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PREFACE

This report, which documents research carried out from 1 January %?78 to

30 September 1980 is issued by The Aerospace Corporation, El Segundo,

—California. The research was supported in part under NSF Grant ATM-77-19361.

This NSF grant provided partial support for VLF transmission experiments
conducted from Sortland, Norway from 27 September to 4 October 1978; and from
Kafjord, Norway from 4 August to 11 August 1979 and 20 July to 27 July 1980.
It also provided partial support for the reduction and analysis of data from
these campaigns and additional transmission experiments conducted by Prof. M.

Garnier of the University of Paris.

Data from these experiments were collected from VLF iTcceivers aboard the
SCATHA (P78-2) and GEOS satellites and VLF receivers on the ground at various
locations in Norway and Sweden. Direct signals were measured at each of the
ground stations and emissions triggered by the transmissions were detected by
the satellite receivers. The data will bhe used to assess the importance of

power line radiation in the outer magnetosphere.

Support from a preceding NSF Grant ATM~75-18118 was used to assess the
feasibility of using a power transmission line on Andoya Island, Norway as an
antenna for the TVLF Transmitter. Since that work related to this grant the

results are included in this report.
Mr. Mitchell Dazey of The Aerospace Corporation has been the principal
engineer on the TVLF programs. His innovative solutions to technical problems

in the field has materially contributed to the success of these experiments.
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The initial impetus to use the TVLF transmitter in Scandinavia was pro-

- vided by Dr. Arne Pedersen of ESTEC. The Space Activity Division of the Royal
Norwegian Council for Scientific and Tndustrial Research (NTNF) was particu-
; larly helpful with numerous negotiations and arrangements with Norwegian
agencies. We are especially indebted to Prof. Jan A. Holtet of the University
of 0Oslo who devoted many months helping in the field, and working with the
local and national agencies to insure success in the transmissions, to Prof.
Les Wooliscroft, University of Sheffield, who was able to inspire a number of
| agencies to help us financially, and in addition, made the ground calibration

measurements for the 1980 campaign and to R. G. Robbins, R. L. Walter, and J.

Déhl who worked hard to overcome all of the equipment failures and keep the

transmitter on the air. We wish to thank Prof. M. Garnier, G. Girolomi and J.

Conrad, University of Paris, who made measurements and transmissions which
were helpful in designing components for the larger transmitter, and demon-
strated a transmission line configuration that would not cause telephone

interference.
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1.0 INTRODUCTION

In 1976 scientists from the European community expressed an interest in
transmitting ELF signals to the GEOS satellite using the Aerospace Corpora-
tion's TVLF transmitter facility and a 21.3-km long power line in Norway as
the antenna. The line normally carries 60 kV of three-phase power on the
island of Andoya near the town of Andenes, Norway. Since The Aerospace Corpo-
ration also provided a VLF receiver for the P78-2 (SCATHA) satellite this
provided a unique opportunity to study wave-particle interactions and whis-

tler-mode propagation in the outer magnetosphere.

In the fall of 1977 Prof. M. Garnier of the University of Paris and Mr.
M. Dazey of The Aerospace Corporation made impedance measurements on the
Andova line. The results, reported in Aerospace Report No. ATR-78(7578)-1

(Appendix A), are summarized in Section 2.l.

Prof. Garnier attempted transmissions to GEOS using a l-kW transmitter
and the Andoya line. Problems with a backup line caused the power companv to
suggest an alternate line, the Sortland Line. This line ran about 34 km
between the towns of Strand and Konstadbotn. It was a “"standby” line that was
only required when it was necessary to service an operating line. Impedance
measurements were performed on this line in September 1978. Test transmis-

sions with the TVLF transmitter were begun on 27 September 1978.

The impedance measurements, reported in Aerospace Report No. ATR-
79(7731)-1 (Appendix B), are summarized in Section 2.2. Telephone interfer-
ence, even at low antenna currents, proved to be unacceptable and use of this

line was discontinued.
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A line near Kafjorddalen, Norway was tested by Prof. Garnjer in the
spring of 1979. After an electrical configuration change the telephone inter-
ference in the area was acceptably low and transmission experiments to SCATHA
and GEQOS were conducted several times throughout 1979 and 1980. The electri-

cal measurements on this line are summarized in Section 2.3.

During each campaign in 1979 and 1980 some emissions that could be corre-
lated with the transmission frequency were detected by the SCATHA VLF re-
ceiver. The results of the preliminary analysis of these data are summarized

in Section 4.0,




2.0 EXPERIMENT OPERATION

2.1 Andoya Island (1977). The Andoya 6C-kV transmission line is 21.3 km

long, and is strung over hilly terrain between Andenes and Dverberg, Norway.
At the time of the impedance measurements, April 29, 1977, there was 2 to 3
feet of wet snow under most of the line. The impedance measuring system is
showr in Figure 1. The open circuit impedance Z,. and the short circuit
impedance Zg. of the line are shown in Figure 2 as a function of frequency.
The line parameters were computed and are presented in the report in Appendix
A. The radiation resistance at 2.6 kHz is estimated to be 0.018 ohms. In the

voltage-limited mode, assuming that the power available from the TVLF system

is 100 kW, the radiated power would be ~ 15 W.

In March 1978 Prof. Garnier attempted transmissions to GEOS using a 1-kW
transmitter. The use of the 60-kV line required the transfer of its normal
load to an older 22-kV line. The line voltage of the 22-kV line dropped
approximately 20%. This undesirable effect caused the power company to sug-

gest an alternate line, the Sortland line.

2.2 Sortland (1978). The Sortland line rums 34 km between the towns of

Strand and Konstadbotn, Norway. The impedance of this line was measured using
the same measuring svstem as shown in Figure l. The shor&'circuit anc open
circuit impedances are shown in Figures 3 and 4. The analysis of the test
results, contained in the report in Appendix B, indicated that the Sortland
line is not as well behaved electricallv (i.e., as a uniform transmission
line) as the Andoya line. The line runs approximately 1000 m from a fjord for
80% of the distance from Strand to Kanstadbo:in. The final 20% is constructed

over relativelv mountainous terrain. If the final 20% of the line were dis-
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connected it would be expected to resonate at harmonics of 7 kHz. Significant

perturbations ia the impedance curves start at approximately that frequency.

The line parameters were computed and are presented in the report in
Appendix B. The radiation resistance was estimated to be 0.0067 ohms and the

radiated power 10 W.

During the test transmissions by the TVLF transmitter there were several
reporis of the signal being picked up by telephones close to the transmission
line. Several tests conducted between 27 September and 4 October 1978 demon—
strated that the interference (even at a low antenna current of 5 A) was

unacceptable.

Some transmissions were conducted in conjunction with GEOS data acquisi-
tions. Prof. Garnier has examined these data and reports that there is evi-

dence of the direct TVLF signal being detected by GEOS.

2.3 Kafjord (1979-1980). The Kafjord line runs 14 km between Kafjord-

dalen and Lake Guolasjav'ri. The line runs up a mountain from sea level to

800 We

Initial tests caused unacceptable interference at the telephone switch-
board in Birtavarre near the Kafjorddalen end of the line. Since the resi-
dences were all close to the transmitter end of the line, a test was made with
the first 3.6 km of the line 'floating' above ground. This teect indicate?d
that currents above 50 amperes could be used without causing telephone inter-

ference.

The impedance of this line was measured using the same measuring svs:tem
as shown in Figure 1. The short circuit and open circuit impedances are shown
in Figs. 5 and 6. The analysis of the line parameters are presented in tne

repor: in Appendix C. The radia:zion resistance using inductive tuning in 19%.

14
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was estimated to be 0.018 ohms at 1280 Hz. For a 40 A antenna current the

radiated power would be 29 W.

._..«.‘

The earth's conductivity derived from the impedance measurements is

) ~ 1072 S/m. This is about an order of magnitude lower than the generally

Bamat e i

accepted minimum valve for the conductivity of rock. Figure 7 shows the

dependence of skin depth and radiated power on earth conductivity. An inde-

ST TR

pendent estimate of radiated power will be made when the field strength meas-
3 urements made by personnel from the University of Sheffield are made available

to us.
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3.0 DATA BASE

Table 1 contains a summary of the transmission campaigns and the SCATHA
data collected near the Kafjord magnetic meridian., All of the data with the
exception of the October 1980 data has been reduced to spectrograms. Tapes
and duplicate spectrograms have been provided to the Universityv of Paris for

their analysis.

Table 1. Satellite Data Base

SCATHA

Broadband

Dates Location Organization Data

9/27 - 10/4/78 Sortland Aerospace (GEOS)
5/25 - 6/1/79 Kafjord U. of Paris 11.5 hrs
8/4 - 8/11/79 Kafjord Aerospace 8.6 hrs
5/10 - 5/17/80 Kaf jord U. of Paris 10.7 nrs
7/20 - 7/26/80 Kaf jord Aerospace 22,8 hrs
10/1 - 10/9/80 Kafjord U. of Paris 17.3 hrs
Total 70.9 hrs

Prof. Les Woolliscroft, University of Sheffield, made ground-based ELF
zeasurements at Lavangsdalen near Tromso, Norway and at Luonattivager near
Firuna, Sweden. These field intensity measurements will be used to estimate

the power radiated by the antenna.
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4,0 DATA ANALYSIS

Emissions correlated with the transmissions from Kafjord were recorded by
the SCATHA receiver on several days during the various campaigns. The trans-
missions consisted either of a keyed fixed frequency or a continuous wave
swept in frequency. With the first type of transmission narrowband emissions
starting very near the transmitter frequency were detected on May 27, 1979;
August 6, 1979; and July 25, 1980. An example is shown in Figure 8. Four
examples of falling-tone discrete emissions are also likely to have been

triggered.

Both types of transmissions triggered or enhanced hiss at a constant
frequency during fixed frequency transmissions and at a variable frequency in
another case. During swept frequency transmissions there occurred two ex-

amples  natural emissions shifting in frequency by the man-made signal.

An unusual observation occurred on August 6, 1979 when an electron cyclo-
tron harmonic emission alsoc appeared to have been shifted in frequency by the
man—made signal. The frequency of this emission is shown as a function of
time in Figure 9. Near 1730 UT and near 1750 UT the emission frequency ap-
pears to be captured by the TVLF transmitter frequency, 1280 Hz. For a short
time near 1730 UT the spectrum (shown in Fig. 10) is quite unique. The emis-
sion spiits iInto two narrower lines which are reasonably monochromatic and

span the local electron gyrofrequency.

The analysis of these results is continuing. Prof. Garnier has presented
preliminary results at the COSPAR meeting in Budapest, Hungarv, June I-=l¢,

1980 and at the Fourth wWorkshop on IMS Observations in Northern Turcpe in

Issv-les=lioulineauxn, France, September 22-2€¢, 198C. The COSPAR paper is repro-
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duced in Appendix D. Further results will be presented in an invited talk at
the Magnetospheric Wave Injection Session at the 1981 URSI meeting in

Washington, D.C.

