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ABSTRACT

This report describes a 40 kilowatt transmitter designed {or
investigating electromagnetic wave propagation in the earth at frequencies
from DC to 3000 cps. ‘The transmitter uses a dipole antenna consisting
of two surface electrodes between which a current can be passed
through the earth. A brief description of the receiving equipment and

some experimental data are included, and a discussion of the related

theory and field strength prediction is given in the last section.




I. INTRODUCTION

The primary purpose of the transmitter descri‘bed in this report
is to provide a signal source for investigation of signal strength and
Attenuation in the earth as a function of frequency and position relative to
the transmitter at the lower audio and sub-audio frequencies, A similar
experimental investigation has been performed by Dunnl at a higher power
and at a fixed frequency of 400 cps in which the radiation field was con~
sidered; however, with the relatively lower power and the one kilometer
electrode spacings used here, the radiation field at the frequencies in
question is essentially zero and measurements deal with only the induction |
field of the antenna. As shown in Figure 1, theﬂlelect'ric field produced by
the transmitter at electrodes A and B is detected by a receiver which. |
measures the poteptial between two receiving electrodes m and n. The
receiving system is located at some distance R and angle 8 with respect to
the transmitting electrodes and electrodes m é.nd n are at some angle #.
The potential measured at the receiving electrodes is a function of R, 8
and B; the electrode spacings; the tranamitting electrode current; and ine
character of the earth in the general vicinity of the 't;-ansmitter and re;eivur.
The dependence of the signal on the earth structure affords the possibility of

determining at least the gross features of the earth structure beneath the

measuring site, This is accomplished by matching experimental results




with theoretical results based on assumed earth models., This procedure |

is sometimes refez;red to as the dipole-dipole methodz of subsurface
:esistivity sounding, and a Special‘ case is the four-electrode met:hod3 in
which the transmitting and receiviiag electrodes are along a comnmon line.

The transmitter design incorporates three basic considerations;
na.melglr, reasonably high output power capability, with continuously variable
operating frequency and. portability, |

Following a description of the basic transmitter components, é.
brief discussion of the ieceiv‘mg equipment and examples of data taken in

the Austin area will be given,
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 Il. TRANSMITTER .

" The basic functiort of the transmitter is to inject inté the tranamitting
'electrodés a high direct current (up to 100 é;mperee) which can be reversed
B oAb will, or can be periodically reversed at any frequency up to a maximum,
| 'vto produce‘a square wave alternating current (up to 200 amperes peak to |
’ Y""Efpen.k) in the electrodes and through the ground, The transmitter can switch

up to 400 volts for 2 full output power of 40 kw. The basic components of
f’:the transmi.tter denigned to accomphsh this are given in bl°°k diagram -

L £orm in Fxsure 2, and complete c:rcuit diagrams are given in' the Appendix.
P "'i‘f"ﬁ:’Dxre ct current fmm a high current DC- supply is appli d to the transmitting
:,‘*’.‘ : ':"”.'.."'flvvv:.electrodea throu.gh a silicon controlled rectifier (SCR) uwitching bridge

I’ “‘-,circm.t. which. is ca.pable of reversing on command the power supply polarity

- a.t the electrodes. Switchmg command is given by voltage pulses from the
\ "'fﬁswi.tchlng bridge .control, circuit, which may be exther controlled manually,
. . or driven periodi'ct.lly by a function generator,
| A fast circuit breaker, also an SCR circuit, is inserted in series
e _wtth the nwitching bridge. Actuated by the circuit breaker control. this
ibrea.ker opens if thé current exceeds a preset limit or if the temparature
_ ' of any one of the &CR'& gets too high, The breaker can be operated manually

with ""on' and "off'" buttons.
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BESTAVAILABLE GOpy ©

COMPLETE TRANSMITTER
FIG. 3.




The tvansmitter, except for the two power transformers, is entirely
contained in one standard 19-inch relay rack as shown in Figure 3, The
lower half of the rack contains the switching bridge, the power supply rec-
tifier, and the cooling fan. In the upper half are the control circuits, They
are, from top to bottot.n-, the Hewlett-Packard function generator, the cir-
cuit breaker control, the switching bridge control, and the control circuitry
power supply.
| The silicon cox;trolled rectifiers and the ordinary silicon rectifiers
for the high current power supply are .stuci mounting devices which require
external heat sinks, ‘Figure 4 shows thg";chassis containing the switching
bridge, which has four SCR's and the circuit breaker, which haé two SCR's,
The foréed-air-cooled heat sinks, th.e tops of which can bé seen in Figure 4,
are mounted in vertical air passages made of insulating material, The |
nearest four are for the switching bridge, Figure 5 shows the power supply
rectifier chassis with the cover removed, The heat sinks are in mountings
similar to the SCR heat sinks and the spacing is the same., Whan mounted
in the rack, as shown in Figure 6, the rectifier and the switching b;idge
chassis are stacked so that the cooling air blower (bottom of rack) can
force air up through both, The SCR and rectifier junctions dissipate about
100 watts each at full current and the heat sinks are designed to dissipate

this power while maintaining the rectifier junction temperatures below the

maximum ratings in ambiéuts up to 130° F..
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A. DC Power Supply
A d:atailed schematic diagram of the power supply, along with
~the output voliug~ "wave-form, is shown in Figure A-2 of the Appendix.
Transmitter power is derived from a 240 volt, 60 cps, 3-phase source
which must be capable of deliverying over 40 kw if the transmitter is used
at maximum power. For portability, a diesel-powered generator has been
used with this system, AC power is passed through a 3-~phase variable
autotransformer capable of continuously varying the cutput voltage from 0
to 280 volts rms at 90 amperes. The output of the variable transformer is
fed through a 3-phase 30 kva: continuous duty transformer bank which can
be w&e- or de}ta-connected with 1:1 or 1:2 primary to secondary turns ratios,
This transformer bank provides possible voltage step-up and DC isolation
between the transmitter and the AC power source, This transformer bank
limits the transmitter to intermittent operation at full power of 40 kw.

The vutput of the 3-phase transformer bank is rectifiea by a
full-wave, balanced bridge circuit using 100 ampere silicon rectifier;. The
DC component of the output voltage is 9’5. 5% of the peak line to line vo],ta.gé e

j
at the input to the rectifier, The peak to peak ripple voltage is 14% of the
DC voltage and is at a frequency of six times the power frequency or 360
cps in this case,
No attemapt is made to filter this ripple voltage; however,

since the rectifier bridge has a very high impedance to reverse voltage at




the output terminals, a capacitance of 50 uf is placed across the output to

lower the impedance to reverse voltage spikes and to fast forward voitage
spikes which could exist across the source inductance,

The power supply output is continously variable from 0 to over
400 volts DC so that the transmitter current may be set to any value up to
the maximum.

A . 005 ohm resistor Rb is inserted next to the neutral in one

phase of the variable transformer to serve as a current sensor for the cir-

cuit breaker control,

B. The Silicon Controlled Rectifier
The silicon controlled rectifier (SCR) is a triode semicon~-
ductor switching device which has two stable states of conduction. The cir~
~cuit symbol is shown in Figure 7 with an outline drawing of a high current
SCR. The SCR can block forward or reverse Anode to cathode voltage with
"very small leakage current or can be made to conduct relatively high forward
(a.node to cathode) current with extremely low voltagé drop, The SCR opera- °
tion is somewhat analogous to the thyratron in that forward conduction is
initiated by applying a brief signal to the control gate. The SCR can then
be turned off only by reduction cf the forward current to a low level known
as the holding current,
1, Conduction states
First consider the p-n junction shown in Figur, 8.

