRITE ROD ANTENNA - “PEDAL LOCUS CURVE"

In the magnetic alternating field a coil (frame) receives
an e.m.f. being proportional to the area A, the number of
turns n and the change velocity of the magnetic induc-
tion B, the latter being proportional to the projection
of the field direction to the frame axis. The desired
high e.m.f. is reached by a high y of the ferrite mate-
rial, filled into the coil and A. Technical problems re-
strict the two values. Comprehensive investigations /9/
showed the use of a ferrite rod to be optimal with the
dimensions given. This ferrite rod coaxial to the re-
ceiving coil represents the coil axis and thereby the
direction of the receiving antenna for all further con-
siderations.

An alternating field constant in space induces an e.m.f,.
in the ferrite antenna according to

em.f.;,4,(t) = K*B sinwt cosy (2.1)

K ... calibration factor, specitic for electric and
geometric properties of the ferrite antenna
v ... angle between ferrite rod and field direction

If the field consists not only of one vector, but is an
elliptical field, then the projection of the instantaneous
field vector on the antenna direction is a direct measure
for the e.m.f.

(RO

i MY oo
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2.1 Two-dimensional case

At first, the three-dimensional problem is confined to
a two-dimensional one by moving the antenna only in the
plane of the rotary field ellipse. Let the x-y plane of
the coordinate system coincide with this plane.

It could be shown in /11/ that always only one planar
ellipse will result, even if more than two components
with different phase and direction in space are super-
posed.

On account of the continuous change of direction and
value of the field vector the instantaneous vector in the
antenna direction generally does not yield the maximum
amount of projection and thus maximum e.m.f. In Fig. 2.la
the maximur e.m.f. is plotted as radius for each position
of angle y of the receiving antenna (dashed curve "pedal
locus curve") and reduced to the same scale the rotary
field ellipse is plotted. It can be realized that always
that point T of the ellipse produces one point of the
pedal locus curve F in which a normal to the antenna di-
rection contacts the ellipse.

In vector form the analytic description oI this pedal
locus curve measured in earlier studies /10,11/ reads as
follows:

- cosy

Xp = Ya’cos?y+ b2sin?y (2.2)
siny

being the basis for further calculations.

Special cases:

For a = b (circular polarization)

- cosy
Xp a (sinw]
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or without parameter
x2 + y2 = a2 (circle is counted twice)

The receiving e.m.f., is independent on the direction
(see Fig. 2.1b).

For b = 0 (iinear polarization)

> fcosw
xF = a cosy lsinW]

or without parameter

x2 +y2tax=0

and

a2

+y2 = Y (2 circles shifted by :a/2
including the origin)

in the standard form, resp., reflecting the figure-eight
pattern of the pure cosine-dependency (see Fig. 2.1lc).

2.2 Phase relation

Assuming linear polarization (only one vector instead of
the rotary field ellipse) it becomes evident that the in-
duced voltag: Ujnq 1s in phase with the alternating field,
independently of the angle y between field vector and
antenna direction (cf. Fig. 2.1lc). If there exists a rotary
field ellipse, each rotation of the instantaneous vector

at the same time means a continuous phase rotation on 2=.
With the phase position of the major axis of ellipse as
zero point we measure a phase for each antenna direction
corresponding precisely to that instantaneous vector that
induces maximum amplitude into the antenna. With the excep-
tion of the case when the antenna is oriented in the main
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axes of the ellipse the phase of the e.m.f. in the antcira
is not identical with the phase of the instantaneous vcoi:
in antenna direction.

Corresponding to the definition of the pedal locus curve,
the phase-determining contact points T (cf. Fig. 2.la) of
the tangent lines normal to the antenna move close togetiiiaz
near the major axis but move away from the minor axis.

This means that the phase of a dominates in quite a large

angular sector around A. In the neighborhood of B, how-
ever, the phase position changes much more than in A even ]
at the same change of space angle. This is of great im-

portance for the phase measurement described later on: the

phase errors caused by errors of angular adjustment are

lowest at maximum amplitude.

-1 Yo

2.3 Technology of measurement

For measuring the rotary field ellipse, a ferrite antenna

with Cardanic suspension is used. Fig. 2.2 shows the gonio-

meter that had been used earlier and is described in /1C/. {
u This special construction allows to turn the top-most

plane C (on which the “2rrite rod is pivoted) into any

i direction. The scale Las a reading accuracy of 1/2 degrce.

If the position of the ellipse plane is known, e.g. let

F it be horizontal, a and b are comparatively easy to measur:.
The top-most plane of the goniomzter is adjusted in the
direction of the ellipse plane and the minimum and maximu:-

voltages are measured. For determining the directions of i
a and b, "minimum" adjustment (= b) is preferred, yielding i
higher accuracy (cf. Fig. 2.1a).

It is much more difficult to measure the rotary field
ellipse if the latter is oriented arbitrarily in space,
orientation being unknown.
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There are five independent, unknown gquantities to ke

determined:
Orientation of ellipse plane in space 2 angles
Orientation of the major (or minor)
axis in the ellipse plane 1 angle
Size of axes 2 voltages !

In /10/, two different methods were developed for
measuring these quantities by means of the goniometer.

Assumption for method 1: When rotating the ferrite rod

1 in a plane arbitrarily inclined to the ellipse the mi-

] nimum reception voltage always occurs in the plane normal
} to a, i.e., the plane given by the z-axis and the minnx

¥ axis b. Proceeding on this assumption the 5 desired

; quantities can be measured as follows in 5 definite ]
steps (cf. Fig. 2.2).

1. Starting position: plane A horizontal, plane B in
northern direction =-> o = 0°, y = 0°,
ferrite rod in plane B

2. 8 =09 y = 90°%, turn o as far as Ujpq = min; fix a
3. y = 09, turn g as far as Ujnq = min; fix g

4. Turn y as far as Ujpq = min == U3, y 3

The ang’-: . ", y resulting therefrom are listed.
5. ¥ £ 90%, Uspg = U,
6. vy = 09, 8 £ 909, Uy,q = U,

U; ... proportioial to major axis a
U, ... proportional =< minor axis b

03 ««. should be zer.~ roise level)

A correction of the angles a o:r £ for an accurate adjust- §
ment of U3 can be done after step 4. The minimum voltage ‘
U, must be as small as possible compared to J, thereby con-
stituting a measure for the accuracy of the iangular measure-

ment.
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As is shown in the following calculation, the basic
assumption for method 1 only yields an approximation
that is fulfilled the better the narrower the allipse,
i.e. the higher the rat.o a/b and the smaller the incli-
nation of the ellipse plane to the horizontal one from
which the measurement starts.

Method 2 is based on the fact that there is always one
space direction where an absolute minimum of reception
voltage can be mcasured: the normal to the ellipse
(z-direction) which is reached within several steps of
asymptotic adjustment. If the normal to the ellipse and
thus the position of the ellipse plane is determined,
subsequent measurements are performed as described earlier.

Method 2 is always successive except for b = 0 and will
be preferred in such cases where method 1 delivers in-

accurate results.

With method 1 being technologically much more favorable
(5 definite steps of adjustment on the one hand, asymp-
totic finding of the first adjustment on the other hand),
an antenna pattern is first measured in the horizontal
plane. Assuming random position in space of the rotary
field ellipse, the borizontal pattern means an inclined,
plane, central sectic.. through the pedaloid.

For the mathematical description of this measuring
technology a detailed calculation of receiving charac-
teristics is necessary. In the general case, the basic
element of the curves and surfaces listed in the fol-
lowing is the ellipse.
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2.4 Pedal locus curve of the ellipse

General definition for a pedal locus curve (cf. /12/):

The pedal locus curve of a given curve related to a
pole O is the geometrical locus of the pedal loci F

of those perpendicular lines that can be dropped from
C on to the tangents of the curve.

Examples:

a) cardioid - pedal locus curve of the circle for one of
its points on the periphery as a pole (Fig. 2.3a)

b) lemniscate or figure-of-eight curve - pedal locus
curve of an equilateral hyperbola with the center
as a pole (Fig. 2.3b).

For the ellipse the pedal locus curve takes the form as
is illustrated in Fig. 2.3c with the center as a pole.

Two essential features are

1. that the pedal locus curve differs the less from its
eilipse the mcre circular the latter becomes, and

2. that the pedal locus curve contacts the ellipse in
the end points of the major and minor axes.,

From the par:mstric representation in Eq. (2.2) the
arbitrary radius “p of the pedal locus curve can be

derived. This calculis was done by /13/ and /14/.