Work is continuing on the analysis and interpretation of the data. Two
important conclusions are: (1) that the transmitter signals are rarely
(perhaps never) directly detected and (2) they do not trigger chorus type
emissions. Since the radiated power is believed to be significantly hnigl=r
than power line harmonic radiation it would seem that power line harmonic
radiation should not be directly detected nor should it routinely produce

chorus type emissions in the outer magnetosphere.
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APPENDIX A

' IMPEDANCE AND RADIATION
RESISTANCE OF THE ANDOYA,
NORWAY 60 kV TRANSMISSION LINE

(#. M. Dazey and H. C. Koonms)




1.0 INTRODUCTION

Antennas used to radiate power at very low frequencies and extremely low fre-
quencies (VLF, ELF) must have large dimensions (effective heights of hundreds of
meters) in order to achieve usable efficiencies. Balloons have been used to support VLF

1 2

antennas,” wires have been suspended between mountains® and antennas have been strung

over glacial ice3 in order to achieve the dimensions desired.

Scientists interested in the European Space Agency satellite GEOS, have
expressed an interest in transmitting ELF signals to GEOS using 21.3-km long power line
as the antenna. The line normally carries 60 kV of three-phase power on the Island of
Andgva near the town of Andenes, Norway. The Transportable Very-Low-Frequency
(TVLF) System, presently at The Aerospace Corporation, can generate up to 100 kW and
would be useful for coordinated ELF/VLF experiments with GEOS, SCATHA, ISEE and
other satellites.

Prof. M. Garnier, National d'Etudies des Telecommunication, France, has
measured the impedance of the Andgya line at a number of diserete frequencies with
both an open and short circuit termination in order to determine the tuning circuit
required to operate a 1 kW transmitter in conjunction with the GEOS program. Tuning
circuits become more costly when larger amounts of power are being used. Therefore,
Mr. Mitchell Dazey of The Aerospace Corporation performed complementary measure-
ments to those of Prof. Garnier's by using a sweeping analvzer with a tracking oscillator
to procuce an impedance plot over a wide freguency range. Power line harmonies anc

LF stations are identifiable in the impedance sweeps and their effects can be
eliminated by inspection.

2.0 DESCRIPTION OF THE LINE AND MEASUREMENT PROCEDURES

The Andove 50-kV transmisicn line is 21.3 km long, ancd is strung over somewne!

rugzed hilly terrain between Andenes and Dverberg. At the time of the measurement,

April 28, 1277, there wes 2 to § feet of wet snow over most of the route.

ot e e
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2 area spaced two meters

The line consists of three Fe—Al conductors of 70 mm
apart about 7.8 meters above the ground. The value used for the diameter is 0.00637 m.
The three conductors were connected in parallel for the tests with the earth as the

return conductor.

Provisions were made by the local power company to allow access to the line at
the Andenes end, and to provide an open or short circuit termination upon request at the
Dverberg end. The power company allows use of the line when the main demand load can
be carried by an older 22-kV line, typically between 12 midnight and 6 a.m. local time.

Impedance measurements were made with a Hewlett Packard Model 3580
Spectrum Analyzer. A diagram of the measurement system is shown in Fig. 1. The
tracking oscillator output of the spectrum analyzer was amplified and connected to the
transmission line and the Y-axis input to the analyzer through a 20,000 ohm resistor. An
X-Y recorder was not available, so the traces were photographed with a Poleroid camers.
Amplitude calibrations were obtained by substituting a decade resistance box for the
transmission line and plotting known impedance levels.

3.0 DATA REDUCTION

The besic date obtained in the measurements was the open and short ecircuit
impedance (Zoc’ Zsc) versus frequency over the range from 1 to 20 kHz. Poleroid
pictures of the spectrum analyzer traces were eniarged 2.5 times. Since the analyzer
reticle is not lighted, a grid was addec at the time of making the copies. The analysis
wes besed on measurements of careful tracings of Zoc and Z,Sc such as those in Figs. 22

and 2t.

[n general, the impedance curves indicate & well behaved low-loss transmission
tine, The power line harmonics cause the impedance vaiue to depart from expected
values deiow one xilohertz and thus mev be eliminatec by inspection. The VLE stations
gppear as narrow 'pips’ et the higher {requencies anc a smooth curve is used to connect
the impedance piots wnen troeings are made. Two data sets were taken., The first

wesning 1-20 K&z and tne seconc sweeping 0-1C kHz.
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Figure 3 is a plot of the magnitude (modulus) of the characteristic impedance Zo
as a function of frequency for the two data sets obtained from the following expression:

Zo = VZpeX2lg, (1)

The velocity of propagation vp of a transmission line may be determined from:

Vp = 4 nt/n meters/second )
where fl = first resonant frequency (quarter wave, n = 1)
{ fn = the nth resonant frequency
| J4 = physical length of line (21,300 m)

The effective dielectric constant may be determined from

v, ) o
I o . (3) \
[ Vv € i

where ¢ =3 X 108 m/sec. Figure 4 is a plot of vp/c as a function of frequency. vp/c is
typically 0.74 giving € = 1.82.

Figure 5 is a plot of the inductance and capacitance per meter cf line as &
funetion of freguency as obtajnec from the following expressions:

- . .
= A henrvs/ r
L Lo/ o 7 nrvs/mete

—
s

(S]]
~—

C= l/(Zovp) farads/meter (

where Z0 was taken from Fig. 3 {triangles) and vp wes tegken {rom Fig. 4.
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The resistance per meter as a function of frequency is shown in Fig. 6. Values
were determined from the magnetitudes Zi of the resonances and anti-resonances which
appear in Fig. 2.

For anti-resonance (low impedance)
R =2Z,/21,300 ohms/meter (6)
For resonance (high impedance)

R= 22§/21.3002i ohms/meter

—
-3
~—

Nunn? hes shown {p. 29) that the resistance of the grounc return is independent of
the ground conductivity. His expressions, neglecting wire resistance, is:

R= nlf x 107" ohms/meter (8)

The values {rom this expression are also plotted in Fig. 6.

4.0 ANALYSIS

Two imperiant perameters of a transmission line usec for an ELF,/'VLF antenna

fo
.

The 2omplex input impedance at the opereting freguencies.

(3]
.

The effective height associated with the loop formecd by the concucier:
anc the earth-return current peth.

Knowiedze of the complex impedance allows one to design tuning elements, i

necessary, and determine the current that will be supplied by a power source of known

fe ; ' > e B e ; et : s - LAAT.
irternel impedenze. HKnowieoze of the effective heignt anc ares o the antlenne ioco
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enables one to determine antenna efficiency and radiated power as a function of the
input power.

Ramo and Whinnery5 provide a convenient table of transmission line relationships,
including the general line, a low-loss line and an ideal or lossless line. The "constants" of
a transmission line are: resistance/meter, R; inductance/meter, L; conductance/meter,
G; and capacitance/meter, C.

A number of analytical compromises will be made for simplicity, recognizing that
one could insert expressions for the general line if a refinement of the results is
desirable. If we set G = O, we imply that the insulators are lossless and the dielectric
losses in the earth are negligible. At times we will let R/wL =0, although one can
determine from Figs. 5 and 6 that it varies from 0.23 at 2 kHz to 0.11 at 20 kHz. If
R/w L is not zero the propagation constant is changed slightly, and the characteristic
impedance has & small imaginary te:'m.s

The impedance measurement system shown in Fig. 1 provides the magnitude of the
input impedance for the shorted and oper line as a function of frequency, Fig. 2. The

real and imaginary parts of Zoc and ZS must be determined in order to design tuning

84

networks and estimate efficiency. Ramo and ’vﬁ‘xinnery5 provide expressions for the input
impedances. A typical expression is as follows:

- =7 ( afeosaf <+ singl ~) ()
“sc 0 COSE/ + jojsingy
where
. R _2=f _
0-2-22-, 3= VD,£-21,300m

The resl and imaginary perts of Ecuetion (2) mayv 2e separated elgeoraiceily ler

computation. The Appendix conteins the expression for Zoc anc the separated equive:ent
for Zsc ancé Zoc' Empirical expressions which represent the observed verigiion of the

velocity of propagation enc resistance with frecuency are also shown in the Appendix.

A-14
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{ Table [ is a list of measured input impedances of the Andgya line over the
E frequency range of interest to the GEOS program, with Prof. Garnier’s results include<.
: Also shown are the equivalent inductance or capacite:ice for a simple series circuit. The
results obtainec by Prof. Gernier using bridge techniques were converted algepraically
using expressions presented in the Appendix. While the agreement between the two
methods is not startling, it should be considered reasonable considering the handicap of
considerable line harmonies existing on the transmission line, the unavailabity of an X-Y
[ reccrder, and an element of fatigue associated with travel and the early morning hours

during which the measurements were made.

The determination of the effective height associated with the loop formed by the
conductors anc the earth return is less straightforward than the detemination of the
1nput impedance. Michael Schulz (private communication) has patiently ceterminec the
characteristic impedance of & three-wire line above an infinitely concueting grounc

3 plane:
3
-1/2 , ] s 1.2
Z, =138 ¢ “floglah/d) log . (4h/d) | i=(h/D)".
o 172 2
-2 log 1+ (2h/D)" . i ao
. . 0O - 2 2 - 2.1/
= log “(4h/c)” (1 + (Zh/D) 11 - (h/D)" .
where:
h = height above ground plane
d = wire diameter 0.00687 m
D = wire specing = I m

~
[}

dielectric constant of space surrounding the wires

Tor the case of g transmission line above & conducting eerth, some simpiiving

assumptions must be made:

A-15
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a. There is an effective dielectric constant which may be determined from
the velocity of propogation.

b, The skin depth & in earth is much larger than the 7.8 meter height of the
suspension towers.
c. The effective distance h to an equivalent ground plane in a conducting

earth is given by:

h= (11)

8
V2
The assumption is based on Ref. 4 page 21, where Nunn states that the inductance

for & single-wire line above earth is:

L=p> (2| mm (22)
where:
K = 4 x 1077 henrys/meter
¢ = skin depth associated with earth conductivity
2 = wire radius

This may be compared to the classic expression for a wire a distance h above a

conducting plane:

& o
0 2h . -
L = -7:- ln( 2 ) E/m (13}
Bv using the date from Fig. 3 (circles), 1/,/ ¢ = .74 obtained from Fig. 4. and

Equetions(i0jand(11) we calculete the skin dep:h in the earth as & funection of frecuencr.

This result is shown in Fig. 7.