When electrically neutral p« and n-doped semiconductor materials are
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placed together, the majority carriers (holes in the p-material and electrons
in the n-material) diffuse across the junction into the adjacent material. An '
electric field is produced across the junction between the diffused carriers
and the medium from which they came; and this field, which is in the direc~ '
tion frum the n-material to the p~-material, tends to confine the diffused |
carriers to the region of the junction, It is in the direction to oppose the flow
of majority carriers across the junction, but minority carriers are acceler-
ated by the field and thereiore cause a‘steady flow of ininority current ac"r‘o'ss
the junction, This curren.t, which is the saturation current I' of the jungtioz;,
is primarily dependent upon the minority carrier density and does not chalmge'* ”
appreciably as the field at the junction varies. |

If there is no externally applied voltage, as in Figu& 8a,
the saturation current tendé to reduce the field at the junction and increate
the flow of majority carriers, or the injection current Ii’ in the 'o;.:p‘oaite_" L
direction, suéh that eduilibrium is finally reachéd when the injection current
equals the saturation current ax;d the net curré_nt glow across the jungtionlvi.a; B
zero..

If reverse voltage is applied externally to the p-n junctio;x-_; -
as in Figure 8b, the field at the junction will be increased and the injection
current will be reduced, There will then be a nei reverse current flowing

through the junction which is Ir = Is - Ii' This will be a very small current

since the minority carrier density is low.
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If forwax;d voltage is applied, Figure 8¢, the junction field
will be reduced,_‘ and injection current will be increased so that there is a
net forward current of If = Ii - IS. This forward current can be quite high
compared to the reverse current if the majority carrier density is high
enough. This corresponds to the conduction state of the junction, whereas
’ t!te junction is in the blocking state when reverse voltage is applied,

The SCR is-composed of our layers of alternated p- and
n”-type silicon as shown in Figure 9a, producing three p-n junctions. Due to

rtia.jority.'ca.rrier diffusion across the p-n junctions, the potential distribution

from anode to cathode in absence of externally applied voltage will be as
ghown m Figure 9b. |

o Now consider the application of a forward voltage (positive
m.'anode to oath.qde) Referring to the nomenclature of Figure 9, the anode
m;}-'cathode junctmna w:.ll now be. forward biaeed but the control junction

} be reversed biased, blocking forward current, However, there will

This sa.turatmn current flows as i.njection current at the anode and

»exo.‘
ca.thodo Junctions. This condition corresponda to the "off'" atate of the SCR.
If reverse voltage is applied across the SCR, the control
ju:ncti.on will be forward biased, but the a.node and cathode Junctions will

both be reverse biased, blocking the flow of current, Aga.in a amall 1eakage

current will flow. This reverse current in the SCR will be the saturation
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current at the anode and cathode junctions and will be approximately the
same as the forward leakage current,

Now suppose that forward voltage is applied to the SCR
and a high forward current is somehow made to flow, This current must
flow in the control and blocking layers as minority carrier current, These
minority carriers are accelerated by the field of the reverse biased control
junction, and if the current density is high enough, the accelerated minority
carriers will multiply by collision in an avalanche effect and produce excess
majority carriers in the control and blocking layers near the control junction.

‘At the same time, the high injection current at the anode and cathode junc=-
tions produces clouds of minority carriers in the blocking and control layers
near the anode and cathode junctions respectively. These charge clouds are
. of opposite polarity to the ones'o;x the other side of the respective layers.,
The ﬁmajority and minority carrier charge clouds are accelerated toward
each other across the blocking and control layers by mutual attraction and
by their own concentration gradients, thus supporting the high current. The
carrier life is of sufficient length in the control and blocking layers that
charge proﬁuction by injection and multiplication far exceeds the 1loss by

- recombination, Forward current in the anode and cai;hode layers is due to
majority carriers,

This condition, iﬁ which forward voitage drop across the

SCR goes to a very low value, corresponds to the "on' state of the SCR and

will be maintained until the forward current is rcduced to the holding
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current, below which carrier multiplication by collision is low enough and‘re-
combination is high enough that the process is no longer regenerative, The
SCR will then revert to the forward blocking (off) state,
2. Turn-on and turn-off
When the SCR is in the off state, blocking forward voltage,

it can be turned on or made to conduct forward current by initiating the pre~

. viously described avalanche effect in a small area of the control junction

and letting this condition propagate over the entire control junction. In this
way, the SCR may be turned on with an amount of power which is very small
compared to th:a power handled by the SCR. Turn-on is accomplished b;r
applying a forward voltage to:a small region of the cathode’junction by .
means of a gate lead attached to one edge of the control layer (the gate 1eé.d‘
is made positive with respect to the cathode lead), causing a high‘:}{ﬂenéity

cloud of electrons to be injected into one edge of the control layer from the - |

cathode layer. This cloud of electrons is attracted and greatly accelerated

by the nearby electric field of the reverse biased control junction; the electrons |

begin producing carriers by collision in a small regionl of the control junc~.
tion and this condition spreads itself over the entire junction, A finite time..
in the neighborhood of 5 u sec¢, is required for the SCR to be fully on. The
gate no longer has any effect after the avalanche condition begins in the
control junction,

__"'_:_1[."3'13-0:1 will also occur if the rate of increase of forward

de.
voltage,?ﬁ—, is too high, causing a displacement current at the junction
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large enough to initiate the multiplication of carriers by collision, Therefore,
this derivative must be considered when applying forward voltage if it is
intended for the SCR to remain off, For most SCR's, the maximum rate of
increase is 20 volts/u sec,

Turn-off is accomplished when the SCR is again made
capable of blocking externally applied forward voltage. This means that the
charge carrier density must Be lowered below the value needed to sustain the
carrier multiplication condition that exists during the on state, Turn-off
will occur if the current is reduced below the holding value, but it is Vaccom~
plished m;:re rapidly by applying a brief reverse voltage to the SCR, Upon
doing so, a shoz;t pulse of qurrent flows in the reverse direction as the
_carriers are swept from the anode and cathode layers; however, due to the

now reverse biased anode and cathode junctions, the charge carriers cannot
‘ ‘ﬂpw from the blocking and control layers and can disappear by recombination
only. Therefore it is necessary to wait a ahort length of time for recom-=-
" bination to reduce the carrier density to a low enough value, after which
A forward vdltage may again be applied, The wal ing tlime depends on the
cérz;ier life of the material used, but is normally around 25 4 sec for most

large SCR's,

C. SCR <Circuit Breaker
The silicon controlled rectifier circuit breaker electronically

switches the DC power supplied to the SCR switching bridge by the power




21

supply. This breaker can be opened and closed manually by push-buttons on
the control panel, and it will automatically open if either the power supply -
current or the temperature of any of the SCR's gets too high., All "off" and
"on'" commands for the breaker are supplied by the circuit breaker control
chassis to be considered in a later section,

Consider the breaker circuit shown in Figure 10a, SCR S5 is
in series with the load and carries the full load current. When the breaker
is open, both SCR's S5 and S6 are in the off state and are blocking forward
voltage, The capacitor Cb is charged to Vb by a charging voltage supplied

by the breaker control chassis.,. Note that S6 must block a forwatrd voltage

equal to the source voltage es‘(t)_ plus V ‘'To close the breaker, a gate

b.
voltage pulse is applied to S5, causing it to turn on and close the circuit, 56
remains off, To open the breaker, a gate voltage pulse is applied to S6,

causing it to turn on and place the capacitor voltage Vb across S5 in the

reverse direction. A short pulse of reverse recovery current flows through
85, after which it becomes a high impedance, and circuit current is momen-

tarily diverted through S6 and Cb. The equivalent circuit for the time after.