/
— a2 4 p2 2 _p2

~ o 4 -
Ip = /a2cos?a + b2sint ¢ =, 22D a2b cos 2a

2
(2.3)

Therefrom, the parameter-free representation of the
pedal locus curve (Fig. 2.3c) in Cartesian coordinates
can be derived:

a?x? + b2y? = (x%2+ y2)2 {2.4)

[P
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2.5 The triaxial pedaloid

constitutes the three-dimensional counterpart to the
pedal locus curve of the ellipse and can be derived from

the ellipsoid on account of the definition of the pedal
locus curve.

The derivation of the parameter-free representation of
the pedaloid is done in the same way a3 with the

ellipsoid, i.e., in the arbitrary radius of the pedaloid

Iped = Yrj3 cos?g + c2 sir’g (2.5)

rp is substituted by Eq. (2.3) and the angular functions
by the relations mentioned above. The following equation
results:

a2x? + b2y? + c222 = (x* + y?2 + 22)2 (2.6)

Special case 1:

revolution pedaloid - it develops by rotating a pedal
locus curve of an allipse e.g. on its major axis. Since
b = ¢ in this case,

aZx2 + b2(y2+zz) = (x2+y2+22)2 (2.7)
is valid.

Note: Pedaloid and revolution pedaloid occur in optics

at the description of the double refraction of the light.
The ray surface or wave surface of the extraordinary ray
is a (revolution) ellipsoid. To be able to apply SNELLIUS'
law of refraction for this extraordinary ray, the term
"wavelength standard velocity" is introduced instead of
"ray velocity", which is no longer equal to the amount

of the radius of the (revolution) ellipsoid but equal to
the amount of the radius of the pertinent (revolution)
pedaloid.
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In /15/ formula (2.7) is quoted and the surface is
termed " (revolution) ovaloid", the pedal locus curve

of the ellipse is termed "oval", since in the above
mentioned case of double refraction, the axes of the
ellipse etc. differ only slightly. The shape of the
pedal locus curve of the ellipse deviates only slightly
from that of an ellipse, that is why this term ovaloid
is used.

Special case 2:

sphere - if all three axes are equal, i.e., a =b = ¢,
both the ellipsoid and the triaxial pedaloid become
spheres.

If the passage to the limit ¢ + O is affected, the
ellipsoid degenerated to its main sectional ellipse.

2.6 The (true) pedaloid

When keeping to this systematic mathematical classifica-
tion the receiving characteristic in the elliptically
polarized field can be interpreted as being the degenerate
case of a triaxial pedaloid by setting the third axis

c = 0. In contrast to the ellipsoid, the three-dimen-
sional character of the formation thereby developing is
preserved in this case.

The parameter-free representation can be obtained quite
similarly to that of the ellipsoid. The arbitrary
radius rpe results from the radius of the pedal locus
curve rp (cf. Egq. (2.3)) by muluiplying by the cosine
of the angle of elevation B8

Ipe = Ip COSB = Ya2cos?a + b2sin?a * cos B (2.8)

SR Y e g | e
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= 23 =
By substituting the angular functions as mentioned
before the equation of the (true) pedaloid

aZx?2 + b2y?2 = (x2 + y? + 22)2 (2.9)
is obtained which is most important for measurements in
the elliptically polarized field. The families of

pedaloids are listed in Fig. 2.4.

Special case:

Circular ring (torus) with the inner radius being zero;
occurs with circular polarization of the field (a = L).
Eg. (2.9) then reads

The arbitrary radius ry,.

ftor = a-cos B (2.11)

Degenerate case:

Double sphere - representing the three-dimensional re-
ceiving characteristic in the linearly polarized field.
On account of b = 0, its equation reads

ax = x2 + y? + 22 (2.12)
The arbitrary radius

rgs = a cos a °* cos 8 " (2.13)

2.7 Intersection of the pedaloid with a plane

Owing to the measuring technique it is important to know
the sections of the pedaloid involved. To find them, a
new coordinate system x', y', z' is introduced resulting
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from the original one by successive rotation by the
angles u, v, w (Eulerian angles). The origin remains
constant. Setting z' = O, we obtair the cross-sectional
area lying in the plane (x', y').

The following equation describes this rotation

= (x, Y, z)
'= (x',y',2')

> "'
r = aikr

e e

(2.14)

> >
r and r' are position vectors. The elements of the matrix
ajkx are the direction cosines and read

aj} = CosSv:* cosw

ajp = -cosu. sinw

aj3 = sinv

a; = cosu- sinw+ sinu - sinv:-. sinw

a, = cosu-. cosw- sinu-+ sinv . sinw (2.15)
a3 = =sinu. Ccos Vv
a3; = sinu- sinw=- cosu* sinv ¢« cos W

az, = sinu- CoOs W+ cosu* Sinv*® sinw

az3 = cosu* cos vV

In Eq. (2.9) x, y, z are substituted by x', y', 2'. On
account of the above relation the pedaloid in the dashed
coordinates 1s obtained:

a?(ap)x' + ajpy' + a;32')2 + b2(aznx' + azy' + azzz')? =
= [(allx' + a;,y' + a13z‘)2 + (a1 x' + azy' + a23z')2 +

(a31x' + a32y' + a33Z')2]2 (2.16)
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Since only the intersection is of interest here, z' = 0.
By squaring the brackets in Eq. (2.16) we obtain

az(af,x'2 + 2a;,a;,x'y + a%zy'z) + bz(aglx'z +
2 2 )
+ 2a3)25,X'y' + az,y'c) = |(af, + af, + af))x'? +

2 2 2\ .2 4
+ (@) + az; + a3)y'” + 2(aja); +2a5,13,; +a31332)x'y’"|
(2.17)

If the left side is rearranged and if we further consider
on the right side that the sum of the squares of the
direction cosines is equal to 1 and the sum of the com-
posite products is equal io zero, we obtain

) 2 2 2 2 2 2
(aayj; + b'az;)x'" + (azafz + b ay,)y'” +

+ 2(a2a“a12 + bza?]azz)X'Y' = (}L'z + Y'?)z (2.18)

This equation again represents a pedal locus curve of an
ellipse in relation to the coordinate system x', y'. On
account of the term with the composite elements, major
and minor axes of the pedal locus curve are not lying in
the direction of the coordinate axes. The sections on
the x' ard y' axes are

A' = v’azafl + b%a, and B' = /azafz + b2a§2 (2.19)

Proceeding from the general equation of sections (2.18)
the various special cases can be derived.

Special case 1l: (plane vertical to main pedal locus curve)

a) plane vertical to the original pedal locus plane
through the major axis a, u = 909, v = 0°
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Note: Rotation by the two angles u and v is sufficient
to reach any desired direction in space. The matrix
of rotation is simplified to a 2 x 2 matrix: the
anqular functions for w = O must be equal to 1 or 0.

The matrix of rotation therefore reads

1 0

(2.20)
o O

ik =

Eq. (2.18) is reduced to
ax' = x'2 + y'? or y'?2 = ax' - x'?2  (2.21)

which is well known to be the vertex equation of the
circle with the radius a/2, where x' is pointing into
the direction of x and y' into that of z.

b) plane vertical through minor axis b, u = 09, v = 90°

o o0
matrix a = (2.22)
ik o 1
In this case,
by' = x'2 + y*2 or x'2 = py' - y'?2 (2.23)

is the vertex equation of the circle with the radius b/2,
where x' is pointing into the direction of z and y'

into that of vy.

¢) arbitrary plane vertical to main pedal locus curve,
u=90°,0<v<90°‘

cos v 0}

matrix ajg = (2.24)

sin v 0

yields

y'? = x'/a2cos?v + b2sin?v - x'? (2,25)
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L

The radical represents the radius of the intersected
pedal locus curve and is equal to the diameter of the
vertex circle represented by Eq. (2.25).

Result from 1 a) - c¢): All surfaces of intersection
vertical to the main pedal locus curve of the

pedaloid are vertex circles in relation to the
center of the pedaloid.

Special case 2:

Intersections through the minor axis b, u = 09, 0< v < 90¥

cos v O
matrix ax = (2.26)
(o) 1
We obtain the pedal locus equations
a’a’ x'? + b7y = (x'? 4+ yh)? (2.27)
The condition a;, = cos v = b/a yields a circle with

the radius b as surface of intersection.

Proof:
a2 E; x'2 ¢ b_.vynz = (x'2 + Y'2)2
b2(x'2 + y'") = (x'2 + y'2)?
x' +y'2=0D
If cus v - g ¢+ b > a?ail and forms the major axis of
the curve of intersection which is again a pedal locus

curve.
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Special case 3:

Intersections through the major axis a, O < u < 90°, v=00

1 0
matrix aQx = o cosu (2.28)
We obtain the pedal locus equation

Summarizing the following characteristic properties of
the pedaloid can be given:

1, The main intersection (containing the axes a and b
of the ellipse) is the pedal locus curve with the
largest area.