1
o
[}

3

The power radiated P is & functior ¢f the power eveailable P_, the gener

impeaence. the load impedance and the effective loop area. The TVLF System hes e 300-
ohm output anc a matching tranziormer with taps from & few ohms t2 4% ohms. 7 ins




Fig. 7 The effective skin depth of the Andgya
transmission line (circles). ?he skin depth for uni-

— form conductivities from 10°° to 102 S/m are shown
B for comparison. The best-fit straight line for the
N data points between 1 and 4 kHz is also shown. The
bracket at the aperating point, 2.8 k s com-=- — ;
- puted using o = [(log &, - log §a)l /?jgr/yawhere £, and
= 6o are the observed and best-fit skin depths respectively. :
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load impedance is higher than the generator impedance the available power will be
voliage limited. Conversely if the load impedance is lower than the generator impedance
the power will be current limited. The voltage and current Lmits for & generator with
internal impedance Zg are given by:

Voax = VPa 2, andl =V P2, (14)

The relationship for power radiated is less straightforward. For simplicity,
radiation resistance R is used and is related to the input current [, and the power
radiated by:

P_=I°R (15)
An expression f{or the radiation resistance for long antennas with earth return,

which assumes that the antenna couples into the earth icnosphere weveguide rather than
the energy spreading in the classic inverse square manner, is6

o 0
_@xpft

R, =2l 2 (1
8 ¢“ch.
i

Using
—_
I T
. 0 _—
_— T 2 = 62:f; ; ancy —— =377 ohms
) T o] \ eo
This rhay be written
N 2 £2
- A~
R, = S s L ohms (18
. h: )~“ N 2

|




h. = the ionospheric height, typically 80,000 meters.

§ = skin depth (meters) of the earth below the line (assumed to be
much larger than the height of the line above the earth).

e = 3Ix 108 meter/sec.

¢ =  earth conductivity in siemens/meter
A = wavelength in meters

£ = length of line, 21,300 meters

Ky = dwx 1077 henry/meter

&%= (1/367) x 107 farads/meter

Equation (17) assumes ¢ is uniform with depth and over the length of the line.

We note that the radiation resistance goes inversely as the cube of wavelength,
rather than the fourth power as in classical expressions.

5.0 RADIATED POWER

We will now calculate the radiation expected using the previously determined
parameters of the Andgya 60-kV line. The reactive impedance of a transmission line is
zero at the resonances. If we select the lowest resonant frequency from Fig. 2 no tuning
elements will be necessary. The open-c . it line is resonant at 2.6 kHz with an input
impedance of 71 ohms. Assuming the power available from the TVLF system is 100 kW,
we may check our two most logical impedances. Using Equation (14), we have:

Input Current for

Generator Impedance Limit Mode Value 71 ohm load
300 ohms Current 18.25 A 18.25 A

43 ohms

Voltage 2,024V 29.2 A




We select the 43 ohm output impedance and assume we can supply an input current
of 29 amperes. We will ignore the fact that we could buy or fabricate a transformer
which would give & perfect match and an increased current.

From the best-fit straight line to the data between 1 and 4 kHz in Fig. 7 we find
the skin depth at 2.6 kHz is 910 meters. The radiation resistance from Equation (18) and
the power radiated from Equation (15) are then:

R_= .018 ohms
r

Pr = 15,1 watts

6.0 ACCURACY

The original data were obtained by photographing the spectrum analyzer display
with a hand-held Polaroid camera. The basic data had to be aligned by hand with the
frequency grid which leads to ineccuracies which would not have existed using an X-Y
recorder. Certain physical factors can introduce errors, e.g. the inductance in the short-
eircuit termination, and the non-uniform earth conductivity over the length of the line.
For simplicity it was assumed that the earth conductivity was uniform with depth and
over the length of the line,

Within the limitations of the available data an estimate of the error can be made
from the standard deviation of the data between 1 and 4 kHz in Fig. 7. The results are:

6 = 910 f221862 meters

<, 013
Rr = .018 _ 007 ohms
Pr = 15.1 -+61 15 watte

A=21




The 20-kHz data set (triangles) in Fig. 4 shows a systematically higher
characteristic impedance than the 10-kHz data set (circles) used to obtain the results
reported here. The higher characteristic impedance would predict a larger skin depth
and larger radiated power than the data set analyzed in this report.

Nunn4 has performed detailed theoretical calculations on the propagation of ELF
pulses from a ground-based transmitter to the GEOS satellite. He concludes that a
45 kW transmitter driving an antenna over a ground with o = l.()-4 S/m will produce a
signal at GEOS with a signai-to-noise ratio of 7.5 in the absence of magnetospheric
amplification. He assumes that a duct is required to guide the signal to the equator.

The Aerospace TVLF transmitter is capable of delivering 100 kW to the Andédya
antenna. If we derate the transmitter to 80 kW and use ¢ =1.2 X 10'4 S/m at 2.6 kHz as
shown on Fig. 7 the signal-to-noise ratio at GEOS using the TVLF transmitter will be:

172 1/2

S/N =175 ( %) ( 1.21::_4 ) = eus (=19dB)

7.0 CONCLUSIONS

The swept frequency technique, when used with a narrow-band analyzer, allows
one to measure the impedance of power transmission lines over a wide frequency range.
Impedance data masked by power line harmonics are easily eliminated by inspection. The
measuring technique, applied to the Andédya, Norway 60-kV power line, indicates the
conductivity of the earth under the power line is not uniform. Using a frequency range
that covers several resonances we huave determined the inductance, capacitance and
resistance per unit length, as well as measure the variation of the velocity of propagation
of the line.

Using simplifying assumptions we have calculated the power which will be
radiated if the line is excited by a high power VLF amplifier. Derating the Aerospace
TVLF transmitter to 80 kW we obtain a signal-to~noise ratio at 2.6 kHz of 19 dB at GEOS
based upon Nunn's? theoretical analysis of ducted propagation from a high-latitude

transmitter.




APPENDIX

This appendix is provided for the convenience of those who may
wish to make a detailed check of the results in the attachec report, or
possibly make their own analysis of a similar transmission line,

Reference 5 contains the input impedance relationships for no loss,
low loss and general transmission lines. The low loss relationships were

used mn this report. For a short circuited line:

2 -2 af Cos Bi + j Sin 81
©| Cos B + jat Sin B¢

Separating real and imaginary parts:

z__ = Zo { ot - jlan)?.1]sin g2 Cos 3:1}

Cos® Bt + (ef)? Sin® Bi

sc
For an open circuit Line:

Cos B¢ + jat Sin BL

A = ZO
21Cos B + j Sin BL

oc

Separating real and imaginary parts:

2 = Za at + j{(@s)® -1)Sin Bt Cos 5;1
¢ (@0 Cos? BL+ Sin? g1 {
where
R 27t
s — B = , £=21,300 xx
¢ =2z v =

o P




R = ohms/meter of transmission line

Zo = characteristic impedance- Zoc X Zsc

The quantities vp and R are approximated as straight lines as
a function of frequency in Figures g and 5. For the purposes of com-
putations, the guantities were represeated by the following empirical

expressions:

6

3x10%(2x107%¢ + 0.74) m/sec

<
"

R =(4.8x10"7f + 5.41 x10™2)a/m

where f{ = frequency in Hz

The bridge measurements made by Prof, Garnier on April 28,
1977 were described in a note which was sent to us, The measured
values are shown below together with impedances calculated from those
values. Some measurements were termed '"Maxwell Bridge Measure-
ments' which assume the components {a resistor and an inductance) are
in series. Cther measurements were termed ""Sauty Bridge Measur.ements"
which assumes the components (a resistor and a capacitor) are in par-

allel.




In addition, Prof. Garnier resonated the line with several values
of capacitance, which gives values of reactive impedance, from which

inductance may be determined.

The algebraic equivalents which were used to convert Prof. Garnier's

measurements are shown below:

Reactive impedance, Xl = jJwl

XC

=

Cae
€
“ O

radians/sec

€
"
~N
34

The input impedance Zi of a circuit with resistance R_ in

parallel with a capacitor Cp at an angular frequency w, is given by:

1

1 -j{(wC_R_)
Z. = R (—___..E—P_z>
PP 1+ (WC R

R = RP dhms
s
2
1 + (uCp Rp)
1 ]
Cs = Cp 1+ \ farads
2
C_R
(w p p)

Table II contains the values included in Prof., Garnier's notes

with the values of impedances and equivalent series components as

determined from the expressions above,
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The values of the series resistance R and series capacitance Cs

are:




TABLE I

Prof. Garnier's bridge measurements of the Andoya 60 kV
Transmission Line made on April 28, 1977
with equivalent circuit values

Prof, Garnier's Equivalent
4 1.ine Measurements Series Values Impedance 4
Termi- Freq.
nation (nertz)
_ Resistance | L or C Rs Ls or Cs React. | Total
! MAXWELL BRIDGE
Short 1000 380 031 H 38Q .031 H 195Q 198
circuit 2000 320Q L065 H 320Q .065 H 817Q 877Q

SAUTY BRIDGE

Short 3000 2510Q . 0504uf |]375Q . 059 uf 8950 970Q
circuit 4000 1220 Q .127 pf  [||75.5Q +136 uf 293Q 303Q
Open 1000 |} 10,1002 | 116 uf ‘1839 118uf 13470 1359Q r
circuit 1500 2,70082 {,53 uf 15Q .53 uf 1990 1990 :

2000 26092 | .97 uf “ 23Q 1.07uf 74.6Q 78Q

RESONANCE MEASUREMENTS

C to Re- [Equivalent 1

sonate Inductance i
Short 1000 Tl pf .0357 H 2240
circuit 1500 2 uf .0563 B 531 Q
1800 .1 uf .078 H 882 Q
2000 .07 uf .0905 H 1137Q
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APPENDIX B

THE SORTLAND NORWAY TRANSMISSION

LINE VLF TEST SKPTEMBER = OCTOBRR 1978

(M. H. Dazev)




1.0 INTRODUCTION

Very low frequency (VLF) transmissions from the surface of the earth to the
European Space Agency satellite GEOS and the U. S. Air Force satellite SCATHA can be
useful in studying wave-particle interactions in the outer magnetosphere. The longitudi-
nal positioning of GEOS and the expected orbit of SCATHA makes it desirable to make
the VLF transmissions from Scandinavia.

An informal cooperative program was arranged by Aerospace personnel with the
European Space Agency Personnel, and the Royal Norwegian Council for Scientific and
Industriel Research (NTNF), Space Activity Division. The Aerospace Corporation would
supply the 100 kW Transportable Very Low Frequency (TVYLF) System with funding by the
National Science Foundetion, while the Norwegians would supply a suitable antennea and

meke local arrangements.

VLF transmitting antennas tyvpically have required either large, expensive, perme-
nent structures, or temporary systems such as & tethered bailoon or en airborne long
wire. GEOS scientists have arrangec for the use of & long electrical power transmission
line as an antenna, thereoyv eliminating installation costs and making operation possible

in weather conditions that would destroy a balloon supported antenna.

A 22 km., 80 kilovolt line, referrec herein as the Ancdoys line. wes made aveilable
at Andenes, Norway. Professor Gernier. Centre National d'Etudes des Teiecommunica-
tions, University of Paris, France, measured the impedance at a number of discrete
frequencies with open anc short circuit terminations in order to determine the tuning
eircuit requirec to operate the line with e French 1 kW transmitter in ccniunction with
the GEOS satellite.

The 100 KW TVLF svstem requires a more costly tuning system than the 1 kKW
transmitter, so it was decided to comzlement Professor Garnier's measurements by using
e sweeding osc.llator and tracking oscillator to produce &n impecance plot over a wice
frecuency renge. The mesasurements were completed in June 1877: the exdected
reciated power weas caiculated and reportec in Reference 1.