»

gating S6 is shown in Figure 10b, S5 remains reverse biased as long as Cb

is charged with the polarity shown, or as long as eb(t) is positive, For S5
to recover its forward blocking ability, this reverse bias must last for a
time At > 25us,

Unfortunately, the capacitor voltage time constant, and thus

the reverse bias time, is dependent upon the circuit breaker load and source
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impedance. If the source impedance were zero, and if the load impedance
were to suddenly drop to zero due to a short circuit, the reverse bias voltage
time constant would go to zero and S5 would not be given time to recover.
However, as will be seen in the next section, the SCR switching bridge
circuit has a series inductance of L =1 mh in the line coming from the power
suﬁply;, Thic iﬁductance, which also functions in the commutation of the
switching bridge, is more than large enough to limit the rate of rise of fault
current to a reasonable value. The source impedance, which is always
greater ‘than zero, will also limit the fault current; however, since this
impedance will not always be known, the circuit breaker parameters were
determined using a worst case condition.

As a worst case, consider the equivalent circuit of Figure 10c
in which the load has been shorted past the commutating inductor L. Also
consider a zero source impedaﬁce. During the time that eb(t) is going from

Vb to zero, the circuit current may be approximated by

iy () = <E°; Vb) 6+ 1, o

where IO is the value of circuit current at which the breaker control senses
the overload and turns on S6 at t=0, The capacitor voltage and the reverse

voltage on 55 can then be approximated by
t

o® = V- & | e o
(2)

I
= . B e 0
\Y t <t
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It is desired that eb(t) go to zero in a minimum of At = 25 ps;

therefore

1

E_+V, 2
v, - (At)” - == At = 0 (3)

8]

T LR e

L [JE S W)
relates the circuit parameters which satisfy the cut-off conditions,

Since the maximum forward blocking voltage for S6 is 500 volts,

this is the maximum allowable value for E + Vb. Let the trip current

Io = 150a. This gives

2
0=V, - 50‘23 (25 x 1078 - 3(5-:9 (25 x 10”9
2x10 °C
v = 3806 x 10°° - (4)
b- T C

If C =40 uf, Vb = 95 volts. The source voltage es(t) = E0
"can then be aﬁ high as 400 volts and, as is seen in the section on the switching
vif'bridge.,_ it is undesirable to operate the bridée above 400 volts. Therefore,
-tﬁe_above §a1ues seem reasonable,

Since an SCR cannot turn on without the flow of forward current,
through its junctions, the breaker cannot be closed without a load, Likewise,

the SCR's of the switching bridge cannot be turned on until the breaker is

" closed. To overcome this locked state, a small resistance Rl’ consisting of

o " five 110 volt panel lamps connected in series, is connected across the breaker.

This provides a load resistance that begins low enough to allow the breaker

' SCR to turn on, and then rises to a much higher value as the lamp filaments

heat up, so that little power is dissipated in this resistance.




v
n

D. SCR Switching Bridge

DC power from the circuit breaker output is applied to the
transmitting electrodes by a silicon controlled rectifier bridge circuit which I
determines the electrode polarity. This switching bridge is shown in
Figure lla where the transmitting electrode resistance is represented by R
in the circuit. Voltage is applied across R by turning on either the SCR's
Sl and S2 or S3 and S4; the polarity depends on which pair is on. The bridge
is self-commutating so that when one pair is tu;‘ned on, fhe other is automati=
cally turned off. The self-commutation i8 made posesible by proper adjustment

of the commutating inductance and capacitance, L and C, for a given value of

R, so that the SCR's of the pair being turned off have the necessary reverse -

bias time and a slow enough application of forward voltage,
1. Commutation
Consider the conditions of the circuit prior to comnduta-
tion. When the breakeris closed, there is at first no voltage across R since

all the SCR's are off. Now if gate pulses are applied simultaneously to the

- SCR pair Sl and S2, these SCR's turn on (represented by solid arrows in

Figure 1lb) and the voltage e(t) rises to the source voltage with a wave form
determined by R, L, and C. If %ﬂ is not too large (less than about 20volts/us)
the SCR pair S3 and 54 will remain off (represented by outlined arrow). Since

the forward resistance of the SCR's is very low (about . 0l ohms for the ones

used) compared to acceptable values of R, it can be neglected here, The

switching bridge is now in one of its stable ''on'" states. C is charged to
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E
V = E, with the polarity :shown and a current of Io = =2 flows through L.

o R
To make the bridge switch and reverse current through R, gate pulses are
applied cimultanaanely to SCR'a 83 and 84, canaing them to turn on and
e capacitor voltage e (t) (initially equal to - EO) across Sl and iSZ '
in the forward direction as shown in Figure llc, Sl and S2 are reverse
biased during the time that e (t) is negative. After a short pulse of reverse
recovery current through Sl and SZ, the internal impedance of these SCR's
becomes very high. If certain conditions are met, Sl and 52 remszin off as
e (t) proceeds to its final value of +E_, and the switching will be completed.

The first condition to be met is that e (t) must remain

negative for the time At which is equ;a,l to or greater than the time Atmin

required for Sl and 52 to recover.. Secondly, after e(t) reaches zero,

.« 4
- (b

I must be less than a given maximum to avoid turning Sl and 82 back

on with high forward displacement current. The third condition is that the

current i(t) must never be negative, since this would turn off S3 and S4 ap&. _ |
cause the voltage across R to go to zero. |
Assuming the above conditions are satisfied, the
voltage e (t) can be represented by the equivalent circuit of Figure 125 for
the time after gating S3 and 5S4,
2. Expression for switching transients
To get an expression for e (t) after switching begins,

consider the circuit of Figure 12a. Let es(t) = u(t)Eo, where u(t) is the

unit step function; L and C have initial conditions Io and Vo, respectively,
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Summing the currents at terminal A gives

or, written in terms of the voltages,

%- -f]:.- [ea-e] = Ge + Cpe,

1 . .
where — isg the time integral operator and

Taking the Laplace transform gives

‘ o
-Eli:i{es'e} * ?II: S [eg - e]dt =
where E(s) = L{e(t)}.
Since

o

1 - +
S. (es-e)dt = Io and e(o™)
-w.

(5)

1
G = ¢ (6)

P is the time derivative operator.

GE(s) + C_E(s) ~ Ce(ot)

L = Vor
E,(8) I B '1‘
8 _ E(s) o ' . B
~ P~ + = = GE(s) + CsE(é? - CVO. . (7‘)_'.. | |
‘ ;|
Solving for E(s), i
E (8)) .+ Iy, .~ v°/ S
E(s) = 8 — LC /c 8 (8)
The characteristic equation,
2 1 .
B + T 8 + "'1":6 = 0 (9)

is of the form




30

2 2
8 +22;wos+wo = 0 (10)

[

where the natural frequency of the circuit is

1

and the damping factor is

-8 /L
L= S 2

Now, letting es(t) = u(t) Eo’ Vo =E_ and I0 =

-

GEO, where Eo is a constant,

the inverse transform of E(s) is found to be

- [ -twt {"“"
E{t) = u(t) E [1 -~ 2e Qwot cos N1 = z,,z wt+ -—-2-£—9 % sin 1-"§.Zm t]
| ° © -2 ©
(13)
The inductor current

ot
i(t) = u(t)-%: S [eB - e] dt

. can be written as

w Wb “tw t —_— Lo t
i(t) = u(t) 10 l—-z-é’- S (—Ze ° cos*\/;;- QZ w0t+ 25 e 5% sindl-gawot\ di

- o “,1";2. /

(14)

The functions e(t) and i(t) have the general shape shown in Figure 12b.