2. The radius vector vertical through the center O of

the main intersection is equal to zero.

3. All intersections vertical to the main pedal locus
surface have the shape of a figure eight. The largest
area of this kind occurs at the intersection con-
taining the major axis a, the smallest area arises
at the intersection containing the minor axis b.

4, That intersection area that contains the minor axis
and is inclined to the main pedal locus curve by
the angle v, so that

cos v = a/b

is valid, is a circle with the radius rpe = b.

2.8 Calculation of the squint at polarization ellipses

lying arbitrarily in space

If the polarization ellipse is not lying in the horizontal
plane of measurement and if the direction finder for the




detccrior of the meximum o .A minimum : £ field strangth
is rotai.d only in this plane, a specific error of

t measurer: it ariscs which can be de:ermined by the fol-
lowina et renie value problem.

If tie cuordinate system in which the major axis of the
pedalcid 1s pointinc in the direction of the x-axis and
the minor axis in y-axis direction, is revolved on the
i-axis by the angle u and conseguently on the new
yj-axis by the angle v, ary arbitrary intersection area
can be <hitained as x'y'-plane. Let this intersection arc.
of the pc-daloid be the pedal locus curve measured hori-
zontaliiy; the question arises, what size the angle v nustc
assume t:» make the newly developed axes x' and y' point
in the directions of a' and b', respectively; a' and L*

_ are the nzjor and minor axes of the pedal locus curve ::
3 the irtérsection. This anglie : is at the same time that
squaint that is made with the above described direction

: findira.

Pruceedinqg from the equation of the pedaioid in the dac-.. .
syster, the coefiicient ot x' rmiving the lenqgth of thw

section ' on the x'~axis 1eads as fcllows:

7.2 L
A' - ta’a}, +ba..) -

p 3 1 ‘
= ac¢dk v - COswWw+Db (coszu . sin’w +

i Sin W -8in'v - cos'w+sinu- cosu° sinve sin 2.
(2.3¢)

The decivation with respect to w is formed and set zero

resulting

sin 2u * sin v

sin 2w A
* < = tan 2. = — (2

cos 2w

a’ c: , q B
-?COS‘V'+Slnzu . sin2v ~cos‘u
b.
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For a check the angle obtained from the above equation
can be inserted into the coefficient of the "term of
rotation” of Eq. (2.18) which then has to vanish. The
easier way is to set the coefficient C' of the term of
rotation equal to zero and calculate w therefrom and
compare it with the above result proving it.

The angle w was consequently computed for the following
parameters:

Q(=a:b) =1; 1.5; 2; 2.5; 3; 3.5; 4; 4,5; 5

:} = 1,2,3,4,5,6,7, 8,9, 10, 20, 30, ..., 80°

] The results are represented graphically in Figs. 2.5 -2.8
for different ratios of axis a : b of the polarization
ellipse. Fig. 2.5 is valid for a circularly polarized

field (a = b). From the other diagrams it is to be seen
that only for great angles u and v the squint is essen-
tial, e.g. foru=v =309, w=129 {a : b =3 : 2),
cf. Fig. 2.6. For ellipses with a smaller ratio of axes
this squint becomes less important. Fig. 2.8 shows that
a distortion of the ellipse u = v = 300 yields the
negligible angle w = 49,

2.9 Conclusio::

With the mathematical representation of the receiving cha-
racteristic in an elliptically polarized electromagnetic
field (= pedaloid) it is pussible to calculate every arbitrary
section plane of this pedaloid.Inis fact involved many ad-
vantages for field strength mezsurements. One of the most
important things is that we are able to calculate the squint
that arises when the direction finder is rotated only in
the horizontal plane when measuring the maximum, the pola-

rization ellipse, however, lies arbitrarily in space.




CHAPTER 3

A NEW METHOD TO DETERMINE THE SPATIAL POSITION

OF THE MAGNETIC ROTARY FIELD ELLIPSE

3.1 Introduction

For many experiments concerning VLF-reception it is
necessary to know the exact position cf the rotary field
ellipse. N. NESSLER described a method to determine the
pedaloid in his thesis /10/. This method, however, showed
to be time-wasting and in some cases unexact; the error
made by this method is calculated by R. Klein /16, 17/.
The problem was to find a new method using all charac-
teristics of the pedaloid for a better and non-subjective
calculation. All the quantities of the rotary field
ellipse had to be measured by means of an antenna system
constent in space instead of using the direction finding
antenna of former experiments.

3.2 The pedaloid

The measurement of a rotary field ellipse always leads
to "pedal locus curves" when using ferrite-rod direction
finding antennas.

Let us now briefly concider this effect mathematically:

a ... maximum voltage - major axis
b ... minimum voltage - ninor axis

angular frequency

€
[

... anale of inclination between major axis
and antenna
6 ... angle between the normal of the ellipse
plane and the antenna




Fig. 3.1

The voltage induced into an antenna in dependence on o,

¢, and & is given by
U = (a*cos¢-coswt + besing sinwt)sing (3.1)

with a and b containing all conversion factors between

magnetic field strength and voltage.

The temporal maximum (minimum) of the voltage is reached

when
au _ . ;
I = 0 = w(~-a-cos¢-sinuty +b+sin¢-coswty) sind
resulting
. tany = tanut, (3.3)

Which further on will be referred to as "pedaloid-

condition",

L......u.-_wd_..u_.,_‘_“_-.._.,.‘um_. B
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It can be seen that the phase angle relative to the
major axis is not identical with tlke spatial angle,
except for the case a = b. And the antenna does not
reproduce the ellipse, but a pedal locus curve or a
pedaloid.

3.3 Theory of the new method

The antenna combination consists of three electrically
identical ferrite-rod antennas perpendicular to one
ancther thereby forming an orthogonal trihedral. The
three axes of the pedaloid are represented by the vectors
€nr éL, and 1, with the subscripts a and b standing for
the major and minor axes of the ellipse, respectively,
and n being the normal vector of the rotary field ellipse.
The arbitrary position of the rotary field ellipse in
respect to an other Cartesian system is given by the
three Eulerian angles ¢, ¢, 6. Besides, two more unknow::
quantities are requested for a complete description of
the ellipse in space, namely the two main voltages of

the ellipse. If we succeed in measuring these five
aquantities position and size of the ellipse arbitrary

in space are definitely determined.

3.4 Calculation

Fig. 2 shows the normal of the ellipse in reference to
the ai:tenna system,

<> >
Let the directions of the antennas be I, j, and k,
the following conditions can be calculated (antenna

directions expressed by direction cosines in respect
to €,, €y, and N):




Fig. 3.2
cos¢; *sind, COS¢, +81in6, | COS$,+5iné, )
-
i =|sin¢,-sins  |; j= sin¢;+8ing, |; k= sin¢j+sind,
\ cosd, ) \~ €088, ) . COsBj3 ;
(3.4)

As I, 5, and i form an orthogonal trihedral the following
conditions are valid, too.

(3.5)

Tt by
x

Pt m U
[

e

Together with the pedaloid condition (3.3) we get from
(3.1) the voltages in terms of ¢; and 8;:

U; = (a?:cos2¢y + bz-sin2¢i)1/2 « sin®, (3.6)

and with the abbreviation wty = 2 we obtain
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Uiy = arb-(a?-sin2gy + bz-coszni)"l/2 - sine; (3.7)

and thereby the voltages expressed by the phase angles ;.
These three voltages form a vector with a constant amount,
e.qg.
3
1 U2 = a?(cos?¢ -sin?6, + cos?y,-sin?@; + cos?¢,-sine,) +
i=l
b? (sin?¢ -sin?e, + sin®¢,°sin%e, + sin?¢,-sine,)
(3.8)

From Eq. (3.4) we know that cosé;-sin6; and sin¢j -8in6;
are the direction cosines of the pedaloid axes é; and €,
in reference to the antenna system. As the sum of the
squares of direction cosines always equals 1 we may write
formula (3.8) shortly as

3
] U2 = a? +p? (3.9)

On the other hand, the condition of orthogonality de-
livers the following formula:

3 > > e d
3 k=1 X j =
E . ,
' ki 1,35 = 133, ]
k2 = |i33;, - 413, 1
{COS03 (cos¢,+sin¢, - cosé;+sin¢g,)sine, *sint,
5 (3.10)
The main result of this formula is:
cos83 = -sin(¢) - ¢2)sinb;*sind,
cosC,; = -sin(¢, = ¢;)sine,+sine, (3.11)
cos8; = -sin(¢3 - ¢3)siney-siney ;