In Mareh 1978, Professor Garnier anc his people attempted transmissions to GEOS
using ¢he 1 kW transmitter end the Andove line. TUse ol the 8C XV Andove line as & VLT

gntenne reguires the ¢ 2ctricel ioad of the towrn ¢l Andenes 10 De cerried DV en S.ler L.

oa¢ wsg: Rign and o ¢ 2onsecuence the line voitzge &oeplel 2D0roxime A
tnrourhcut AnCenes anl neardy 1owns. The ellowebie voliege drop is 10%. anc. slinough
B-3




it is not documented, the lowered voltage is believed to have caused some appliance
damage in Andenes. No difficulties of any kind were reported related to the local
telephone system. The temporary assignment of the 60 kV Andoya line to VLF
applications had been arranged on an informal basis with the expectation that local
residents would not experience problems. The undesirable consequences caused the
NTNF personnel to be extremely reluctant to make further informal agreements to use
the Andoya line as a VLF antenna.

In June NTNF personnel informed the Aerospace personnel that the Sortiand Line,
a line that ran about 34 km between the towns of Strand and Konstadbotn, Norway, was
available for use as a VLF antenna. The Sortland line was a "stand-by" line, and was being
kept available for use when it was necessary to service an operating line; thus it was not
necessary to do any switching or otherwise cause problems with the local electrical
distribution network when VLF transmissions were being made.

This report describes the operations with the TVLF system with the Sortland line
as an antenna, and the.impedence measurements which were obtained in order that the
radiated power could be estimated.

B-4
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2.0 IMPEDANCE MEASUREMENTS

The impedance of the Sortland transmission line operating in the earth return
! mode was determined by using a tracking oscillator as a constant current source anc
[; measuring the voltage across the input of the line with the sweeping analyzer
synchronized with the tracking oscillator. Details were described in Reference 1. Tests
were made with an open circuit and a short circuit at the Kanstadbotn end.

Analysis of the test results indicated that the Sortland line is not as well behaved
electrically (i.e. as a uniform transmission line) es is the Andoya line. The line runs
approximately 1000 meters from a fjord for 80% of the distance from Strand to
Kanstadbotn. The final 20% is constructed over relstively mountanous terrain. U the
final 20% of the line were disconnected and tested seperately, it would be expectec to
¥ resonate in multiples of about 7 kHz, Perturbations in the impecance curves start at
approximately that frequency. The simple expression, ZO =\/Zsc X zoc’ from which one

can estimate the skin depth, assumes & uniform transmission line.

The experiments planned for GEOS and SCATEA rec = transmissions delow §
kHz. The Sortland line appears to be well behaved bel. that frequency. The
parameters derived from the experimental data below . <Hz are shewr in Table L

TABLE ]
Free space electrical length (1) = 34,000 m
Velocity of propagetion in the
earth return mode = 2.1x 108 m/sec
Incuctance per unit length = 1.57 x 1078 Hv’'m

1a
3x 107" F/m

U

Capacitance per unit length = i4.

Pesistance per unit length = £.8 x 107" x frequeney. ohms/metar

Charegcteristic impedance (Zo) 330 x (i - .0445j) ohms

-5 PV
2T x 4.7 x 10 Tx (L0448 = )

Propegation Constant (7)




Figures 1 and 2 show the experimentally observed short and open circuit
impedances of the Sortland line and are compared with the predictions of general line
equations using the above estimates given and the general transmission line expressions:

ZSC

Zo Tanhy 1

Zoc Zo Coth¥ 1

Since Zo appears to be constant at the lower frequencies it would appear that the
effective skin depth of the earth return current is a constant. The Sortland line consists
of three conductors with a wire diameter of .0128 m and a spacing of 3m. The line
geometry combined with the characteristic impedance of 330 ohms and a velocity of
propagation of 2.1 x 108 m/sec (70% of the speed of light) would indicate a skin depth of
about 850 meters. The rationale for this type of analysis is presented in Reference 1.

The Andoya Line measurements indicated a siynificant increase in the character-
istic impedance below 4 Khz and the calculated vaiues of characteristic impedance
indicated skin depths from 1000 to 10,000 meters. The Sortiand line mesasurements
indicate that the skin depth, 850 m, is essentially constant below 4 kHz, and has
approximately the same value as the distance to the fjord, 1000 m. This result would
seem to indicate that most of the return current travels in the fjord or in the earth
between the transmission line and the fjorc.

There are two possibilities to consider if the return current indeed is traveling
primarily between the transmission line and the fjord. First, the plane of equivalent
radiating loop might be horizontal rather than vertical as would be expected with the
Andoye line. Second, the transmission line crosses the f{jord et agbout the line mid
point.Therefore the equivalent ecircuit might be that of two horizontal loops with
opposite magnetic moments which would cause pertial cancellation of the radiating field.
The uncertainties of the loop geometry make it mandatory to obtein {ar fiel¢ measure-

ments in order to confidently estimeate radiated power.
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3.0 POWER TESTS WITH THE SORTLAND TRANSMISSION LINE

The TVYLF system demonstrated its capability to supply 106 kW to a 30 ohm
resistive load prior to shipment to Norway from El Segundo, California in June 1978.

The two units, the Transmitter trailer and the Engine Generator trailer were
towed across the USA to Bayonne, N. J., and shipped to Bremerhaven, Germany. A
matching transformer, dummy load and miscellaneous parts were carried on g flatbed
truck., From Bremerhaven, the items were shipped to Sortland, Norway, and hauled by
truck to Strand. The available maps indicated that the territory between Strand and
Konstadbotn contained only a few isolated farms. When the Aerospace personnel arrived
at Strand, it was apparent that there were many more farms than indicated on the map,
the farms were quite small, and some were located in close proximity to the Strand
power house. Further, the power company property at Strand was surprisingly smali, and
a storage shed prevented the TVLF components from being separated far enough to make

the required cable bends between the generators, transmitter, matching transformer and 1
: the dummy load.

: After consultation with the Norwegian participants it was decided that the houses
' were too close to the power station to allow operation of the engine generators because ?
of their noise. Therefore it was decided to move the system to the Kanstadbotn enc o:

the Strand transmission line. Some procedural problems were encounterec bv the Norwe- |
gians, because the Kanstadbotn terminal was operated by a different power compeny and
was in a different county. Nevertheless, the TVLF system was moved the 30 km, anc
placed into operation in three days. :

The first low impedance resonance measurec gt Sirenc was at 1,530 Hz in the
oben circuit gquarter wave mode, enc the measurec impedance value was gporoximetely
19 ohms. The opersting frequency was chosen to be 132{ Hz which provides good
separation from both 50 ancd 60 Hz harmonics.

Test transmissions with the TVLF svstem at Kanstecbetn and the §C IV

transmission line as an antenne were pegun on 27 September 187TE. An entenne current

of 40 emperes with ar impedance metch at 11 ohms was selected as en cptimel operating




condition. The maximum antenna current achieved was 60 amperes with a 14 ohm
impedance. However, the 60 amp current caused the engine generators to groan, and the
plate current to operate close to the allowable limit. The 11 ohm impedance match was
somewhat lower than the impedance measurements and theory would have suggested.
However, it was the point when the matching elements of the TVLF system indicated the
best match. Later events indicated 40 amperes was more than sufficient to create
effects which would terminate this first portion of the project prematurely.

Figure 3 is a plot of power output versus frequency which indicates the antenna
bandwidth to be about 220 Hz to the 1/2 power points. The 60 amperes current
represents about 50 kw into a 14 ohm load, or 40 kw if the load is 11 ohms. The failure
to achieve 100 kilowatts is a matter of some concern, since a 100 kw demonstration (into
30 ohms) was accomplished prior to shipment of the TVLF system to Norway. Investiga-
tion of the discrepancy must be deferred until the system can be operated at some future
date.
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4.0 FIELD ESTIMATES AND MEASUREMENTS

The radiated power was estimated to be 12 to 18 watts by using the following

expressions from Reference 1:

3 (52,2
R, = L X 37T x5 1 = .0067 ohms
R 2 h ()
i VA
- 12 -
and PR = IRR = 10.8 watts
where:
@ =  skindepth=850m
1 = line length = 34,000 m
hi = ionospheric height = 90,000 m
A= wavelength = 200,000 m
RR = Radiation Resistance, ohms
I = gntenna current, = 40 amps

The velidity of the above expression is subject to question because the wavelength

(200 km) is considerably greater than the ionospheric height (90 km).

Field measurements at Andova indicated a value of 100 4 v/meter, for 40 amperes

antenns current, and the distance to the transmitter was 80 km, or .4 wavelength.
4 =

If we assume isotropic reciation over 27 steradians, the relstionship detween

field, E, power, PR and distance, d, is as [ollows:
0’

2 (10.4) x 2
3

= x (80.000)-

rp
ol
it

[§3]

P X217 ¢
R (VI

= 1.06 watts

If we allow for the fact that the 10C u v/meter measured fielC includes &
aomponent of the neer field, the power radiatec, assuming an isotropic pattern, woulc de
about 15% less, o~ 0.91 wetts. The orientetion of the VLF receiver locp an< the
antenne pattern of the Sortlend line were uncertain. Therefore, there is & possibility that
the actual radisted power coulc be considerebly laerger than 0.21 watts.

Unsucecessful ettemnts were made by the University of Sheffield Physier Deperi-
ment 0 Geteet <he signel 2@ & distance of 1600 km with a receiver sensitivity ¢l

; e e momml el e fa g mest e Apt s ¢ R : :
migrovalts Der meter, ThIC 3en3itinilY Iz eZulvelent 1T SelsClion €U an sotrodic redelcT
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into 27 steradians with a power of 1.7 watts. However, the relationship between the
ionospheric height and the wavelength should greatly increase path attenuation, requiring
considerable greater radiated power for detection.

The GEOS satellite acquired data for a considerable length of time while the
TVLF system was transmitting. The GEOS VLF receiving system is highly sophisticated
and incorporates some on-board processing of received data. The "quick look™ data is
believed to have a sensitivity of 5 microvolts per meter (private communication, R. L.
Dowden, Oct. 1978) and the TVLF signals have not been located in the "quick look"
data. Dowden estimates that 20 watts radiated by the TVLF system could result in a
field at GEOS of agbout 5 microvolts/meter. However, transmission is highly dependent
upon conditions in the magnetosphere, so failure to find the signals in the "quick-look"
data is not significant.

The GEOS satellite VLF data also is recorded on "high speed tapes" which have an
ultimate sensitivity considerably better than is available with the "quick-look™ data
system. The "high speed tapes” seem to have slow circulation time between agencies,
and some are more than 10 months overdue at the laboratories which will be looking for

signels from tests with the one kilowatt French tansmitter.