The above expressions were obtained with the assumption

that es(t) was a constant, The power supply voltage wave form, as shown in

Figure A-2, has, actually, a 14% ripple voltage; however, this ripple is at a
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e X
frequency of 360 ¢/s, and each hump on the wave form is 2.8 msec. iong.

Since At of Figure 12b is only about 30 psec, the natural frequency @ of the

commutating circuit can be quite high, and the transients during switching

ik
or

will endure for only & shori ilne luicival Compasrs

supply rippie. Therefore, the souice voltage for the switching bridge can he

ot

assumed to be essentially constant during the switching transients. Eo wil
then be just the instantaneous value of the power supply voltage at the time
the bridge is switched.. Also, due to the comparatively fast response time
of the commutating circuit, the initial conditions will follow the power supply
wave form and will still be related to EO in the same manner assumed
previously.

If the switching bridge is to work into a given electrode |
resistance R.l the necessary values of L and C must be determined in»order' |
that the voltage and current transients meet the conditions necessary for
commutation outlined earlier. | - . | '~
“ Consider the expressions for e(t) and i(t). If they are

divided by Eo and Io. respectively, they can be written as

“Lw t : ' “fw t .
£ e [1oze” *condiotf g a Eo o0 w1t ] am.
E, R °

and =
it 1 -Pu gt I 2¢ .'L"’ot T
T © u(t) [-2--- (-Ze cosNl-§ wot+' 3 e sinN1+¢ wot>dwot+‘1]. _
o o o 1-¢ ' o

16)
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Notice that these are expressions for the voltage and
current normalized to one at their steady state values. They are functions
of only two variablea.’-wot and {; therefore, by plotting e(t.)IE0 and i(t)/Io
as iuncrions oi wot with { a5 a parameicr, two familics of cury g
obiained that represeni the coinimutating circuit under all con
curves can be used in conjunction with Equations (11) and (12) to determine
L and C.

A Pace Model 221R general purpose analog computer,

- ‘con.ne‘cted as shown in Figure 13 was used to obtain the generalized curves for
| "e(t) apd ilt). Co'nsiderl'a.gain t;hé‘ differential equation for the output voltage e(t)

R ;oil the commutating circuit. It can be written in terms of { and w, a8

- | | 2
(M)
. - 0 . ‘
pe = .-Zgwoe + ""'5" (EO - e)o (17)
DiViding by wo and EO gives
© E CCRE T 4R

o "o o )
. N '::.‘. “l . . . ) e
" Let > P, a derivative operator with reaspect to w ts and let T = e', the
S o

_-"lnqrmalil'iz.ed .output voltage. Rewriting and multiplying by -1,

-Pe' = 2e! - -15 (1-e") (18)

The inductor current

i= iC+iR = Cpe + Ge,

and since
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P = woP,
i =wCPe + Ge = =— Pe + Ge.
o 2g
Multiplying and dividing by Eo
C'Eo e g
i = e -
1 ZL E - GEO 5
o o
oT Io
= —— L} t
i 2t Pe!' 4+ Ioe ,
and therefore
1
Y B A t !
i XA Pe'! + e’.
Substituting into Equation {18):
e _ __l__ }__ 1M P A Y 1Q
1t = Zg P 102 €. ("'/)

Figures 14 and 15 show the outputs of the analog computer
recorded values of ~1 and +1, respectively. These curves, along with the
expressions for w and { can be used to determine the circuit values for
proper cornmutation. The voltage e' must go to zero, or cross the Wt axis
in a time equal to or greater than w t axis in a time equal to or greater than
w At ., where At | is the minimum reversebias time which allcws the

min min

SCR's to recover (this time is 25 p sec for the SCR's used).

; de' 1
It is apparent from the plot of ef that =
pparent from the plo e a ot o At at
o o
the axis crossings for { greater than about 0.4. Therefore
de Eo 0 Eo
-_— = = . {20)
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Eo can never be over 500 volts, since this is the maximum forward and
reverse blocking voltage for the SCR'a; also, At can never be below 25usec.

Ra <

Therefore ‘é-:- = 20 volts/u sec, which is the maximum ailowabie vaiuc. Con-
sequently, if At is large enough for commutation, and the damping factor is
above 0.4, the forward voltage derivative will be below the maximum allowable
value,

From the plot of i*, itis seen that the inductor current
will not reverse if { is kept above 0, 3; therefore, any damping factor above
this value is permissible providing other conditions are met.,

Meximum voltage and current ratings for the SCR's,
as given in the ap&)endix,' must be considered when adjusting the operating
conditions. A source vcltage Eo and a damping factor { must be chosen which
wi.l not allow voltage and curreant overshoot to excee;d the maximum ratings.

For easier reading of the values of woAt, a plot of
these values versus damping factor is _ven .n Figure 16. Also, to provide
a better view of the effect of the parameters L and C, Figures 17, 18, and 19
show lines of constant At and ! in the LC-plane for three different typical
values of load resistance R, -

3., Commutating inductor
As seen in the graphs of Figures 17, 18, and 19, for a

given R,At is primarily a function of the coﬂmmutating capacitance C, and L

mostly serves to vary the damping factor. Since a high damping factor is '

desirable, L should be as large as possible; however, since this inductor
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must carry up to 100 amperes its physical size becomes a limitation. A lin:h

inductor was chosen as a good compromise between physical'and electrical
size. This value of L allows satisfactory operation of the switching bridge
into electrode resistances of 15 ohms and below.

The li mh commutating inductor (Figure 20) is wound
with #4 AWG stranded copper and has an internal resistance of 0. 0125 chms.
A large fuse with replaceable inserts for up to 100 amperes is placed in series
with the inductor for protection in case of circuit breaker failure.

4, Commutating capacitor

For é. given load resistance, At is mainly determined
by C. The value of C should-be chosen to wive a At of about 30y sec, or S5pu sec
safety margin over the 25u sec required by the SCR's. Damping factor will
decrease with increasing C, and should it be desired to operate the system
with a reasonable damping factor with an electrdde resistance above about 15
ohms, it would be necessary to increase the value of 1.. However, in this
case it would be more desirable to lower the electrode resistance, if possible,
so that a higher electrode current could be attained.

| A capacitance of 5p f was built into the switching bridge.
It is necessary to add external capacitance across terminals A and B if the
electrode resistance gets below about 9 chms, The built-in céi:acitor can be
disconnected if necessé.ry.