With the pedaloid condition (3.3) we derive

sin(¢, = ¢,) = sin¢ .cos¢, - sin¢,-cos¢ =
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a
§ tang, 1
a2 2 a2 2
/& + ") tan n‘ j: + ™) tan 92
a
g tana2 1
- . (3.12)
1 + 2 tan2g /1 + 22 tan2g
bz 2 b2 1

We then obtain with Eq. (3.7)

sin(q, - 9,)
Sin(@i - @2) = 0102 (3.13)
ab'sine‘-sine2

Consequently, Eq. (3.11) with the abbreviations

ferences between two antennas) reads as follows:
sinX,
Cosel = - ab UZU3
sinx3
:OSez = - 2b U3Ul (3.14)
sinX,
C0593 = - ab U‘Uz

Since these cosines cos®j are the direction cosines of
the normal of the ellipse in reference to the antenna

system 5
] cos?yy =1 (3.15)

is valid, or, for further calculations
2h2 = 2 2412 s 2 2112 2 2412
asb sin xlUIU2 + sin X2U2U3 + sin“X,U3U7 (3.16)

Formulas (3.9) and (3.16) together allow the evaluation
of a and b.

e 4 e 4o
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P2 = a2 +b2 = ] v (3.17)
i=1

2 2 2 : 2 2

Q2 = aZ - b2 = 1£1 in?x,0,2- 0?2, (3.18)

S B2L]
3 and 2 ————————
b? = Pz o 7 4 - g2 (3.20)

So the two main voltages are known in terms of the
measured quantities!

3.5 Calculation of the Eulerian angles

The three Eulerian angles are 6, y, and §.

@ ... angle of nutation (between ellipse normal n
and the direction k)

v ... angle of precession (between axis 1 and intersetium
line X of the e. -eb-planL .4
the i- 3-p1ane)

. angle of torsion (between the intersection line X
and the axis €,)

©
.

<D
[T}

It is evident (Fig. 3.2) that

2 = 03 (3.21)

y: First we have to determine the intersection line x.
So we fcrm the cross product of the vectors X and n.
sin¢,
> -
k xu = |-cosé, = X (3.22)
0




Yo
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Now the reqnested angles are easily to be calculated:

(X« i) = cosy = cos¢,-sin6,+sin¢, - sin¢,-sin6;-cos¢,
(3.23)

As there are certain conditions valid between the direction
cosines in the matrix of torsion we can write Eq. (3.23)
as follows:

> > cose,
(X+1i) = cosy = - (3.24)
sinbd;
Together with (3.15)
cose,
siny = (3.25)
Sin63

follows.

¢: The angle ¢ follows from the scalar product of the
>
vectors x and é;.

X é; = cos¢ = sin¢, (3.26)

sin¢ follows from the cross product of these two vectors:

= s8gin¢ = cos¢3 (3.27)

|15 « e,

We now have to write the Eulerian angles in terms of the
voltages Ul, U,, U, and the phase angles X;, X,, Xj3.

28, sinxI
cos9 = cosf, = -
3 ab

« U103 (3.28)

As ab is evaluated in Eq. (3.16}), cos® is known.

e,

cose2

cosy = - (3.29)

sine3




sine, = /1 - cos%a = ;% . /£1n2x202203’+ sin2x30§012

So the angle

3s From Eq.

ng =

sin’¢,

=

- 44 -

sin 3

0,0,

00802 = -

1l
cogy =
781n2x2022
+1
8in?X,U?
cosd,
sine¢ =
v 81003
cos0) = -
ab
-1
siny = ,
2
1+ sinZX3U1
sin“X,U,2
v is known, too.

(3.6) we get:

cos¢ = sind,

(a’cos?é, + bzsin2¢3}sin293

U;?

sin20,4
b2 -az

2

sing = cos8é,

(3.30)

(3.31)

(3.32)

(3.33)

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)

(3.40!
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As a, b, and siné; are known from Egs. (3.19), (3.20),
(3.14), all Eulerian angles are known in terms of the
measured quantities.

3.6 Conclusion

It is possible to determine the exact spatial position

of the rotary field ellipse by measuring three voltages
and three phase angles. The results can be computed.

This new method has the advantage of being quick and free
of errors of adjustment (measurement possible at any
trihedral position!) and can be done automatically with-
out any further adjustment of the antenna position.
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CHAPTER 4

EXTERNALLY KEYED PHASE-LOCK DEVICE

4.1 Equipment

The externally keyed (by VLF-wave propagation) phase-
lock device described in /11/ measures the phase dif-
ference between a VLF wave with the frequency of

2.667 kHz in the near field and the GBR signal (16.0 kHz2)
in the far field. The measuring principle shall be brief-
ly repeated (cf. fig. 4.1, 4.2, 4.3).

The GBR signal (A2 or F2 keyed) is received by ferrite
rod antennas and used for phase-stable triggering of

an extremely stable balance oscillator. The lock-in
range is only 20 Hz so that only the 16,000 Hz-signal

is used for phase triacering during the FM-keyed time
{1€ ,000 and 15,950 Hz), thus avoiding influences of
keying effects and giving a stable, extremely exact time
normal at any arbitrary point of reception.

This type of time normal is used to trigger both the
transmitter and the receiver of a VLF-signal transmis-
sion chain. Before triggering the frequency must be
changed in order not to affect the original "clock-
triggering" signal. To get the required high accuracy
only a digital fregquency change is allowed. In the
described equipment a divide-by-6-mode is used so that
the frequency of 2.667 Hz results.

In the transmitting equipment this signal is amplified
and sent by a frame antenna.

st
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The receiving equipment vses two ferrite rod antennas
for the reception of the VLF signal and of the GBR syn-
chronous signal, respgctively. The two sicnals (VLF
signal and the divided 16 kHz signal) are compared in
the phase detector. The result is a DC-signal changing
with phase difference which may act as phase propor-
tional voltage on the one hand or as rectified signal
of a receiver with extremely small bandwidth (depending
on integration time constant; here 0.2 Hz!) on the
other hand. )

The measuring practice showed the necessity of some
changes and supplements in circuit design, e.qg.:

1) a special Schmitt-trigger to make the triggering
correspond with the zero-axis crossing of the GBR
signal, thus ensuring that the phase relation is inde-
pendent on the amplitude (further details see Fig.

4.1 or /11/);

2) a measuring amplifier for measuring the incominc

VLF signal combined with an attenuator providing a unique

signal amplitude at the phase detector independent on
the input voltage (cf. Fig. 4.2 and 4.3);

3) a main operation mode switch with the positions

"off / battery control / GBR amplitude / VLF amplitude /
phase".

A number of test jacks were added at the front panels
of both the transmittinag and receiving parts for opera-
tion control and the possibility of connecting external
devices (e.g. line recorder).

The complete electrical and mechanical design is shown
in Figs. C, D, E, F,.
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Table 4.1

d UyLr Phase

|m} - fuv] I°o]
| 100 27 20
; 150 21 15
200 14 15
250 7.4 15
300 5.0 20
1 350 2.5 20
; 400 1.9 20
450 1.5 25
500 1.1 30
$50 0.9 20
& 600 0.77 18
650 0.63 22
700 0.54 15
750 0.47 0

d ..... distance between transmitter and receiver

Uyrr .. Voltage proportional to received VLF signal

Phase . phase difference between synchronization
signal GBR and transmitted VLF signul reduced
modulo 60° (because of the 6 : 1 reduction of
the GBR frequency)

Result: Primarily it was assumed that the GBR incoming
direction is vertical to the line transmitter - re-
ceiver so that there is no phase difference between

these two points. Therefore th: difference was ex-
pected to rise with increasing distance.




1.2 Cenclusion

This phasc measuring device measures the phase dif-
fesencce between the synchronization signal and the

Vir sional, and has the disadvantage that for measuring
the phase of one channel the phase shift of the other
<tannzi iust be knowa. If-transmitter and receiver are
exchanged the phase shifts between VLF and GBR signal
can be added and subtracted, respectively. Thus, it is
pcssikle vo eliminaie the phase shift of the GBR signal.




CHAPTER 5

A DIGITAL PHASE MEASURING DEVICE

5.1 Introduction

To be able to measure phases at the propagation of
electromagnetic waves in the VLF range a device was
developed by Dr. N. NESSLER /20/ showing the possibi-
lity of phase measurements within this freguency range
for the first timc. For the synchronization between
transmitter ara receiver a further external transmitter
was used. This existing equipment allows phase measure-
ments only at a certain frequency, and in some special
cases indication is amplitude-~dependent. A new phase
measuring device comparing two incoming signals (measuring
signal and reference signal) completely independent on
frequency and amplitude is now being built.

The requirements whichr chould be fulfilled by this de-
vice are rather high: current consumption must be very
small to enable battery operation; the device should
have little weight and volume and be insensitive to heavy
pushes and high atmospheric humidity to be able to be
operated in the mine; production cost must be kept low
(since the main part of the device is intended to be
.used as well for a sp=¢ial measuring equipment of the
rotary field ellipse).