The time span of transmissions using the TVLF system and the Sortland line as an
antenna was {rom 27 September to 4 October, 1978, UT days 270 through 27%7. Detaiis of
the transmissions are shown in Appendix I. It weas hoped that transmissions could be
made to the GEOS, S3-3, and ISEE satellites. however, S3-3 passes came during business
hours which was a time when transmission was restricted. The ISEE transmission wes
completed on schedule. However, the data acquisition station in Spain wes down
resulting in a loss of deta, and therefore the GEOS satellite "high speec” daie is the

remaining possible source of dete from the 187€ TVLF transmissions.




5.0 THE TELEPHONE PROBLEM

It was recognized from experiments conducted by Dick Barr, DSIR, Christchurch
New Zealand, (private communication) that the use of transmission lines as VLF antennas
could be noticed by telephone users. Informal discussions during & meeting of the ATP
(Andoya Transmiter Project) committee at Helsinki in August, 1978 addressec¢ the
problem of telephone interference. It was believed that the chances of serious
interference was minimal because the radiated power was expectec to be only a few
watts.

In March, 1978 Professor M. Garnier, Universitv of Paris, operated with one
kilowatt of VLF power using the 22 km Andoya transmission line with no indication of
interference with telephones. As soon as the TVLF system was placed into operatior on
27 September, telephone ecalls were made from Konstadbotn to Andenes, and from
Lodingen to Andenes. The 1,525 Hz signal was audible, but not sufficien: to prevent
normal telephone conversations.

On the evening of 30 September, 1978, the son of the Konstadbotn Power House
engineer visited the TVLF instellation and said there were several reports of the TVLF
tone on the telephones close to the Strand transmission line. At that time the TVLF
operators estaeblished the policy to transmit & "minimum annovance” pulse pattern, one
which had sufficient "off” time to ellow emergency telephone messages to be trans-
mitted, anc & very short "on” time. As soon as practical, on Sundey morning, October 1
the Ancdoya Rocket Renge personnel were advised of the situation. The range personnei
suggestec the problem might result from a few telephone subscribers with improper
grounds or unbalanced lines. It was then decided that the "minimum ennovance" pulse
patierns woulC De continued, end most of the transmissions wouic be scheduled for iete

et night when it was expected phone usage woulc be minimel.

On October z, Rocket Range personnel advised thet compleaints of telephone
interference were increesing. On October 3, & controllec test was conducted with the
Locingen Telephone Company cooperating with their instruments. Tests were mede with
ow {continuous weve) signels at 20, 30 anc 40 amperes. Upon the conclusion of the tests,
the phone company statec that undesirabie interference existed at ali leveis of antenns
current, end thev suggested we avoid business hours.

~
(=]




L
[P S

a—

Three hours of "minimum annoyance"” transmissions were made with the assistance
of Norwegian Scientists during the early morning hours of 4 October. Later in the
morning of 4 October, the Rocket Range personnel received a Telex from the Oslo
Headquarters that ordered all transmissions to cease. Further information suppliec
indicated that interference was observed at a considerable distance f{rom the Soriland
transmission line and particular concern was expressed regarding a PCM (pulse code
modulation) system and a Maritime VHF radio.

On October 5, an all day meeting was held at the Rocket Range at which & plan
was devised to break the Strand line outside the town of Siegerfjord, the largest town
near the Strand line and the source of numerous complaints, and conduct a test with
telephone company instruments on their critical circuits. It should be stated that all
parties involved, including the Norwegian Teledirectorate, demonstrated a strong com-

passion and cooperation for allowing the scientific experiments to continue.

On October 6, the line was shortened. Low level tests incdicated the open circuit
resonance wes at 2.7 kHz (as compared to an estimatec 2.5 kHz). In accordance with our
agreements of Octover 3, current wes to be limited to 5 amperes. A 5 minute test was
conducted at 5 amperes, after which the telephone company notified us that we were 20
db over the allowable level for interference. Presumably 1/2 ampere woulc be the
acceptable level. While there is some uncertainty regarding the impedance, the 12
ampere level incicates a power dissipation of approximeately 5 watts, and & radiaticn

level of 100 microwatts.

Subsequent to the tests it was requested that. in the future, applicetion tc

~form transmissions should e made tc the Teledirectors:e, Since review c¢f

'Q
]

».

applications to transmit takes some time, it was clear that further VLF transmissicns

were not 7eesible until ancther antenne wes loceted, anc cousling to telephcne svstems

in retrosoect, it shoulc be stgted that the populsation density es inferrec {rom our
meds wes significentlv uncerestimated. The locztion of mzjor teiephone lines between

the Stenc line (with outgoing VLF current! anc the {jorc. which carriec or confined the
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The annoyance factor was underestimated at first because it was not realized that
the telephones in the area lacked bells, and signaling was done by tones to the
subscriber's phone. Therefore the VLF signals came through even if the telephone was
hung up. Furthermore the town of Siegerfjord is one of the few in the world with a
manual switchboard and the VLF tones were an irritation to the operators who must
spend their shifts wearing headsets.

Two important facts were not appreciated as they were discussed in the GEOS
planning stage: (1) radiation below 10 kHz does not require a frequency allocation, it
does require authorization, and (2) electromagnetic fields can cause interference even
though the associated radiation is negligible. There could be minor variations in
regulations in different countries; however, the wording and intent are adopted at
international meetings, and the regulations are essentially uniform in those countries

that are members of such groups.

The Norwegian experimenters will obtain the approvel of the Norwegian Teie-
directorate prior to conducting further VLF transmissions. Telephone coupling tests will

be completed before high level transmissions are startec on a new transmission line.




6.0 FUTURE PLANS

There is continuing interest in establishing a VLF transmission capability from
Norway. In a Telex dated 21 December, 1978, Jan Holtet, University of Oslo, states that
contact has been established with a power company in Tromsoe that is willing to allow
use of a nearby power line which runs in mountain terrain, and that the University of
Paris people are willing to do 1 kW transmissions when permission has been obtained
from the Teledirectorate. It should be noted that interfering fields and ground currents
from a 1 kW transmitter are 1/10 those of a 100 kW transmitter, and results from the
smaller transmitter may be extrapolated to the larger one with confidence. Enough data
has been obtained from the past impedance measurements to allow good estimates of
tuning requirements for another transmission line, although the frequency and impedance
of resonances should be checked to see if the line is electrically well behaved.

Although use of an established power transmission line is the most promising
solution to the antenna problem, alternate solutions have been considered inclucding the
possibility of eonstructing a VLF long wire (20 to 30 km) antenne on poles. The poles
would have to be high enough to allow circulation of animals, and minimize the danger
from human contact. In general itis felt that land acquisition problems and construction

costs are incompatible with funding availability.

A modification of a dedicated line, laying an insuletecd cabdle on the grounc or on
the snow, was discussed. Some consideration would have to be given to near f{ield
dielectric losses, and high mechanical integrity, i.e., safety of casual passersby.

A third alternate would be to utilize the Max Planck Institute for Aeronom:

1

Ionospheric Heating experiment et Ramfjordmoen, near Tromsoe, Norwey, &s & VLT

transmitter. Reference 2 suggests that, when electro-jet conditions are satisiactery,

from 100 to 500 wetts coulc be radiatec at 1 kHz. Good progress was cbservec in th

th

installation of the Max Planck heating eguipment, however the operetiong dzie it
uncertain untii start-up problems, if anv are identified.
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7.0 SUMMARY

The 100 kw TVLF system was transported to Norway, and placed into operation
with a 34 km 60 kV transmission line as a VLF antenna. Impedance measurements
indicate return currents were probably affected by a fjord which was approximately 1000
meters from the 60 kV line. Field strength measurements at a distance of 80 km
indicated a radiated power of 0.7 watts. Four days of transmissions to the Satellite
GEOS did not result in observable signals in the "quick look" data, although GEOS VLF
receiver data with considerably greater sensitivity is forthcoming. Interference with the
Norwegian phone system was reported, and was attributed to the location of the
telephone lines between the 60 kV line and the fjord.

Alternate methods for VLF transmissions to satellites from Norway include
location of a transmission line remote from telephone lines, laying out a long wire
antenna on the earth, or using the Max Planck equipment near Tromsoe for VLF
modulation of the electrojet. Arrangements are progressing for use of another
transmission line near Tromsoe, however, other alternatives are receiving careful

consideraticn.
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APPENDIX

TRANSMISSION LOG OF THE TVLF TRANSMITTER/SORTLAND LINE

27 Sept. - 4 Oct. 1978

The standard operation conditions were 40 amperes antenna current at 1525 Hz
unless indicated. Times are in UT (Universal Time). Frequency was phase stable unless
marked "Engineering Test". Transmissions started on even minute, but may have stopped
& minute sooner than indicated below.

The on-time is given first, then repetition rate, i.e., 10 sec/30 sec would be 10
second pulses repeated every 30 seconds.

Description of other pulses are given at the end of the log.
27 Sept., UT Dayv 273

1200 - 1530 Intermittent Engineering Tests, 30, 40 amperes
1530 - 1610 30 Sec/60 Sec engineering Test, On at 10 sec past minute

28 Sept. UT Day 274
1000 - 1340 Intermittent Engineering Tests, 15 to 60 amperes
1340 - 1400 Engineering Tests 30 sec/60 sec

29 Sept. No transmissions

30 Sept. UT Day 273

2035 - 2041 cw

2051 - 2133 Porcupine/60
2133 ~ 2140 1/8 sec/1/2 sec
2140 - 2200 Off

2200 - 2300 Porcupine/30

1 Oct. UT Day 274

1600 - 1720
1720 - 1830
1830 - 1920
1943 - 1953
1953 - 2022
2022 - 2030
2030 - 2106
2106 - 2243
2243 - 2252
2252 - 2400

10sec/60 sec
10sec/30 sec
isec/S sec
Off

1825 Khz, 20 amperes 1lsec/Ssec

Off
Pattern 81
1sec/S sec
off
lsec/Ssec




{ 2 Oct. UT Day 275
0000 - 0220 1lsec/Ssec
0220 - 0300 10 sec/30 sec
0300 - 0857 Off
0857 - 1130 1 sec/5 sec
1130 - 1507 Off
1507 - 1721 10 sec/60 sec
1721 - 1803 Off
1803 - 1816 10 sec/60 sec
1816 - 1901 Porcupine/60

3 Oct. UT day 276

1303 - 1335 Intermittent cw tests, 20,30,40 amps. (Telephone tests)
1335 - 1442 Off

1440 - 1443 Intermittent cw tests, 30, 40 amps.

1443 ~ 1444 cw, 30 amperes, 4500 Hz

4 Oct. UT Day 277
0215 - 0221 1 sec/S sec 20 amps
0221 - 0319 1 sec/5 sec/40 amps
, 0319 - 0400 Off
‘F 0400 -~ 0442 10 sec/60 sec
0442 - 0447 1 sec/2 sec 4525 Hz, 15 amps
‘ 0447 - 0501 1 sec/2 sec 4525 Hz, 20 amps
0501 - 0523 5 sec/30 sec 4525 Hz, 20 amps

Porcupine/30 and Porcupine/60 consist of a 4 second pulse sequence, six pulses
with on-times as stated and off-times as in parentheses, in fractional seconds: 1/8 (3/16)
3/16 (1/4) 1/4 (1/4) 3/8 (3/8) 1/2 (1/2) 1, then off for the rest of the period with 30 or 60
seconds repetition rate as indicated.