The commutating capacitor undergoes a rapid change in

voltage during commutation and consequently experiences a large current
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pulse. For low operating frequencies the average power loss in the capacitor
is very low and the current spikes are of little concern; however, as the operat-
ing frequency is increased, the current spikes become closer together in time
and the rms current becomes large enough that special consideration must be
given the type of dielectric used in the capacitor. The power lost in the capaci-

tor as a function of frequency can be written as
P(w) = (pf) I{w) E(w) (21)

where pf is the power factor and I(w) and E(w) are the rms va_.lue-s of the sinu-

soildal c'urren,i: and voltage of the capacitor at the frequency w, Since
I(0) = E{w) wC, (22)
- the expression for power loss becomes
P(w) = (pf) wCE" (w), (23)

an.d for a periodic, non-sinusoidal wave form, the total power dissipated is

o givenby
- | | N N
2 .
P_ = Z Pl ) = Z (e CE"w) . (24)
n=1 n=1

- “Iv-l'f'wh_ere N-is the highest harmonic present.

Consider a capacitor operating at 3000 cps with 500

“. volt peak sinusoidal voltage; this will be close to the actual conditions with




the transmitter operating at 3000 cps at full voltage, since at this frequency
the voltage rise time during commutation is a considerable portien of the %al!
period, z:d the sharp corners of the voltage wave form are rounded, reducing

the harmcaic Components, Four this case

~

P, = (pf)(Zw)(3000)[(.707)(50@)]Zc watts

or

P
6‘: = (pf)(2.36x103) watts /pf. (25)
10°C

The power factor of most dielectrics is constant with

frequency over a wide range, Some dielectrics considered for the commutating

4
capacitor ard their power factors are:

p.f
Mylar 1%
Teflon : .02%
Polystyrene N . . 02%
Mica . , . 02%
Mineral oil impregnated“pétper 0.2-0.3%

If Mylar is used

P

C

106C

= (L O1)(2.36 x 10°) = 23.6 watts/uf

or with a 10 pf commutating capacitor 236 watts would be dissipated. i the
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A
i

internal thermal resistance of the capacitor is very high, overheating and
damage to the capacitor will result. For teflon, polystyrene, or mica,

. C '
y = = 0,47 w?.tts/u f;

"10%c

. Iy 5.
?, ,'/ /') EK

hc;wever. due tE the relatively high costs, these dielectrics were not chosen,
The most favorable cd;mpromi'se seemed to be mineral oil-impregnated paper,
which has a loss of 4,7 to 7 watts ju f which has proven to be a tolerable value,
Also the thermal resistance of the oil-impregnated paper is lower, allowing
the capacitor t';o dissipate more heat at a lower temperature. Oil-paper
dielectric capacitors are used for -the circuit breaker as well as the switching
bridge.
5, Ope‘i'ating frequency range

During switching, the voltage e(t) goe.é from -Ec % 0
in a minimum of about 30 us., Also, if d—%%ﬂ remains essentially constant
until e(t) reaches +Eq as it dpes for low values of ¢ (0.2, 0.4, etc.), another
30 usec is required t§ reach +E<;' Therefore, this imposes o‘n‘the 6perating
fre.quency a minimum half period of about 60 pusec, allowing a possible oper=~
ating frequency as high as 8.5 ke/s, giving a triangular wave output voltage;
however, at the low dan;ping factors, the current i(t) can reach several times
L in this half cycle, making it necessary to operate at reduced current.

If ¢ is large, say 1.4, so that the current is well

behaved, the minimum half period becomes about 130 gsec so that the




inaximu . operating frequciacy is now 3,8 kc/s. The trunsient voltage e{t)

should be carefully adjusted and monitored when operating at the extreme fre-

quency mimits,

E. Control Circuitry
Both the circuit breaker and the switching bridge are controlled
by applying voltage pulses to the SCR gates at the proper time. [t seems
desirable to first consider the gate driving circuit which is used on all but
one of the SCR's of the system,
1. Cate driving amplifier
The positive voltage and current characteristics of ;;n
SCR gate are those of a forwar'd. biased p~n junction. These characteristics,
shown in Figure 21 for the SCR's usesi in this system, vary widely from one
SCR to another of the same type; aiso, one 5CR will not require the same gate
voltage and current for turn-on as another, The shaded region in the plot of
figure 2l represents the region above which any SCR of this type will turn on;
therefore, if a gate driving circuit is to turn on any SCR of this type, its out-
put load line must pass beyond the shaded region. Other conditions are
imposed on the driving circuit by the maximum allowable voltage, current,
and instantaneous power which can be applied tu the gate without causing
damage. The driving circuit load line must be below these limits,
The SCR gate drivers ‘used in this system are cathode
foilcwers of the form shown in Figure 22, Their output is coupled to the

control gate by 10:1 step-down pulse transformer which provides a lower output
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impedance and DC isolation between the SCR and the control circuit, This
cathode follower circuit has an open circuit output voltage of 8 volts with an
output impedance of under 40 ohms, 1Its load line, shown in Figure 21, passes
just beyond the shaded region of the characteristics so that just over minimum
required power is appiied to the gate, \

The cathode follower circuit of Figure 22, which is used
in the circuit breaker control, has zero grid bias and is driven to cut~off by a
negative pulse, The cathode followers used to drive the switching bridge SCR's
are the same, except that they are-biased to cut-off and driven to saturation
with a positive grid pulse,

Z. Circuit breaker control

The circuit breaker control, shown in block diagram

form in Figure 23, provides tura-on and turn-off gate pulses for the SCR cir-

cuit breaker, and charges the commutating capacitor C A complete circuit

b
diagram is given in Figure A-~-4 of the Appendix,

The '"on'" pulce for SCR S5 is produced manually by push-
ing the "on' button on the control panel, This causes relay RY=-2 to switch a
small capacitor, initially charged to 250 volts, onto 2 2000 ohm to 50 ohm
voltage divider, The gate voltage for S5 is taker from across the 50 ohm
resistor,

The "off" pulse for SCR S6 can be produced manually

with the "off'' button on the control panel, or it can be generated by the tem~

perature or current trip circuits, The "off" pulses from the three possible
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sources are applied to the gate of $6 thxrough a diode "OR" cir ~uit, which allows

any one or more of the three pulseé to turn off the breaker,

The temperature trip circuit senses the stud tempera-
ture of each of the six SCR's in the transmitter by means of thermistors Tl
to Té fastened to the SCR mount;mg studs, The thermistors are mounted as
shown in Figure A-3 go that they are electrically insulated from the SCR studs;
g;aod thermal connection is made through a silicone heat sink paste. As shown
i.n the schematic diagram, each thermistor serves as a element of one of the

- a:.x AC Wheatstone bridge circuits composed of the 200 ohm resistors and the

e Vo sy b 40 e

- potentxometer TS-l. The potentxometer serves as two legs that are common

_t.o all six bridges. The thermistor resis.ta.nce goes down with increasing

./ ‘temperature and is approximately represented by

‘R (T) = R (T )e T ', : (26)
T - ‘ o
o ;"-'v‘v‘he-'re, Ro is the thermistor resistance, p is a constant peculiar to a particular

"..j:,“l_":';tvh"e;mistor, T is the therm istor temperature in °K, and T is a reference
| emgq;atﬁfe in °K. The thermistors used have a resistance of 1000 chms at
.Z_\S:TC.,_‘G:?"ohma at 100°C, and 38 ohms at 120°C, Potentiometer TS - 1is
. ;;;justed sc; that the thermietor bridgés are unbalanced at room temperature
and ajﬁproach balance as the temperature rises and the thermistor resistance
‘goea down. The bridge is adjusted to balance at a temperature above that at
“which the breaker is to trip, so that the bridge output voltage is still decreas-

. . ing when the temperature passes through the trip level.