Thorough information showed “hat no commercial device
fulfills all these requiremenus, that is why it was con-
sid2red most efficient to build it in our own laboratory.

The device is to indicate the phase digitally independent-
ly on amplitude and frequency within~ the frequency range
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of 100 Hz - 100 kHz over a liquid crystal display
counting from -180° to +180°.

5.2 Basic construction

] Fig., 5.1 shows the block diagram of the device without
a representation of receiving antennas and preamplifiers.
The two receivirc signals the mutual phase position of
which is to be measured are cornected to the inputs A
and B. The two Schmitt trigger units transform the sine
signal at the input to a square-wave signal with the
pulse duty factor 1 : 2 (pulse duration : pulse period).
: The two square-wave signals are compared as to their
coincidence in the discriminator. The pulse duration
of the output signal at the discriminator is a direct
measure for the phase shift. In the logic unity this
phase-proportional signal cuts in a counting oscillator
(10 MHz) the number of pulses of which is counted. This
number within a definite time is a direct measure for the

phase angle independent on input amplitude and input fre-
quency and is indicated at che liquid crystal display.

5.3 Description of circuit
5.3.1 Input Schmitt trigger with null hysteresis

Fig. 5.2 shows the circuit for channel A. The sine signal
is connected to input A (about 30 nWpp - 5 Vpp). In the
upper branch an impedance transformer follows (T 1) and
connected thereto the one "half-Schmitt trigger®. iIn the
bottom branch the sine signal is inverted by a T 2 and
the gain of the transistor is set to 1 by a P 3. The

succeeding T 3 works as an emitter follower and controls
the second half-Schmitt trigger. Such a half-Schmitt
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through. This interruptior. is necessary when the input-
signal becomes discontinuous as it is the case with
keyed transmitters. Counter 2 can reach 360000 at most
since the two counters only work when A = L (pulse duty
factor of A is 1 : 2),.

After dividing this number by two and cancellation of

the last three decimal places the content of the counter
corresponds to the phase shift measured in angular
degrees. The end of one counting cycle sets the mono-
stable multivibrator I to a logical 'L' which blocks the
10 MHz clock pulse over NAND gate II. At the same time
the bistable latches are switched through. The first two
decimal places of counter 2 and the carry over of counter
2 are directly transferred to the indicator. The falling
slope of MMV I switches a second monostable multivibrator
(MMV 1II) to the quasistable position. Consequently all
counters and the flip-flop for the carry-over (NAND gates
III and IV) are zeroed; a new counting cycle can start.

The above described arrangement allows a rhase indica-
tion independent of the input frequency and independent
of the 10 MHz clock frequency.

S.3.4 The display unit

A 2 1/2-place liquid crystal display (L.C.D.) is used
which has the advantage of an extremely low power con-
sumption (about 40.W/seyment, i.e. less than 1/1000 of
the power requirement of a segment of an L.E.D. The drive

of the L.C.D. is more laborious than triggering the L.E.D.,

since the L.C.D. can only be operated by alternating

current from about 15 Vggg at 20 - 100 Hz. A special

circuit was now developed producing an a-c voltage of
which is shown in Fig. 5.5.

60 Vpp

T TS

P W R
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The a-c voltage is produced by a self-starting multi-
vibrator /22/ oscillating at a frequency of about 80 Hz.
The three coil windings were bridged by capacitors (C2,
C3, C4) to avoid dangerous voltage peaks at the output.
The output voltage becomes sinusoidal and nearly in-
dependent on the load. This output voltage is now recti-
fied over C5 and D1l. With this circuit (Villard-doubling)
the a-c-component is maintained buc is increased by

1/2 Vpp (pulsati..g d-c voltage between O V and 60 V).
The transistors are special high-blocking types with
Ucgo = 6C V. Only the a-c-component is coupled out over
C6-C21 and laid onto the segment of the L.C.D.

By using this circuit we can operate the display with
the required a-c voltage of about 20 Vg¢ege and 80 Hz,
which grants a high lifetime of the segments. At the
development of this circuit it was taken into account

to keep power consumption low. The current input for the
whole display unit is not more than 3 mA at 5 V.

5.3.5 Power supply

The device is operated by 2 batteries. For the linear
circuits a 12 V accumulator is used. The voltage of ¥ 6V
for the operational amplifier is obtained by voltage di-
vision. The logic is operated by a separate battery
(Fig. 5.6). An estimation of the power consumption when
using normal ICs showed, that the logic would take about
3300 mW. Consequently, it is advisable to use low-power
ICs wherever possible to reduce power consumption to
about one half. In spite of the high prime costs the use
of low-power ICs is justified, since it will then be
possible to take smaller and cheaper batteries and to
reduce weight and volume of the dewvice. Since the
switching time of the 'L'~-series is longer than that

of the normal series, low-power ICs can only be used
where the limiting frequency is below 1 MHz,
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5.4 Error estimation

The kind of logic causes 2 errors to arise at counting
the Q signal.

Exrror 1
At counting the Q signal by means of the 10 MHz signal
the number of clock pulses has an inaccuracy of %1 pulse

itk raaniiah

per impulse train’(Fig. 5.8) . During one counting cycle

n, = tv, e

t ... duration of a counting cycle (sec)

v, .. measuring freguency (Hz)

of such impulse trains occur. The content of counter 2
has a variation of I n; in the most unfavorable case.

Translated to angular degrees the indication error
amounts to i

A¢l = tt-vl-360/a

8¢, .. error 1 (9)
a .... maximum content of counter 1
(in this case fixed to 360000)
with
t = a/v2

V, e clock frequency (Hz)

we have a final resuit for error 1
8¢, = ivl/v2°360 (5.1)
This shows that the error depends only on the ratio of

input frequency to clock frequency. An improvement can
be reached by increasing the clock frequency. In the

present device v, = 107 = 10 MHz.
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As is shown in Table 5.2, error 1 is relatively large.
A control at the ready-built device, however, showed
the real error to be smaller than in Table 5.2 by one
order of magnitude, which is due to the fact that the
excess and the lack of counted pulses neutralize each
other. An exact calculation by means of calculus of
probability confirms this measurement result.

Error 2
Fig. 9 shows the formation of error 2; we can distinguish
three cases:

Case a) is the ideal case. In the impulse interval of
the impulse train the MMV rebounces to the stable state
thereby starting the counting cycle as soon as A = L.

Let the ratio of clock frecuency to measuring frequency
be a wnolz-number multiple modulo 360,000 of frequency A,
so that after a definite numbes of complete impulses A
360,000 «lock impulses were counted in counter 1. This
means that every complete impulse train of the duration
tl corresponds to a complete impulse train t. Since the
ratio tl : ¢ which is proportional to the phase is

maintained, no error of the second type arises in this
case.

Case b) Let the frequency of A ke somewhat smaller than
for case a, so that the 360,000 impulses of counter 1

do not completely fill up the impulse groups A. Let the
counting cycle - turned or by thec MMV - start just at
that moment when the impulse group t in counter 2 cor-
responding exactly to a block tl1 is over.

Case c) Let the frequency of A be slightly larger than
in case a, so that the 360,000 impulses of counter 1

need a bit more time than is corresponding to an integral
number of impulses A, we may have the case that at
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starting the counting according to case a) we count just
one additional impulse train t in counter 2, whereas the
corresponding impulse group tl in counter 1 is not

counted completely.

Calculation

To be able to conduct calculations the impulses coming
under the perioa . must be distributed equally to the
time tl., Therefrom we can calculate the lack (case b)
or the excess (casec) of impulses in counter 2.

Case b: At first we calculate the number of impulses n
that were missing in counter 2 in relation to counter 1

n=—1..(t
tl 1

Prom the definition of the impulse width 1

- r)v2

T ¢ 2t1 = ¢ : 360

we get with

the equation for error 2
| 02y Vo 2
b2 =1~ 3¢5 5. " 3

8¢, ... error 2

$ ..... pnase position

vV, +... Measuring frequency

vV, «... Clock frequency

8 +s0.. Maximum content of counter 1

For case c¢) the sam2 calculation holds, but the error

is negative.
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At the device described here the following values were

: fixed for a and v2

aA o o e o 360,000

v D O G 107 Hz

2

From Eq. (5.2) follows that this error becomes smallest

When either a becomes very high or the ratio of block I

2 R R

i frequency to measuring frequency decreases.

Table 5.2 shows the values of the two errors in dependence :

PRPORS RS RPeS 5t " ekl

on phase and measuring f-equency.