Pattern 81 is a series of pulses with varying lengths and amplitudes repeating every
100 seconds.

ew: Continuous wave, sine wave of constant frequency and amplitude.
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APPENDIX C
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KAFJORD, NORWAY TRANSMISSION LINE
VLF ANTENNA TESTS, 1979-1980

(M. H. Dazey)




ABSTRACT

The 100-kW Transportable Very-Low—Frequency (TVLF) system was used at
Kafjord, Norway, for transmissions to the SCATHA and GEOS spacecraft. A 22-kV
l4é~km long transmission line was used as an antenna. Modifications were made
in the line to reduce telephone interference, and components were designed and
installed to reduce the resonant frequency, and increase the antenna cur—
rent. Final practical operating current was 40 amperes at 1280 Hz which
resulted in power dissipation of 72 kW and an estimated radiated power of 29

watts.




Background

The cost of a very-low-frequency (VLF) antenna is usually a major portion
of the operating costs when performing magnetospneric experiments with VLF

transmitters.

The members of the GEOS S5-300 Experiment Scientific Board proposed using
power transmission lines for antennas in a program to transmit VLF signals to
the GEOS satellite. A 60-kV line was made available for tests at Andoya,
Norway. Impedance measurements indicated that the line would be satisfactory
as an antenna, however, local residents experienced troubles with appliances
which were serviced temporarily with a 22-kV line. A 60-kV line was located
in Konstadbotn, Norway which did not require customers to receive service from
an inferior line and preliminary transmissions were made using the 100-kwW TVLF
transmitter running at currents as high as 50 amperes. Severe telephone
interference was experienced. This was attributed to the fact that the line
ran within a few hundred meters of a fjord, and most of the telephone

subscribers had residences between the line and the fjord.

A third line was located in a remote part of Norway, about 300 km from
Tromso near the town of Kafjord. The line was approximately 15-km long and
there were a few telephone subscribers near the Kafjord end of the line. Low
level tests indicated serious telephone interference in the nearby resi-
dences. Since the residences were all close to the transmitter end of the
line, a test was made with the first 3.6 km of the line 'floating' above
ground with the current being inserted into the ground at the 3.6-km point.
Tests with subscribers and the telephone switchboard indicated that currents
considerably above 50 amperes could be used without causing interference in

the telephone system.




The OJperati-g Mode of Transmission Line Antennas

i1 zhe simples: configuration, a transmission line antennz ¢an Se z2nsi=
dered a rectanguiar loop antenna with current going our on the transmission
line wires, rerurning to ground at the far end, and returning in the ground
back to the low ootential side of the transmitter. When VLF currents traval
in the ground they penetrate large distances because of the skin depth pneno-
aenon and the lcw frequencies involved. Therefore in its simplest form the
araa of the loop antenna is given by multiplying the length of the transmis-

sion iine by the skin depth at the frequency of interest.

An early concept of a transmission line antenna was the Beverage antenna
which utilized a terminating resistor as a load at the far end of a long wire
to avoid detuning and high voltages which could result from resonances. If
the line insulators can tolerate the high voltages, more current can be ob-
tained by operating the line at a resonant frequency, and the terminating

resistor is eliminated as a source of power loss.

In the interest of safety and ease of design high—power transmitters are
usually operated at high currents and relatively low voltages, which consti-
tutes a low output impedance. A transmission line a quarter of a wavelength
long with an open circuit at the far end provides a low impedance for a trans-

micter and is the preferred ~- -rating mode.

Our studies indica.. .hav F currents in the ground encounter a resist-~
ance per unit length, Re/m, which is independent of the earth resistivity and
is only a function of frequency, £. The resistance value appears to be Re/m =

107 x £ ohms/meter where f is the frequency in Hertz.




In acddicion :to the resistance described above, there is an added resist=-
ince when ground stakes ar2 used to connect the low potential side c¢f the TVLF
ivstem o the aarth. This resistance is caused by current concentrations near
tha staxkes and 18 a function of earth resistance, the numper of stakes used
and their placement. For simplicity we assume that the ground insercion
rasistance is independent of frequency. Based on our measurements, the value

can be as low as a few ohms or as high as 100 ohms.

An advantage of a quarter—wave open-circuit antanna is that only one

connection to the earth is necessary.

In general, when a transmission line i{s provided the quarter wave reso-
nance does not occur at a desired frequency. For transmissions to the SCATHA
and GEOS satalliites the desired frequency was about 1300 Hz, based on the
expected electron gyrofrequency at the location of the spacecraft., We find
the typical propagation velocity in transmission line antennas to be about 0.7
the speed of light for the lines measured in Horth Norway., The desired length

of a transmission line for quarter wave resonance is then given by:

3 x 105 X o7

7% 1300 40 km

L =

As a practical matter, {t {s difficult to arrange the use of power trans-
mission lines because of power company constraints, and the lines that have
been made available are usually shorter than 40 km. The shorter lines may be

electrically lengthened by adding the proper components.

In the 1979 campaign, the Kafjord line was lengthened by adding capaci-
tors at the far end. There were several voltage, frequency and current re-

quirements for the capacitors, however, specifal units were obtained that

Cc-6
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> the complete svstem.
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Ia the 1980 cawmpaign, a special induczor was constructed at the TVLT
transmizter site and connected ia series with the Cransaission Line achlieving
zhe necessarv reduc:icn in resonant frequency with minizzl inzrazse ol circcuit

Tssistance.

Cetails and performance results of the TV.LF—-antenna combination are

discussed below.

ta

lectrical Characteristics of the Kafiord Line

It is desirable to determine the electrical parameters of transmission
lines being considered for VLF antennas for a number of important reasons.
The design of the tuning elements, if necessarv, aoust be based upon the expec-~
ted iampedance of the line and the desired operating levels of voltage and
current. The series resistance, Rs, determines how much antenna current can
be supplied by a power amplifier with a given amount of power and a known
output impedance. The characteristic impedance is related to the skin depth

in the earth and estimates of this parameter allows one to determine the

expected radiated power.

Figure 1l illustrates schematically three of the Kafjord, Norway transmis—
sion-line antenna configuratiouns. Note that in all three cases, 3.6 km of
elevated line was used to transmit the power to the 10.6 ka of line which was
the actual antenna. Impedance wmeasurements were made in all three configura-

tions and estimates of inductance/meter, capacitance/meter, characteristic
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Inoedances were xeasurecd as described v Da:z

hY
n
2]
[
:)
T

u
~

measuranent technique provides the modulus of the impedance, razher than the
reactive and resisciva farms, alincuzh z2: points of
one can assume the impedance is purely resiscive, The sain Zepth varies
siznificantly with fra2quency and cthis causes siznifican:t changas in the char
acraristic impedance and the velocitv of propagation. Since the total line
included a l.9~km portion with fixed impedances it appeared :zhzt there wer:z

=00 many variables to achieve an anaiytical solutiona, so trial-and-error curve

firting methods were adopted.

The shorz circui: and open circuit iopedance values of the XKaliorl line
are snhnown in Figuras 2 and 3. The analytical expressions for the shor: circ—

cuit and open circuit transmission lines are shown below:

The general transmission line formula is:

2 (2, cosh 8 + 2 sinh 9)
7 = 0 L 0
i Z cosh 3+ Z, sinh B9
o L

where Zi = {input impedance of line in ohms
2, = characteristic impedance of line
Z; = load at the end of the line

8§ = ele~trical length of line at the frequency of interest.
For Figure la, Z; = 70 ohms for the short circuit case aad infinity for
the open circuit.

The input impedance of the 10.6-km section of the line, that is the

izpedance looking into the line at the 3.%-ka point, is given by the above

c-9
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axpression with the oroper loads substituted. I we call this {opedanca

3.4 We nave a load resistance for the 3.6-km sec:zion of line ziver by:

[
4
.

If this Z; 1s substituted into the general transmission line formulsa,
cogether with the new electrical lengths and characteristic impedance, 300
c>nms Zor the 3.5-km line, we obtain the input Iimpedances at the transmitzar
end of the Kafjord line. Since most of the values are complex, the inpu:
iapedance is complex. Therefore the total wmagnitude, or modulus, aust Se

sbtained for comparison.
The transmission line expressions were programmed {n a TI 359 calcula-
tor. The assumdtions and procedures used for the trial and errvror fitting wera

15 fxllows:

L The earth resistance was assumed to be given by Re/n = 107 x £ ohms
zerer.
2. The value of the insertion resistance at the 3.6-km point was estimated

from the first minimum of the open circuit impedance curve bv subtrac:ting
the earth resistance.
3. The value of the insertion resistance at the short circuit, -t far end »f¢

the line, was estimated from a somewhat risky extrapolation of the oper

circuit impedance to zero frequency, and subtracting the insertion re-
sistance at the 3.5-km point.

4. The 3.7-ka seczion of line was assumed, based on wire diameter and spac-
ing, to have a constant impedance of 500 ohms and a propagation velocitv

of 1.0, with negligible resistance.




stimates were 2ace of Z, and v, {n the region of < aacd 3 kdz, the Ire-

te2ncies OI rasonanc2s and anti-rasonances in the shers circuei:z and open
1nTIoit zzsas.  la 3s2meral, the low impedances represent 2ssentiallv the
of all 2lements, as 2odifie< dv the J.3-ka section

0f line, The high impedance represents the value o:l:

% is mainly dominated by the value of Z,. The location of the minima

anc maxiza are determined by v_,. As used in this revor:z v_ is the propa-

gation velocity divided by the velocity of light, ¢, in Zrea spaca.

5. Values of 2, and v, vere triec until good fits to the experimental curves

were obtained. That is, the peaks and dips had proper magni:tudes and

/,

frequencies. This was done at 4 kHz, and repeated at 3 kiz.
-

7 The inductance/meter, L/a, and capacitance/meter, C/m, were then deter-

mined f{rom:

[}

A
/D =

denrvs/meter

C/m = Farads/meter

The results from the above assumptions and the curve fitting are shown in
Table 1. The calculated values of the capacitance increased and inductance
decreased with frequency, as expected, since the ground currents flow closer
to the conductor as the frequency is increased. The experimental data is not
sufficiently sensitive to provide the functional relationship between induc-

tance, capacitance, and frequency, so a linear relationship was assumed.
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Fvem L and C, wve can calculasz 2 nd o

(v
1
b
4
[
L]
{
4]
2]
"
[}
[¢]
3
o
1
'y
"
W
a
[
(1]
3
0
o

Vp a 1/(c v LC)

Curras showing the variation of Z, anc v, with Irscuency, 3s calculated

the axpressisns above ara shown iz Fi

inz of the Xafiord Line

The Kafiord line resonated at 3.8 kHz in the quarter-wave open—circui

-

-

mode. OCperational requirements made 1t necessary ©o operace a:

pe

1 1279 this frequency was obtained by adding capacitors o

line.