’
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The bridge outputs are attached to a diode "OR" ciricuit
which acts as a least voltage follower and its output is exact]‘.y. the voltage
existing on the bridge whose thermistor is at the highest temperature, The
"OR'" circuit output is rectified and filtered to produce a DC voltage which
decreases as the highest temperature rises, This DC vol\tage serves as the
input to a Schmitt trigger circuit VZ that is biased to switch when the thermistor
temperature reaches the desired maximum, Potentiometer TS-2 is adjusted to
set the desired switching level, by substituting a resistor, corresponding to
the trip temperature, for one of the thermistors and adjusting TS-2 to reduce
the Schmitt trigger input until it switches, The Schmitt circuit switches at
about 12 volts input with respect to ground.

The Schmitt trigger output, which falls in potential when
the circuit switches states, is coupled to a cathode follower Vl which drives the
SCR gate,

The current trip circuit derives its input from the. 005

ohm currert sensing resistor R, in one phase of the variable transformer,

b

The voltage drop across this resistor is stepped-up by a 48:1 transformer,
full wave rectified, and passed through a DC operational amplifier and onto

the input of the Schmitt circuit V This Schmitt circuit drives the cathode

3'
follower V4 in the same manner as does the temperature trip circuit.

To adjust the trip current level, the DC amplifier input
is first shorted by energizing relay RY-4, and the balance potentiometer Z-1

is turned to unbalance the amplifier until the meter M-5, on the breaker
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contro} panel, reads the trip current. With RY-4 still closed, potentiometer
CS-1 is then adjusted in the direction to decrease the output voltage until the
Schmitt cirauit V3 switches ‘states. The amplifier is then rebalanced with
its input shorted.

The DC operational amplifier in the current trip circuit
was added to achieve flexibility in deriving bfeaker inputs from other sources
or sensors than the current sensor shown. The AC current sensor presently
used measures only one phase of the source current, and is inherently slow.
Since the circuit breaker can open in about 50 yu sec it is planned to build a
curfent sensor of comparable response time.

The charging supply, powered by transformer T-l, is
connected across the circuit breaker commutating capacitor Cb’ keeping it
vchar'ged to 100 volts, The reset relay RY-1 is used to disconnect the charging

| supply in the event that SCR 56 is held in the ''on" state by current thro'ugh
: the DC circuit consisting of §6, the charging supply, and the circuit breaker
lo@d and source. This usually does not occur,

| On the front panel of the circuit breaker control are

meters for indicating the DC power supply voltage and current, a.nci the
voltage and frequency of the AC sourcé. The neon indicator lights N-1, N-2, |
N-3, and N-4, shown in the schematic diagram, also appear on the front 1
panel. These lights indicate the condition of the circuit breaker. If all four :
indicators are lighted, the commutating capacitor is charged, the commutat-

ing SCR 86 is off, the two Schmitt trigger cireuits are in the proper state,

and the breaker is ready to be turned on.
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3. Switching bridge control
Two sets of pulse trains are provided for the switching
bridge. One set of simultaneous pulses is applied to the gates of SCR's Sl and
S2 of the bridge. The second set is applied to 53 and S4. For symmetrical,
periodic switching of the electrode current, the pulses of each set are periodic

with a neriod T = LIES whe=e { is the operating

-

frequency, and the two sets
are 180° out of phase in time. For manual switching, a pulse is produced in
one set when the control button is dovm and in the other set when the button is
up, so that electrode polarity depends upon whether the butiein ic up or down,
A block diagram of the control circuit is shown in Figure 24, and a detailed
schematic diagram is given in the Appendix.

The control circuit contains a Schmitt trigger with hys~
teresis. The output plate of the Schmitt circuit switches up when the input
voltage reaches 84 volts and down when the input reaches 76 volts. A voltage
divider biases the input to 89 volts, which is halfway between the switching
levels. The input voltage to the bridge control circuit is capacitor coupled
to the center of the input biasing divider (point "a" of Figure A-5). When
the square wave voltage from the function generator rises or falls, the
Schmitt circuit input is forced up or down past the switching levels, so that
a square wave of the same frequency is generated at the output plate. If
switch Sl is switched opposite the position shown, the input is biased above

or below the two switching levels, depending on the position of the manual

control button S2, which determines the state of the Schmitt circuit for manual

operation.
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The output of the Schmitt circuit drives two pulse trans-
former-coupled amplifier stages, V2 in the diagram, which ditferentiate the .
square wave and produce trains of 20 psec pulses alternating in polarity. /
The secondaries of the pulse transformer in one differentiator are rever‘seé
relative to the othgr aifferentiator so that the output pulse trains of the two
differentiators are 180° out of phase. Four identical output cha,nn;lé (channel 1
is shown) are driven by the two differentiator circuits. A diode clipping circuit
removes the pulses of unwanted polarity in each channel. The pulse trains
of each channel are passed through an over-driven amplifier stage to steepen
the leading and trailing edges and flatten the tops. The final stage in each
channel is the cathode follower which drives the SCR gate. As shown in
‘Figure 24, outputs 1 and 2 are 180° out of phase with 3 and 4,
| | The polarity indicator, stage V.' in the schematic, )
detects the state of the Schmitt circuit and lights one of tv}rb neon lamps '
@rked A and B on the front panel. When the Schmitt cincuit output plate

jumps upward in potential, pulses are produced at outputs 3 and 4, turning

on SCR's S3 and S4 s~ that the switching bridge output is positive at A, At

the same time, the right side of the polarity indicator is turned on causing
the "A'" lamp to light. The "B'" lamp lights when B is positive.
F. Transmitting Electrodes
The electrodes presently being used consist of 10 foot sections
y of galvanized 6-inch pipe. A brass block with a 3/8 inch hole is brazed to

the center of each electrode; the electrode cables which are 1/0 stranded
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copper wire, are inserted and soldered in a hole in the brass block to form

the surface. A trench about 18 inches deep is first dug and filled with wa.fer,_

‘after which about 50 pounds of granular salt (sodium chloride) is added. The

:1‘ water and salt are stirred well and mixed with soil; and the electrode, with

}the cable attached, is lowered into the solution. The trench is then filled
| ,

'\\avith the remainder of the dirt., In the Austin area, a total eleqtrode resistance
of around 6 ohms can be obtained in this way. A lower resistance may be
obtained by paralleling several such electrodes spaced far enough a.pé.rt to
allow the potential distribution around each electrode to be appreciably un-l .
affected by the other electrodes.

The two transmitting electrodes are usually spaced about a
kilometer apart, and, due to the long connecting cables required, considerable

inductance will be seen from the transmitter terminals. This inductance is -

" ‘tminimized by laying the electrode cables along a line joining the electrodes, -

but an inductance on the order of 1 mh will still exist. This is enough to
affect the operation of the switching bridge and must be corrected at the .
transmitter.

Consider the electrode equivalent circuit of Figure 25a with a
resistance R and series inductance f (for a 1 km or so line, £ can be con-
sidered a lumped constant). Let a step voltage e(t) = u(t) be impressed.