Table 5.2
il o Pl o e P ;
10° 3.6 $0.036  40.2 e
10° 180.0 +0.036 40
10* 3.6 +0.36 +0.02
10* 180.0 +0.36 +0
i0° 3.6 +3.6 +0.002
10° 180.0 +3.6 +0

: . 0
As can be seen from Fig., 5.9, error 2 is zero at 180

and increases with decreasing phase.

It is to be mentioned that the duration of & counting
-2 . ; . .
cycle is 3,6.10 © sec; this time can be easily increased

as required by means of the two MMV in Fig. 5.4.

b el e gl i i




CHAPTER 6

VALLEY MEASUREMENTS : :

The above-around registration of VLF signals showed the
maximum magnetic field strength always to run in direc-
tion of the mountain valleys. This effect obviously

does not occur by chance because it could be proved in
all by-valleys of the Inn-Valley. A thorough explanation
will be given in a particular thesis.

In spring 1972 we started preparatory measurements.
Several frequencies were considered (15.1; 50; 128.25;
278 kHz) to be able to recognize a possible frequency
dependence. In fact, a new unexpected effect cccurred.
For the higher frequencies the maximum magnetic field
strength was always normal to the valley direction. Fig. 1
shows these results. The contour lines show the course of
the valleys in the surroundings of Innsbruck and the vec~
tors show the direction of the maximum magnetic field
strength. If the valleys become too narrow all vectors
point into valley direction.

For a hollow waveguide the mode with the greatest wave-
length is a “E-mode, i.e., a mode with the maximum magne-
tic field strengti: following the waveguide axis. So we
tried to interprete tii= offects by a modified waveguide
theory. The only difficuliy was to recognize the valleys
as hollow waveguides. In sevzral publications /23, 24,
25/, the problem of waves over rough surfaces is solved by
expanding the irregularities of the surface in Fourier-
series. The wave equations are solved for sinoidal
modulated surfaces and then superponed. It is evident that
surface irregularities will induce new modes.




- 62 -

In /24/ we find waveguides of arbitrary cross section
being transformed into cylindrical waveguides by means
of conformal mapping. The problem now appeared rather

restricted: The shape of the valley has to be transformed
to a cylinder.

3
3
3

F,
S
3
3

Fig. 6.2

The exact solution requires considerable numerical
expenditure. Besides, there is no plotter at Innsbruck
University so that the results cannot be plotted. For
the time being we have to be satisfied with an approxi-

mate solution which, however, shows good physical clear-
ness.

The transformation:
By means of the frnction w = E-i the upper semi-plane

z+i
is represented cato the unit-circle of the w-plane
/18, 26/.
‘iiii i i T A
i | |
H —2
il Il “
_z-i
z+i

Fig. 6.3
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We choose our valley cross section in a way that it falls

completely into the upper semi-plane.

Fig. 6.4

Now the valley is transformed into the interior of two
intersecting circles inside the unit circle which depend

on the valley size.

Waveguides still can be described by the eigenfunctions
of cylindrical waveguides, if the cross section varies
slightly from a circle /24/. In our case, this means that
the problem is solved principally when the valley is re-

presented onto a fairly circular area.

The representation function reads
z-1
z +1i

w =

The circle
lz -ia|?2 = a?

in tae z-plane is transformed into the circle

[+ phsa) #vr = 2
u + + V8 = ——
1+2a (1 + 2a)2

in the w-plane.

(6.1)

(6.2)

(6.3)

For the straight line Im(z) = b we obtain in the w-plane

L ELAE e i e abi
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Considering e.g. the case a = b = 3, an approximately
circular representation of the valley results in the
w-plane. The concentric circles to the circle X in the

w-plane are representing coordinate lines in the hollow
waveguide.

i e A E e Lt L B D e L S

; Iw + %r - e (6.5)

The inverse transformation of these circles produces
2

48 + 49¢? 7252¢2
64 - 49c (64 - 49¢2)2

in the z-plane. These circles are shown in Pig. 6.5.

Q@

Fig. 6.5
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The samo results are obtained when using other values
for a and b. So we can say that the transformation is
independent on the size of the valley.

Conclusion

It is possible to describe a mountain valley by a
cylindrical waveguide by means of conformal mapping.
From Fig. 6.5 it is to be seen that near the bottom
the field density is higher than in the upper regions
of the valley.

An exact transformation of the valley cross section into
a cylindrical waveguide is possible, but requires a com-

puter with plotter because of the great numerical ex-
penditure.

L e ety




CHAPTER 7

A NEW METHOD OF DETERMINING
THE ELECTRIC ROCK PARAMETERS €, AND ¢

7.1 General considerations

The procedures o: determining e, and ¢ listed below are
based on the dependence of the field strength on
1) the dipole moment m
2) the distance R between point of reception and
transmitter
3) the frequency f
4) the dielectric constant ¢
5) the conductivity ¢

r

i; = ﬁ(iﬁ, r, £, €y o) (7.1)

s
H ... magnetic field strength vector

To restrict this complexity it is necessary to conduct
the measurement in a way that as many of these parameters
as possible are kept constant.

Furthermore, we have to consider the problem whether
and how much the individual parameters depend on each
other.

a) Since Iil = n-I.F cau always be kept constant by read-
justing the antenna current, the dependence
>
Iml = Ial(erl o)

that might possibly arise by attenuating th2 trans-
mitting antenna operated in resonance, is only of
theoretical interest for our case.
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b) It is obvious that
e e M;: oto@; £4 E£m;: and R# R
Cc) The question for the dependence
: 2
€, = zr(R) and o = o(R),

however, has to be discussed more thoroughly which is

to be illustrated by Weans 6f the following figures
(Figs.7.1a and 7.1b).

Fig. 7.1la

-

In the first case (Fig; 7}iﬁ) transmitter and receiver
are so close together that solely the dielectric con-
stant ¢; of the inhomogeneous island in between holds
responsible for the field at the point of reception. If
the measuring distance is enlarged the surrounding medium
characterized by ¢, becomes more and more effective.

The resulting dielectric constant epog influencing the
field of reception is composed of ¢, and e,. Fig. 7.1b
will illustrate this situation. It was on purpose that
all disturbing bodies were drawn with equal magnitude and
shape to make clear then even then t,oq is depending on
the distance. In reality these islands will be of different
size and have a different dielectric constant, too.
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The distance dependence fcr €. and o0 (of course, we can

o
reflec* in the same wav on the cénductivity) can thus

"be recardezd as a fact. The dielectric constant (or con-

ductivit,, respectively) determined over a certain
reasurinn distance is a mean value of all dielectric con-
stants {or conductivities) of this region.

it i3 i{he-efore senseless to compare specific values of
cielectric constant {or conductivity), unless they are
related to a certain distance. Consequently, listed

values civen by different authors can only be regarded

as appreximations and it is necessary to compare measuiir
meths3ds and conditions, oo,

d} The de,.endence
?

Hew

[ A

r c({f)

e (1) and ]
r

is of =reuzt importance ~1tn regard to the two-frequency
method discussed below. The frequency dependence of ey
and the consequent dependencze of the index of refraction
cn the freguency is called "dispersion" in optics. In
this case, however, wavelenaths involved are so small th:s
they can be compared with molecules and resonance vibra-
tions cccur. At low frequencies there are no such vibra-
tions; the zpproximate limit lies at about 30 MHz

(A, = 10 m, SW-band). Below this frequency,calculations
are performed with the <tatic value of the dielectric
constant.

In contrast to this
sponse was observed
(£ < 100 kHz) owing
tion. Among others,
and GRISSEMANN 29/

assumption a certain frequency re-

in the lower frequency range

to the so-called partition polariza-
STRUTT /27/ ard recently WUBKING /28/
have observed this phenomenon. In

/28/ and /29/, the (c,,f) and the (o,f)-diagrams show a
flattoninag of the curves towards higher frequencies (f > 100 kHz)

m
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Whether or not the two-frequency method is admissible
for the determination of ¢, and o depends on the above 4
conclusions.

For a comparison let us briefly refer to methods that 3
have already been worked out by co-workers of the VLF-

Project:

7.2 Method according to NESSLER /10/

If the relative value G (to be defined below) is plotted
as ordinate for a definite frequency and a definite
measuring distance every point in the diagram will con=-
stitute a pair of values {e,, o) belonging together. To
obtain Hggp we must know exactly the properties of the re-
ceiving equipment,and the calibration factor establishing
the interrelation between actual field strength and
measured voltage must be determined as accurately as
possible. Since the calibration factor comprises quite

a number of measuring values, the uncertainty factor is
rather high. The resolving power of the method is, how-

ever, good even at small measuring distances of about 20 m.

7.3 Method according to KELLNER /14/

Based on an adequate representation of the formulas for
the vector components of the field strength, KELLNER /14/
found a possibility to determine the complex wave number
from relative values ané thereby calculate ¢, and o.