Simple trigomometric expressions are usually adequate for 2stimating the

value of the capacitance required and the expected losses. 3ased upon earlier

reasurements, it was assumed that the line would have a characteristic impe-

dance of about 350 ohms (somewhat less than the 417 ohms obtained fram the

results presented in Fig. 4), and a velocity of propagation of about 0.7 c.

The 1impedance of a short circuit line operating below its resonant fre-

quency when measured at the open circuit end is given bv:

Z = jZ tan @
oc o

where

g - 360 x 14,200 x 1300 _

2
31.6
3 x 103 X o7
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X, = 330 x zan 31.5° =213 2
5T
! 7
C = - - = 3,5 x 13 farads
27 x 1300 x 215 *

Operating high voltage, high current capacitors at any other frequency
chan 5C Hz requires special consideracions and mos: manufacturers would prefer
that wvou act use their products in that zanner, It was possible zo obtain
capacicors with the standard loss factor rating, a series conductor resistance
rating, and a wattage rating. From the specifications it was possible to
determine an array of capacitors which could be used, althouzh a0t at the
naxinun power desired. The capacitor specifications are given in Table 2.

It was estimated that at 1.3 kHz, the total capacitor current would be 35

amperes for an input current of 40 amperes from the TVLF system. The total

voltage at the capacitors would then be 8,000 volts.

Twenty capacitors were purchased and pairs were connected in series, then
ten pairs were connected in parallel, so the voltage on each capacitor was
divided in 1/2 and the current was divided by 10. The losses could then be
calculacted for each capacitor:

Dielectric Loss = Power factor x voltage x current

= ,001 x 4,000 x 3.5 = 14 watts

Conduction Loss = (Current)2 x conductor resistance

o et A ¥ S vy 4 e b et




Taszle 2.

Conductor resistance, ohms
Power dissipation, W

Total Lapacicance, uF




haiia

. )
= (3,3) x 0,25 = 3 warts:

f3r 3 :ozal of L7 watts. Since the cavaci:zors were onlv razad for 1T watts,
:ar: Was taxen o operata 3t lass than 20X duty cvcle. The waltaze rating .S
s B V9 . - 4z -5y 1 <An & - Asmanics- .l NS
sased zn a %0° sa2mperatura rise. Tae location ¢f the cacacizcrs on e top of

a mountaia where there was a steady cold breeze would probablvy have allowed up

)
~ .
-

12C% Jucy cvele without much danger oI overheating.

ur
O

The eguivalent series ra2sistance of :the capaciltors was:

17 S
= = & ]l,4 ohms.
2

3.

g
[P]
s

4

The net resistance for the series—parallel arrav was about 2.3 ohms, which was

negligible compared to the earth insertion resistance.

Figure 5 shows the impedance vs frequency curve with 0.46 uF capaci-
rance, The minimum impedance at resonance, i.e., the total series resistance,
is the parameter that determines the antenna current possibie with a given

arount of transmitter power., The allocation of resistance is as <ollows:

Insertion Resistance at 3.6 xkm =2 252
Ground Transmission Resistance = 14 ]
Insertion Resistance at Capacitors = 50 Q

Total = 84

Since all the current {n the line does not go through the capacitors, the
apparent resistance is somewhat less than the 70 ohms determined as described
in the previous section. The current which does not go through the capacitcrs

is returned to the earth as displacement current along the length of the line.
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‘ atsoziva Toninn oI othe Xalfori Line
.
-z - ~ Ay - P I -~ o~ e  mwaen o P -a -z = -
- = LJOIUTN3T L3 DAZC22 ZRTaee PO Sl DRl Sy 272 Th:: TTzo SSlo3L
- - T a - - .. Y - - - vz .. 2 =m s S - -- -
LlTE, Ine T2as:2nant IT2QUIRNIY WiLoL 23 Ta2lucsl. I w8 TZ4% L0E 33ame ITzlenTi 23
.
F . 4 - < - . . Y—— - S - < . -~ -
15 in the orevious section we may detarmine Ina va.ue Iot Inhis induciznce.
4 - - R - ~ -
Tha {apedance of an odpen ¢irzuis line is ziven dv:
¥
3 - <
- - - 3 I a3 A 2 ~
2= =2 =22t & =330 =3z 31,5 = =323 1
; b 3
3
Tince this is zapacitative, <his may Se zuned br oan Inducctance wiih cne

559 .

T W m———— aTn darmrwsg

- a7 x Tio0 i nan r
< Loul

vpical inductors have high losses at high €fregquency because the conduc-

~ors are irmersed in their own alternating magnetic field causing eddy cur-

Tants. The large equivalent series resistance zav Se Teduced by using

(Y]
|4 )

'spen' construction at the expense of increasing the length, spacing and size
of the conductors. The final inductor design was based on Grover (1946) and
Terman (1943). The physical and measured electrical parameters of the

inductor are given in Table 3.

The measured results were within reasonable agreement with the calculated

values.

A 50-foot roll of soft copper tubing was sufficient for =2ach laver.
Tubes were soft soldered using a bputt joint. Spacers were glass melamine.
Assemblies of 12 layers were fabricated at El Segundo and shipped by air to
Tromso for final assembly of the full 120 layers at the site of the TVLT

transmitter.
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3kin Deoth and Zarch Resiszivice

The skin depth of the electrical signal in the earth nar be determined iF
the characteristic impedance and propagation velocity of a transmission line
are Xnown. Cxpressions that have been derived to relate the characiasriscic
izopedance of a line to the dimenmsions of the line, wire size, spaciang, and

nheight above ground assume a line of infinite length above a perfaecily con—

ducting plane.

For a three-wire line above a conducting ground plane, the characterisczic

{impedance is given by

1/2

1/2[[log(éh/d) log {(4h/d) [1+(h/D)2} }

Z =138 ¢
Q

1/2 2
-2 {1ogll + (Zh/D)Z} Vol o

-2 5 /2

+ log {G4h/d)3(1 + /D)%) (L + (aDyT)
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| . = n2izat asova zTound slane
i
: = wire dizmeter
! rs .
D = wire spacing
t
! < = dielsctric zcnastant cf space surroundiny In2 WwWirsas.

2 darez, we can Jetermine che effeszcive depch I zhe curren:z, h, Irs: tha2
] atove expression, since the relationship between dieleciric comnsiant and

veloeicy {s given Sv

The parametars used to evaluate Zg. (1) ara given ia Table . The value

of 1 is found to be 3440 meters. The relationship between sxin depth, 3, and

ais

or & = 4860 meters.

For a homogenious earth the value of the conductivity obtained from the

eguation

s = (8% mgu)t
o
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1t
O

2sulc 11 vilues of earth conductivity comsifaraslv smaller taan tne ncrsmallc
acceprad nainilaum values obdtained elsewherea using other measurement tech-
Alcues. The low values of ccnductivitv and :cnsequently skin dasshs riald

larger racdiated powers than would be expected. IZ {3 not practical, within

Ine scope oI this a2

'
ray

or:t, to decermine the cause of the discrepancies, iI zhev
2xisc. Scme possible sourcas of error include earth inhomogzenisty cr end
effects, wnich may bde important because the ansr-arent skin depth is the sazme

crder o9f magnitude as the t

Q
cr
oM
[
o
({3
a
[t}
"
r
[}
rt,
r
p
17
3
1]
b}
i

Radiazion Resistance

The radiation resistcance R, for a power line loop antenna can be obtained

from (3ernstein et al., 1974)

W
t>

w

The value obtained for the Kafjord antenna parameters in Table 3 is R, = 0.018
ohms. For a typical operating current of 40 amperes, the radiated power, Pr =

2
I1¢ R,, is 29 W.

Field strength measurements were made at Lanvangsdalen and Kiruna during
the 1980 campaign by the University of Sheffield personnel; however, results
are not yet available. These field strength measurements, made a reasonable
fraction of a wavelength from the transmission line, are expecrzed to p»rovide

data for a better estimate of radiated power in the near future.
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wnich do n0% cause a significan:t increase in ervor.

However, the neight of the conduczors, n , is a sensizive Iinczion 3I Zre

1naracteristic impedance, 2, and th2 srovagation velisitv, v . The 2r1iatlcc
Iot the :thrze-wire line in terms of h appears =5 Se intractable, ~owevar, i-e
equation Zcr a singlie~wire line as a funczion of h, is given bdy:

a

h =3 (10)

Z /138 v
2 ° ?

If the value of the exponent is the order of 1.0 a 10X error in Z, causes
about a 26% error in the value of h. If however, as is the case with the
Kafiord transmission line the exponent value is about 4, the error ia h for a

13X arror in Z, is about a factor of 2.5,

Since the radiated power zoes as the square of the skin depth, the power
estimates could vary widely if there are errors in the measurement or the

assumed model,
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APPENDI¥ D

VLF TRANSMISSIONS FROM KAFJORD (NORWAY) TO SCATHA
(M. Garnier and G. Girolami, University of Paris

H. Koons and M. Dazey, The Aerospace Corporation)
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ASSTRACT

Interactions in the megnetosphere between man made VLF waves and electrons
can produce either an enhancement of the wave ar the generation of wavess at
a different frequency. Furthermore the frequency of a natural signal can be

shifted by a nsarby transmitter signal.

Injection of VLF waves in the magretns:' -ye was Iinmitiatad in 1878 in Norway
by both University of Paris anc 2ercsca o Corpcration. The antenns is a
1S km power ling tuned at the trars-it.ud fregquency. The 1 Kw transmitter

used for the phenomericng rszortes ~ars _riyos the antenna witn a maximum

m

current of 8 Amps. The tre-~smiztar 37 «+'35 can =2 rac

ivec either cn board

e

GEQS 2 cr on boarg SCATHA, US spacscra“ launchec

rs

a2 January 1979,
The first transmission campai- tcox zlazz in May 1373,

Signals correlateg with the transmissions wigra rezccrdad on May 28 n

ancd
th . 3 . -~ -~ 1 -~ >
May 27 . The transmissions consistec 2itrer in a 2T Hz keyed fixad freguency

e
or in a continucus wave swep=s in ‘requancy frcm 1330 Rz o 2530 Hz.

With tha first type of transmissiaon, signals lzz2<i~z likz ®LR were recorced
no. -
on May 27 Frem 21,42 to 21.83, thnen arc:

ot

nd 22.30 Four 2xamplas of ASE are

likely to have been triggsrec. On May 237 Soth tyces cf transmissions &trigg

(37

rec or ennanced hiss at a constant freguency cduring 1230 Mz transmission or

at a varianle freguency in the other cassa,

During swept frequency transmissions two examples of natural emissions shifted

in frequency by the man made signal occured.

I - EXPERIMENTATION AND SIGNAL PROCESSING

As soon as 1375 it was proposed to try ta transmit man made VLF signals to
GEOS. An antgnna was to be built in Swecden hut becauss aof the price of this
operation it was decided to use a power line as an antenna. A first line was
tested then in Norway near Andenes, in March 1572 it was pessible to try

sransmissions to GEOS I, nevertheless the use of tnis line brought impcrtant

D-3
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perturbations to the Norvegian pawer distribution network so that it was

|
necessary to stop the experiment. i

Another power line was found near Sortland and the Aerospace Corporation’s

TVLF transmitter was operated in October 1978 for transmissions to GEGS,

an example of the signals received will be presented later. During the
1525 Hz keyed transmissions, so strong interferences with the telephane

network took place, that we had to stop transmissions.