The current will be

i) = wlt) = (L-e* ) (27)
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(a) EQUIVALENT CIRCUIT OF ELECTRODES
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(b} CORRECTION FOR ELECTRODE INDUCTANCE

ELECTRODE (MPEDANCE CORRECTION

F16.25.
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If a series RC circuit composed of R and C_ of Figure 25b

is shunted across the electrode input, the current i(t) for e(t) = uft) becomes
R, 1,

e s s 1 ~ 1 RyCx 28

i{t) = i +i, = u(t) " (1-e ) + ult) -—-Rxe . (28)

N

If the time constants of ic and i

g are made equal and Rx'-'- R,

the current becomes

i(t) = uft) '%z : (29)

Since e(t) = u(t) contains all frequency components, this correc-
tion is good for all frequencies and the corrected electrode impedance appears
as a pure resistance,

Equating the above time constants,

R _ 1

—_— = ,

1 Rx <
where ( R =R,

X
2
= e k3
<:x RZ {30}

This impedance correcting termination should be located near
the transmitter.

For longer electrode cables where the inductance can no longer
be considered lumped, the same correction circuit can be used; however, it is
not exact since the inductive current i, will now increase in small steps so

£

that the average value is rising exponentially toward -l-R- .




III, DESCRIPTION OF RECEIVING SYSTEM
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angle components of the electric field and thus determine the direction of the
field.
B The measuring system is shown in block diagram form in Figure 2€.
After 60 cycle rejection, DC amplification, and broad band filtering, a |
, euper.heté.;codyne circuit is used to take advantage of one of three fixed
frequency high Q filters and make the system more frequency selective.
This id especially necessary at large Aistaxxces from the transmitter. The
three narrow band filters used have center frequencies at . 05, .5, and 5 cps,
and eachhas a Q of 25, In the diagram, fo is the transmitting frequency and
. £ is the local oscillator frequéncy needed to translate fo te the center frequency
fc of the fu;.lter. Both filtered and unfiltered data are recorded on the chart

" recorder,

«60~

s e e -




Ve

6l

. 9¢ 9id
IW3LSAS ONIAI3O3Y 40 WYHOVIQ 00718
Chaed) =4 ¥0LV1711S0
03ud H3LIN3D Avo0o
EYRIP wotvanaow L. ¥ huoivyanao
4T e IAUM
o HOIH 3yvnos [ NOILONNA
§$300412313
ONIYNSV3N
(44°)
A
3141 TdINY NOILO3P 3Y
304003 ¥alid |, 50 ~ 09
LYVHD $5vd -GNV G3z178v 1S 431114
3IAILOV 43ddOHD LNAN!




62

IVv. COMMUNICATIONS AS RELATED TO A STRATIFIED EARTH MODEL

In recent years, interest has been shown in the development of a secure
communications system using electiomagnetic wave propagation through the
cruat'of the earth, 6 The lossy characteristics éf the earth restrict a system
of this type to operation at low frequencies., The transmitter described pre-~
viously in this report was designed to operate in the frequency range 0-200 cps,
The purpose of this section is to estimate expected signal strengths for a
dipole transmitter, located at the surface of the earth and operated in this
frequency range.

Because the ‘earthlL is a conductive medium, the field of a dipole wi.il
be_a_function of f_requéncy. As wlill be showﬁ later in this section, the character
of the. variation of signal str‘engths with frequency is largeiy determined by
the electrical properties of the local geology., The rate at which information
ma;r be transmitted is a éirgct function of bandwidth, Although for the frequency
‘range which this report is considering, this rate is low, the bandwidth is still
an important quantity. In many locations, the earth may be approximated by
‘a model consisting c;f homogeneous, horizontal stratified layers. For this
ieason, the model considered here is composed of two horizontal layers. Even
though'thi.a model will usually be a gross simplification of the actual geology

encountered, it is felt that it will illustrate most of the important phenomena

associated with discontinuities in this range of frequencies,
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w

For the purposes of communication, it will be shown that t;he greatest
signal strength for a given dipole and input current occurs when a large strata
of low conductivity material exists, The optimum frequency of signal trans-
mission will be depend on the depth of this strata. The following analyses give
the solutions for the general cases of one~ and two-layer i’lomogeneous
stratified earths. The somewhat simpler case of a homogeneous earth is con-~
sidered first and will be referred to as case (a). The two layer case will be
case (b). Because the solution may be normalized with respect to the physical
properties of the dipcle transmitter itself, the natural quantity for the presenta-
tion of the solution is the apparent resistivity.

The.a..pparent resistivity for a given model of the earth, position and
frequency is the resistivity which would yield the same field as a d.c, dipole
on a homogeneous earth,

For distances of interest the transmitter may be considered to be a
horizontal dipole located just beneath the sur!face of the earth. The general
solution for case (a) above was given by Sommerfeld in 19 09.7 This solution
is in integral form and various approximations, depending on the wavelengths
considered, are neccessary in order to evaluate them, When the wavelength in
air is much greater than the distances involved, displacement currents may be
neglected. In this case, only the quasi-static and induction fields are present.
This approximation is valid in the present case. The solution for this case was
! given by Foster in 1931. In the following derivation, the methobd of Foster is

followed.
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The electromagnetic field associated with the dipole must satisfy
Maxwell's equations, which if sinusoidal time variations of the form

expf (jwt) arev assumed, become:
curl E = ~jou_H - (31)
curl-}—I:jm E+¢E (32)

It follows that in the absence of free charges, the rectangular components of

‘both E and H must satisfy the equations

div grad E = 7°E | | - (33)
. 2.
div gr??.H =y H (34)
. W
|, where
- 2 e Goe +o) | 35
'v wqueo T (35)

The boundary égnditions on the set of partial differential equations are that
the ii;.lda must vé.nish at infinity and that the tangential components of E and
’fimust b'e_coh.tinuoha across a discontinuous interface, It may be shown that
L both fields may be derived fro_m a single vector function —1: R ca.llt;d the Hertzian

- vegtor, where

- 2w -

E=wy w + grad div « : (36)
_ 2 N "-. :’, .

Bz ~X— curl = (37)

.'jwuo

|
|
|
|
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It may be easily verified that E and H satisfy Maxweil's cguations if the

-
rectangula. components of 7 satisfy

div grad 7 = yzw ' (38)

Cylindrical coordinates are required due to the symmetry of the problem,

and in these coordinates equation (38)'be'comes

2 2
1 9 < o 1 o0 = a 2
r Or or r?' a¢2 azz

-
where w represents any of the rectangular components of 7. The general

solution to this equation may be expresscsd in integral form as

A, cos % fl(x)e‘az £, (\)T_(hr)
n o=+ §+ o+ dan (40)

. +az .
qu sin ¢ 5 gl (Me , g5 \X)Yn(Kr)

where a = / )\2+y2 and in(rk)and Yn(r\) are Bessel functions of the first
and second kinds, respectiveiy. In the following discussion, the solution is
obtained by assuming a primary field which induces a secondary field. The
solution is the sum of these fields and must fit the boundary conditions. The
primary field will be that of a dipole in an infinite homogeneous conductive

medium. The expression for the Hertzian vector of such a dipole is well

known and is given by

. 3“’“012, e'-VR @
R ) 4'.1“‘/2 R
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where I is the dipole moment and R2 = rz + zz. This solution may be repre-

sented in the integral form of eq. (40) by a Fourier transformation as

€% T_(nr) an. (42)

2 b

Joou 1L gi’
©™w =
41ry2' b

The functions f(\) and g{(\) in eq. (40) are determined bSr the boundary con-

ditions of the problem. For a horizontal dipole loc;ted at a pla.rie interface

of two differing - media; the w vector must possess two components in order
X .

t<;~ satisefy the boundary conditions, one component pefpendicular to the inter-

face and 'another in the direction of the dipole. Let the coordinates be as in

Figure 27, then the boundary conditions at the interface between any two media

become

2 2
Hox = Hiy Yo Toz = 1 M1z (43)
: - o
_ 2 ox - Ix
oy Hly Yo T8z ©° oz (44)
CE LI \ L ) Ble . aulz 45)
oy~ Tly ax 9z ~  9x 9z
_ 2 -
on = Elx Yo ox © Y1 iy (46)

In addition to these conditions one has the condition that the field must vanish

at infinity. The application of these conditions to the total field due to the sum
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of the primary field and a secondary field of the form of eq. (40) yields the
desired solution in each medium under consideration.