The main disadvantage of this method is its failure in

the inhomogeneous measuring site. According to the author,
the method can only be used up to a frequency of about
350 kHz and a measuring distance of 50 m. This is due to
the fact that with decreasing wave length the inhomogeni-
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ties form an ever increasing hindrance for the field

which thus is more and more distorted. It is chiefly the !
bearing angle ¢ indicating the direction of maximum field ;
strength and playing a dominating role in the evaluation

formulas that is distorted, thus heavily falsifying the
result.

7.4 New Method according to KLEIN /17/
Two-frequency method

To be able to make quantitative statements on the beha-
vior of electromagnetic waves penetrating zones of in-
homogerity it is necessary to know the electric rock
parameters e, and o. Real and imaginary parts of the com-
plex wave number k® and of the complex refraction index
n® can be calculated from these parameters. Therefore we
had to find a method delivering workable results even in

an inhomogeneous medium.

The following requirements had to be fulfilled:

1) The method must be practicable in inhomogenewus medium.
2) In its formulas and diagrams it should contain only
quotients of absolut2 measuring values.

A favorable application of a possible method nade us

request two more conditions:

3) Measurements should be able to be conducted easily
and quickly.

4) The values €, and ¢ to be determined should possibly
be readable at the measuring site thus enabling a
short-time change in the measuring program.

A solution of these problems was found using the field
strength ratio G (as was done with the two methods

described above) considering, however, two different

et
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measuring frequencies. According to /10/ G is defined
as

H H
6 =—L=-Reano (7.2)
9u 0
H, ... field strength maximum at 6 = 0°
Hgg .. field strength maximum at 6 = 90°

Hp ... field strength in the direction towards the
' trénsmittihg antenna
Hy ... field strength vertical to Hy
6 .... angle between transmitting antenna and
radius vector

Since the field strength vector ﬁ and thus all its com-
ponents depend on frequency, dielectric constant, con-
ductivity, and distance to the transmitter

G = G(f’ OI R)

Er'
Owinag to the above mentioned reasons the measuring distance
transmitter - point of reception must be kept constant, i.e.

G = G(f, Er’ 0)
The above mentioned frequency independence of e, and ©

at one and the same measuring distance reduces the de-
pendence of G to

G = G(f)
at ¢, = const. and ¢ = const.
If groups of curves with the parameters e,

are plotted in a diagram with the ordinate G = G(ey,0)
at a frequency f, and with the abscissa G = G(e,,0) at

and o, resp..

a frequency f,, every point of intersection of the
e-parameter group with the o-parameter group constitutes
a (ey,0)-pair of values belongig definitely together.

L ks 1.




T ST W T N e

o — R §
?

For our measurements, the following values were chosen:
f, = 500 kHz; f, = 1000 kHz; R = 100 m (50 m), thereby
taking into consideration the geometry of the gallery,
the resolving power azt a definite measuring distance
(splitting of the curves of the diagram), and the power
of the transmitter. For G(500) (i.e. G at 500 kHz) and
G(1000) (i.e. G at 1000 kHz) detérmined by measurement,
dielectric constant and conductivity can be taken from ]
Fig., 7.2. For other measuring distances and frequencies l §
corregponding diagrams have to be plotted.

There are three possibilities to measure G:

B E et VR AL

a) With the relation

HR
¢ = =2 tano

He ‘
any angle position # of the transmitting antenna is : !
admissible. For ¢ + 90°, tang » », i.e., the determi- ]
nation of G becomes inaccurate for large values of 6. %
bf I1f = 450 :
G = — -

Hg

thus comsiderably reducing measuring expenditure,
because only the frequency has to be interchanged.

c) Using the relation
Ho

Hgo
the transmitting antenna is first adjusted to 6 = 0°
and then to ¢ = 900, At both positions the maximum
field strength is measured for both frequencies.

Out of these three possibilities it is the third one that
offers the decisive advantage in comparison to the metiiods
by NESSLER and KELLNER., '
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Both for 6 = 0° and for 6 = 90° the field is linearly
polarized. When measuring, the Hy and Hgp directions are
¢ sought and the amount is measured. That is why a devia-
tion cw7ing to disturbances can by no means influence the
accuracy of the value G = Hg/Hg,.

7.5 Practical application of the new method

Numerous measurements were executed in the mine of St.Ger-
traudi. Whereas for most measuring sites a homogeneous
rock structure could be assumed, the measurements in "Mor-
genschlag" produced (cf. Fig. 7.3) surprisingly different
values; results are listed in Table 1.

Table 1: R = 100 m

‘ . e
exp. | measuring £ Ug Ugf G(500) 5 o
no. | distance | [kHz]| [uv] [wv] | GQOOO) [S/n]
500 | 290 880 | 0.33 1o~
97 | M8.2 -M12 | o0 3% 420 0-33 120 9.10
500 | 505 1300 | 0.39 — ;
101 | M12-M8.2 | 1550 | 165 810 | o0.21 | 20 35°10
500 | 490 790 | 0.62 -4
100 | mi1.3-m9 | 3901 199 190 | oi%8 | 12 10
500 | 485 780 | 0.62 "
104 M9 -M11.3 1000 120 400 0.30 10 10
500 | 125 138 | 0.91 -5
99 | m11.3-my | 300 | 125 138 } 0.91 1 5 .50
- 500 | 445 610 | 0.73 =S
103 M11-M11.3 1000 196 e 2208 8 8:10
500 | 530 510 | 1.04 -5
= ).
98 M11.3-M12 1000 92 205 it 4 10
500 | 480 510 | 0.94 a=S
102 | M12-M11.3 | 1500 | 85 210 | 0.41 ] & °°1°
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The number of experiment refers to Fig. 7.3. On com-
paring exp. no. 97 with exp:. 98 perpendicular thereto

we realize that the two dielectric constants are S : 1,
the conductivities, however, nearly 50 : 1. From these
remarkable differences we can draw the conclusion that

a disturbance runs through the medium. The recognition

of such disturbances means a real advantage for geologi-
cal prospecting. The method described above together with
the method of images thoroughly discussed in /17/ has
already produced promising results.

7.6 A further possibility to locate disturbing
zones in rock

The following characteristic resulted from the fore-
mentioned measurements for the determination of the
electric rock parameters ¢, and ¢ in "Morgenschlag":

At the execution of measurement 106 (78) (cf. Fig. 7.3)
from M8.2 to M12 the direction of maximum field strength
(major axis of receiving ellipse) rotates by 180° together
with the rotation of the transmitting antenna whereas at
measurements perpendicular thereto the maximum field
strength shows some kind of pendulous motion. The rota-
tion occurring in one direction up to a certain angle of
rotation 6 of the transmitting antenna suddenly reverses
s0 that the receiving antenna tilts back to the starting
position without having done a 180°-rctation.

Fig. 7.4 illustrates quite clearly this extraorginary
behavior. The curves do not proceed - as could be expected
from theory - from the first to the third quadrant, but
from the first to the second one at the forward measure-
ment and from the fourth to the third quadrant at the back-
ward measurement (with exchanged transmitter and receiver).
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The curve of the backward measurement is, as it were,
the "image" of the forward measurement curve.

An exact, purely mathematical description of this effect
would be extremely difficult, because tco many unknown
gquantities or variables are involved. (ertainly, numerous
papers were published on this subject but finally calcula-
tions are always based on the assumption of quite special
facts. The main object of our method, however, was to
give at least a qualitative explanation for the "pendu-
lous motion" by means of a clearly arranged geometrical
construction using the method of images.

The development of the theory was stimulated by /37,

38, 39, 40/.

7.7 Theory of images

If a quiescent charge is situated in direct neighborhood
of a conducting infinite surface a field distribution
according to Fig. 7.5a results. This consideration shall
app ¢ analogously for moved charges (Fig. 7.5b). The
re' cion between the magnetic dipole moment and its

age is shown in Fig. 7.5c.

There are two measuring possibilities in the neighbor-
hood of a disturbinc zone:
Type 1: Measurement approximately parallel to disturbing

zone '
‘—'\“SA
D00
' ~1
h M/rrp.«
ll/l/:,./1/‘;//,-/!/,,",../-‘:;'/j/////l////l///J///
. ~_H e 4
i /,/’/ ires
h: = \\,Lﬁh{
- 7T EA
i ] GA.T,’/;
SA =0 Fig. 7.6
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Let SA' be the mirror image of SA. At EA, two signals
are received sgperponing one another. The two field
-»>

- vectors H and H' gererally having different directions
form a resulting vector H,eg With another direction.