A third and last power line was proposed by Norway in 1979 near Kajford. It

R B S A

é runs on the mountains over 15 kms and can be used all day long without any
interference on the telephone network. Transmissicns took place in May 1979,
August 1979, May 1980 and will start again in July 1380.

Except an example for GEOS in October 1978, in this paper we will describe
the preliminary results got during the May 1873 transmission campain ;

during this period GEOS II was or,but the datas have not been processed yet.
and the US spacecraft SCATHA launched in January 1379 was then on the Kajford
magnetic field line during about 2 hours per day.

The power line used as an antenna was tuned at ciffzrent frequencies from
1200 Hertz to 2500 Hertz by a variable coil. The transmitter wes @ 1 Kw ampli-

fier.
Two kinds of transmissions were performed :
A) 1280 Hertz keyed fixed freguency transmissions : 4 sec ON 8 sec OFF
B) Linear swept frequency transmissions from 13570 Hz to 2550 Hz at the rate
of 30C Hz every 178 seconds. This rate was chosan in order to be consistent

with the sweep rate of the GEOS VLF receiver. Ouring these swept frequency

transmissions, the antenna was tuned evary 300 -z at 1500 Hz, 1800 Hz,

2100 Hz and 2400 Hz, it was then possible to gat 2 maximum antenna current
of 8 amperes. Compared to the sweeping time,the switching time of the

tuning circuit was very short.

Analog tapes, provided by the Aerospace Corporation, were processad at tha
University of Paris. Spectral analysis was performed with a real time FFT

analyser connected to a laboratory computer. It was then possiple to get either

ol 2 NN TR R Y
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full bandwith FFT analysis or a FFT magnifying of any part of the spectrum

in real time. A brightness modulation of the graphic display unit of the
computer by the successive computed spectrums, enalles to get “he usual vidsos
spectrograms. The sottware written for thiz operation has the following procer-
ty : whatever is the amplitude of the input signal, the result of the =77 is
multiplied by the convenient power of 2 in order to remain inside the cynasiz
range of the brightness modulation. It is then possible to detect very weak
signals and the spectrograms displayed on figures 1 to S must be read in the
following way : an increase of the signal level will not bring a blackening

of the spectrogram but a decrease of the whole noise level.
II - EXPERIMENTAL RESULTS
A) MAGNETOSPHERIC HISS : MAY 260 1373.

A few samples of the spectrograms performed on May Zsth are displayed figures
1 to 4. Figures 1 and 2a display the signals received between 13.35 UT and
13.50 UT. From 13.36 to 13.40 no transmission took place and the every 16
seconds switching from the magnetic antenna (maximum of noise) to the electric
antenna will be noticed. During this period the spacecraft receives anly s
faint magnetospheric hiss between 120C Hertz and 1800 Hertz buried in noise.

A 1280 Hz transmission (B O T) begins at 1340 UT, from ti:en the hiss level
increases and its bandwith decreases (figure 2a). The amplification of the
hiss due to the interaction with our transmission can reach 1% decibiels. Thig
hiss amplification no longer exists while at about 1400 starts e swept fraguen-
cy transmission and the frequency of the faint natural hiss is centered araund
1400 Hz. During 3 minutes from 14.02 UT to 14.05 UT when the transmitted fre-

guency are rather close together, there is again & hiss amplification.

This amplification begins again at 14.12 UT with a fixed frequency transmission
and lasts up to 14.30 UT the end of this transmission (figure 3al. The amplifi-

cation is then of 15 decibels.

From 14,20 UT to 14.42 UT a swept freguency transmission,which leads to a hiss
amplification from 14.34 UT,was performed. Ouring this transmission the hiss
frequency cacreases from 1400 Hz at 14.34.30 UT to 1100 Hz at 14.42 UT while

the transmitted fregquency increases.
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The hiss frequency is again constant and even increases slightly (figure 4p)

from 14.42 UT the beginning of a new fixed frequency transmission.

From these results the evidence of a strong correlation between the transmis-

sions and the hiss level can be concluded. The up ta 15 decibels amplification

starts with the fixed frequency transmissions or takes place when the frequency
of the swept frequency transmission is close to the natural magnetospheric hiss
one. Between 14,24 UT and 14.42 UT the amplification processes take place all

along the sweep and the frequency of the magnetospheric hiss varies in connec-

tion with the transmitted frequency.

B) NARROW BAND EMISSIONS : May 27°" 1a79

The spectrograms presented for May 27th are the results of magnifyirg FFT

centered on the transmitted frequency. The center frequency is 1280 Hz for
fixed frequency transmissicns and is sweeping during the swept fregquency trans-
missions s0 that in the latter case a fixed frequency signal may lead to a
negative slope as on figure 6a and to a nsarly horizontal line when the trans-

mitted sweep has been received as on figure 3b and Bc. -
The horizontal lines at 1140 Hz, 1280 Hz end 1380 Hz are £0 H» harmonics recor- 5 ﬁ
ded on the tapes with the signals and no S0 Hertz harmonics due to the european

power network are datectauvle.

Before 21.42 UT,the beginning of the 1280 Hz transmission.only 60 Hz harmonics

and noise are detactable (figure S)}.After 21.42 UT a faint 1280 Hz signal

is amplified with a slight (% 20 Hz) frequency shift. This signal which looks
like the PLR described by Helliwell is likely to have been generated by the
transmission. Between 21.52 UT and 21.55 UT the frequency of the emission in-
creases - is held quite constant near 1300 Hz - then is turned around near
1350 Hz, these two frequencies being power line harmonics. This phenomenon is
similar to the wave weve interaction between power line harmonics an~ Siple

sigrnals reportsd by Helliwell and al.

A steady signal et 1280 Hz is detectable after 21.57 UT and between 21.53 UT
and 22.01 UT 4 examples of ASE witd about a 24 seconds period are detectable

only when the noise level is low, that is on the electric antenna.
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ALY

We beliegve :hat these emissions have been triggered by our transmissions.
The 24 seconds period is correlated with the 12 seconds keying period of our
transmissions and can be explained by the fact that - due to the noise level-

ane signal out of two is not detectabls on the magnetic antenna.

Two swept frequency transmissions were detectable - figurs St hetween

21.38 UT and 21.40 UT and figure Bc bhetween 21.18 UT and 21.18 UT - and gave
rise to steady signals on the swept frequency spectragrams. These emissions
ars again connected to wave-wave interactions, since while looking at wide
band spectrograms one can observe natural signals whose constant freruency is

perturbed when the swept frequency becomes close to it.
IIT - INTERPRETATION

All the emissions reportec here are related to wave-wave and wave particles
interactions, unfortunately the transmitted wave and its keying were not clearly
detected because of the very low transmitted power. So we bring the prcaof that
there 1s apparently no amplituce threshold for such interactions. Nevertheless
ong has to take into acccun: rhe fact that wave particles interactions and
consaquently triggerec emissicrs are likely to bDe observed when the wave frequen-
cy is nearly equal to half tre eguatcorial gyrofrequency. On May Zsth while

we were transmitting 1280 ~: at 13.45 17, the equatorial gyrofrequency on the
geostationnary orbit was 250 Krz. Cn May 27th this equatorial gyrofrequency

was around 2200 Hz. On these two days the condition

; ~ _f8E

wave 2
was then satisfied.

The absence of keying on the received signals can be explained by an increase
of the magnetospheric processes time constants when the frequency decreases
or when the L parameter increases. The phenomenons reported on figures 5d and
Se last at least 10 to 20 times more that the ones reported by Helliwell.

In order to prove this hypothesis calculatiouns have to be undertaken, and a
slow keying has to be used for further experiments, this was done in May 1380

when the keying coce was 20 sec on 20 sec off,
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In October 1878 during 1525 Hz transmissions to GEOS the keying code was

g 10 sec ON and 20 sec OFF, spectrums integrated during 3 ten seconds intervals
clearly show on figure 7, the presence of emissions related to the keying

‘ during the third period. Further processing of the datas will confirm this

preliminary result.
§ IV - CONCLUSION

Emissions related to the VLF transmissions were detected on the SCATHA space-
craft receiver, in spite of the very low transmitted power. when the transmit-
_ ted frequency is close to half the equatorial electron gyrofrequency. There is
1 apparékffsvggvamplitude threshald for the magnetospheric amplification which

was around 15 decibels. The magnetospheric processes time constant seems to
increase with the L shell value so that the keying of the transmissions was

{ only detectable while using a slow code.
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting
experimental and theoretical fnvestigations necessary for the avaluation and
application of scientific sdvances to new mnilitsry concepts and systems., Ver-
satilicy aad flexibility have been developed to a high degree by the laborato-
ry personne] in dealing with the msny problems encountered in the Nation's
rapidly developing space systems. Expertise in the latest scientific develop-
mants is vital to the accomplishment of tasks related to these problems. The
laboratories that contribute to this research are:

Aerophysics Lab y: Asrodymsmics; fluid dynamics; plasmadynamics;
chenical kinetics; enginsering mechanics; flight dynsmics; heat transfer;

high-power gas lasers, contimuows and pulsed, IR, visibie, UV; laser physics;
lasear resomstor eptics; laser effects and countermeasures.

Chenistry and fes Lab ory: Atmospheric resctions and epticsl back-
s : vadistive transfer and atmospheri: tranesmission; thermal and state-
specific rvesction vates in rvrocket plumes; chemical thermodywamics and propul-
sion chemistry; laser fsotope separstion; chemistry and physice of particles;
space envirommental sed contamination effects on spacecraft materials; lubrics-
tion; surface chemistry of insulators and conductors; cathode materials; sen-
sor materials and semsor optics; applied laser spectroscopy; atomic frequency
standards; pollution and toxic materiasls monitoring.

Electronics Ressarch Laboratory: Electromagnetic theory and propagation
; micr and semiconductor devices and integrated circuits; quen-
t_ electronics, lasers, and electro-optics; communication sciences, applied
electronics, superconducting and electronic device physics; millimeter-wvave
and far-infrared technology.

Materisls Sciences laboratory: Develor of new 1als; composite
aaterials; graphite sad ceramics; polymeric materials; weapons effects and

havrdened materials; materiale for electronic devices; dimemsiomally stadle
materials; chemical sad structural analyses; strees corrosion; fatigus of
astals,

Space Sciences Laboratory: Atmospheric and ionospheric physice, radia-
tion from the atmosphere, demsity and composition of the atmosphers, aurorae
and airglow; magaetospheric physics, cosmic rays, gensration and propagatfion
of plasms waves in the magnetosphare; solar physics, x-ray astronomy: the effects
o! nucxur explosions, magnatic storms, and solar activity on the esrth's
e, 1 phere, and magnetosphare; the effects of optical, electromag-
nue. and particelate vadiations in space on space systems.