Gk

Type 2: The conducting zone is situated between trans-
mitting antenna and receiver

;::-:;=o’ 1&&

Fig. 7.7

Here, the image SA' develops from the charge distribu-
tion induced by SA in the conducting layer ana acting as
an image of SA at SA'. The field strength at EA is again
composed of the signal originating at SA and SA'.

The good agreenent between theory and experiment shall be
shown by means of two examples:

Fig. 7.8 is an example for type 1. The measuring distance
is parallel to the disturbance determined in "Morgenschlag".

Fig. 7.9 represents type 2 with the Jisturbance between
transmitter and receiver.

From th%.above figures we recognize that the auxiliary
vector H' explains rather well the deviating direction
-

of Heye

If, however, H and ﬁ' include an angle of approximately
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180° some difficulties in 1nterpretation will arie=.
ghe direction of the resulting vector Hex soincides with

H or H‘ at type 1 (exp. no. 106), whereas Hgoy is perpendi-
cular to R and H' at type 2 (exp. no. 88). SO we have to
assume that a phase reversal in respect to H' (or E)
occurs at the second case, thereby giving a good explana-
tion for the pendulous motion characterized by the re-

versal of rotation.

The method developed in the mine of St. Gertraudi was
already successfully applied in other mines (Schwaz/Tyrol,
Bleiberg/Carinthia) thereby confirming our theory. A com-
mercial application of this method for ore prospecting,
however, would require further experiments to investigate
the influence of watercourses, rails, and other technical
equipment.
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CHAPTER 8

ENTERING MECHANISM OF ELECTROMAGNETIC WAVES

INTO A DISSIPATIVE MEDIUM

8.1 Introduction

In December 1972 the investigations on this subject were
finished., The basic theory which will be briefly referred

to was already published in Final Report 1971 together
with the development of an autorange receiver.

Problem:

Measurements /11/ of the broadcasting transmitter U-Re-
gional along a gallery of the mine St. Gertraudi showed
a local period of the maximum magnetic field strength

(major axis of a rotary field ellipse). The transmitter
(629 kHz) is situat~d at a distance of 30km from the mine.

Repeated measurements confirmed this unexpected result
which was tried to be explained /30/ by developing a

theory for an electromagnetic wave with oblique inci-
dence on a boundary surface.

8.2 Equations of the maonetic field strength in medium

The equations used by Schumann /30/ are specified in /11/.
->

For H polarized in the direction of the plane of inci-

dence (in air) they take the form

Ez(x,y) = Eg® exp{jut + f(x,y)}
H (x,y) = -Eg° .__L"';“ exp{jut + £(x,y)) (8.1)
1
e Siné,

Hy(x,y) = ~Eg W exp{jut + £(x,y)}

Pt
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>
for H polarized vertically to the plane of incidence
(in air) they read:

H,ix,y) = Hg® expliut + £(x,y))

Eylx,y) = Hg®-W, cos‘l exp{jut + £(x,y)} (8.2)

Ey(x,y) = Hg®-W, sine, exp{jet + £(x,y))
Eg® ... electric field strength of the incoming wave
Hg® ... magnetic field strength of the incoming wave
W, ¢... vave rezistance in air = 377 @

$) ooee angle of incidence
W ..s.. Circular frequency

With the boundary conditions the complex law of Snellius
is obtained

W,
sin¢l B —— sin¢2
2
- af2
W, = oW, exp|] l
(8.3)
wevu, €5 i 2
. = 2z /& + S
2 we €,

co’0? + mzeoz e2

g
WeQgey

a = arctan

W, +... wave resistance in medium (rock)
€y eoee dielectric constant in medium
Ep oeee absolute dielectric constant

Hy soes permeability in medium (rock)

0 +e... conductivity in medium (rock)

Cy +ee. Vacuum light velocity
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From the boundary conditions we can conclude the com-
plex transmission coefficients for the case of parallel
polarization (1 +T,) and vertical polarization (1+Ty),
respectively

2 cosé,

1+I'p=

v/l 1 )
cos¢, + wl —; - = sin 01
w& N

(8.4)
=| co =¥zl - sin?¢
1+ = AW2 54 P 4
v [w 12 (. 12
Y V“_L ~ ginZ
] coros V[ - s,
The equations can be simplified to
- itp
b hp 2 P1erp ©
i (8.5)
= by
1 + I‘V = p1+rv e

After laborious calculations the following eguations for
the magnetic field strength are obtained

Hy = 91+rp""3'wl'“zg‘ew‘e"l’{jl“’t”* (op - /2]

y = p1+rp-sin¢l-ag-ewexp{jImt +n 40|} (8.6)

pl
(]
Hoph= °1+rv'H%’e -exp{jlwt-+cp'-;p-rcv'-nl}
Pler. *o° amount of the transmission coefficient of

->
the electric field strength with H polarized
parallel to the plane of incidence

—_— . I ———_
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e

14T, °°° amount of the transmission coeffisient of
the magnetic field strength with H polarized
vertically to the plane of incidence
=y (x,y) attenuation factor
p=—ﬁ§ .. position function of the phase
esssees. Vector of wave number

ng.ag’..u amplitudes of the magnetic field strength

of the incoming elliptically polarized wave

Lprig o-o phases of the complex transmission coef-

Q

ficients
eeseess phase shift of the incoming elliptically
polarized field

Furthermore,

ool

PW2 (a)
E V=a

is valid with high accuracy (error less than 1 %).

In the following paragraph the reasons leading to a

local periodicity are dealt with.

8.3 Reasons for the local periodicity

Assumption:

The rock is no longer assumed to be homogeneous but
bearing a reflecting layer which is shown in Fig. 3a,

By superposition of the incoming and the reflected wave

a local periodicity is generated. Further calculations
show the possibility of determiring the angle between re-
flected layer and gallery axis from the three occurring

modes:

a)

K; in the first quadrarnt of the complex
period only in z'~direction. Since kyi , has the same
direction as ky' no periodicity can occur in x'-direction.

R O MA‘BM&M




- 82 -

A
VR ST ey

>

b) k, in the second quadrant
x' and z'-periodicity. kx' and kz' ¢ are anti-
’
parallel to k,: and kye.
c) kr in the third quadrant
period only in x'-directicn, kx- antiparallel to
kyto k 2',r parallel to | S
, (The dashed quantities rélite to the Goordinate system
r determined by the gallery system,)

Fig. 3b shows the possible modes .

The following relations betwsen the angles can be read
from Fig. 3a:

a) 0<ks= % +2y -8 < %
b) O<x = % 18 -2y < i (8.7)

c) O<r=27-(9+§)<

N

8.4 Determination of Yy

From >

ep = ~kx

kx. and kz. can be obtained.

cos?y
- J1 - 22U (8.8)

x! 377 Mo sin? ¢
= i gos?t | in --/1+ 1+
z' 377 Vvowcosd, SThT Ay ueoe
(8.9)
T «eso B8lOpe angle o ... rock conductivity
¢; +.. angle of incidence ¢ ... dielectric constant of

the rock
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From
k = |x|cosx
x',r (8.10)
kz,'r ® |k|sin«
and
Ix] = Jky? + k02
We can calculate both the period in x'-direction
72
Pyy = i (8.11)
Kyo 4 kx',r
and the period in z'-direction
27
Bz, = (8.12)
kye * kz',r

Thus, it is possible to determine kx',r and kgt ,r from
the rock parameters, and the period « can be determined by
means of Eq. (8.10) and finally y is calculated from

Eq. (8.7) if the mode is known.

Measarements showed a periodicity in z' thus proving
the occurrence of case b).
For ¢ = 10, ¢ = 107’ S/mm, f = 629 kHz and ¢, ~ 84°

y = 36,7°

The above described method fails if wavelength and dimen-
sion of the reflecting surface are in the same order of
magnitude. This fact could be proved by experiments at low
frequencies (278 kHz). Egs. (8.8) and (8.9) show that

kgx' and k,+ are proportional to v, the periods Py' and

P, being inversely proportional to w.

Fig. 4b is a schematical representation of the surroundings
of the measurina site in the mine of Grosskogel.
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Theory says :hat for plane waves the x- and u-waves are
not attenuated, whereas the y- and v-waves are. In-
fluencina the test results by the v-wave is impossible
on account of the large distance.

8.5 Transmigsion coefficients oo S -

: The amounts of the transmission coefficients were con.-
ruted for different values of o and represented in de-
pendence on 4; in the diaorams 4c and 4d.

(olﬂ.p)el always remains <1, whereas (°1+rv)maq can

grow much larger than 1.

The present calculations, however, are not. contradictory
to the law of energy preservation, since the transmission
coefficient of the pointing vector E is smaller than 1

in any case as is shown in Fig. 4e.

A possible explanation can be: The electric field in the
dissipative medium is immediately tran<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>