Case (a) discussed above is shown in Figure 27b. The dipole is con-
sidered to be a distance h beneath the surface. The solution in the region

o <z <h is given by

iop It 2 a,z-ah
m = S‘ - +"': — e o J_(e)d) (47)
4y 4 1. 70’71
: a z-a.h
Cdon It cos® % 2y - y:))\. e b
T = S' T.(Ax)dh  (48)
oz o2 vlr s v 1
Yo o 1Yo T 3oY) 13 a'o)

In the air, the conductivity is zero, while in the earth, the displacement

- currents may be neglected, and the bmpagation constants will be given by

-

- N |
Yo = “WRgEy Yy = om0y | (49)

" and for the frequency range of interest
vyl C (50)

Thie is ei;uivalent to neglecting displacement currents in the air, compared

- to conduction currents in the ground. With these assumptions, the eqs. (47)

‘and (48) become

|
|
i
i
:
|
!
|
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%0

iwp It . a.z
_ o A 1

Tox - . 5 5 Y2 Jo (A\r} e ax (51)

vyo 1
S S M (R 2\ (52)
oz . O ) X+a, J (Ar) e d\

Z 4 i o
Z'nyo

These integrals may be evaluated and then if one substitutes eqs, (51) and (52)
into eq. (36) one obtains for the components of the E field just beneath the

-surface of the interface:

. cy,r

E_ = JLc088 1+ (L+y,r)e 1 (53)

R 3 Al
2nr o - . .
1
-yr

E.= MH_L 2 - (Ley,r)e 1 (54)

\ 9 3 - 1
. ary % no

A.l the frequency goes to zero, these formulas approach the w:alltknown
' £uncﬁonu for a static dipole. The gquantities in brackets contain the frequency
. dqpandence and might be con;idered to be ratios of the apparent resistivity to
thb actual re siltivity;. Thus, c;ne defines a distinct apparent resistivity for
both components of the electric field. Although somewhat superficial now, the
- concept for having a distinct apparent resistivity associated with each compo-

“":"inent‘of the eléctric field becomes a necessity for multilayer cases, It is

" interesting to note that at frequencies high enough for the field due to current
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penetration in the earth to become negligible compared to the field in the air,
the relative strengths of the two components reverse. This phenomenon is due
to ;:he fact that the induced fields in the air are g;erpendicular te the fields
directly dependent upon dcnduction currents. These functions are plotted in

s mp U
. . < sos . ; o]
Figure 28 as a normalized resistivity as a function of the parameter ! > T

Case (b) is shown in Figure 27c. Although the model is probably no
more of an accurate picture of actual conditions than case (a2), it does serve
to illustrate the effects of discontinuities on signal strengths. This solution

’

was obtained by Riordan and Sunde in 1933, although few numerical results
were given. The solution is obtained,2s in case (2), by applying the boundary

conditions to the two interfaces, and then solving for the fields in the three

media. One arrives at the following solution for the E field at the surface

z =0,
iwpoH cos @ 5 \
E_ = - - —
R o S H 00 + A fq(x)} I () -2 fq(x)Jl(xr)] (55)
o -
E =1wp011 SIng (P rf 17\\3‘ n-r\ o 2}_{)\\7 Y \] Y el 2
0 2 g Jtp( J O(A. ]+t " q\l\}dlkl\r}j QA {5¢j
where
-2da

g0 = {al+ a,+(ay-a,) e 1} (57)
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-2da
LA .
M * 5o 14("1 Yy aga e
1
-Zdal
- DZ [(a1+ az) + (al- a.a) e ‘i } (58)
where
-Zda.1
D= (A+ al)(a1+ a.z) + (N~ gl)(ai- a,) e (59)
‘ ’ -2da
2 2,0 .2 C 2 2 2 2 2 1
Dl = (a'oYI + a'lYo )(alvz + aYy ) + (3°Y1 " Y0 )(al‘lz “as’Yy ) e (60)
. “2
D, = (a_+a,)a 2-I-a z)+(a-a)(a z-a )edal
2 o7 H)A V3 Ta5Y, o H?YV2 " 32Y, (61)
where

a =/)\2’+y2

~and y is chosen for the appropriate media. The r and @ components of the

- electric field have been chosen because for these components only, the field

: strengths may be normalized and plotted as apparent resistivity curves which
are independent of the variable 0. In the d.c. case, all gammas are zero and -
the integral reduces to a form which may be evaluated exactly. Ctherwise the

results must be obtained by numerical integration. In presenting these results
it will be necessary to normalize the variables which ;ffect the apparent

resivtivity., Therefore, we now make the changes

o = r/d p= Pyl Py A =./m0;Fl By = -8 (62)
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when the frequency is zero, A = 0, and 2qgs. (55) and (56} reduce to
| Zn
I1 cos Opl ~ -
Eg = ‘) { —5 } {J(n) -nJ (n)} dn (63)
0 1+ Hl a
-_2.2
12 sin 9p ~
Eg = j { } % (n) dn. (64)
e J.-rpl

These integrals are easily evaluated. One obtains the solution

! I£ cos @ I! sin €
} E_ 5= o P E, = —————— P (65)
E R 2'_"1'3 ar 8 21rr3 ag
|
| where
o 2
S omoals Gt
P‘a;r/p1=1+2 2/““1) (52) {W} {66)
=1 (5o +1]
143 1 |
Pagley = 1+ ( ) (52) { 7 (67)
a
{2 + 1]
The functions pa_rlp1 and paolpl are plotted in Figures 29 and 30 with

respect to the variable a for various values of B. These curves are very

5 similar to the curves used in the Weunner 4-pole method of geophysical pros-

pecting.
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The more interesting case is that for which induction fields are
present. In this case, the integrais 1n equations (55) and {50) musi be
evaluated numericaliy. ‘These integrations were periormed for iypical
 values of resistivity contrast on the CDC 1604 computer at the University
of Texas. The results are shown in Figures 31 through 38, Figures 31
through 34 are for a resistivity contrast, i.e. f, equal to 20, correspond-
ing to a more resistive second layer; while Figures 35 through 38 are for
f, equal to .05, corre Spoﬁding to a more conductive second layer. The
apparent refistivities are plotted as functions of A, the normalized frequency,
with a, the r.ormalized ;:listance as a parameter. The magnitudes and phases
of both components of the electric field are on separate graphs. The phase
is w".th respect to the input current at the transmitter.

The variable A may be interpreted as the ratio of d, thé depth of the

second layer, to the effective ciepth of pene'tﬂp,t'i'c;n,, and is proportiij),nal to

the square root of the frequency. As the £requenc§' is increased frqm zero

A increases and the effective depth decreases, Figures 31 though 38

show that for frequencies such that the effective depth is much less than

the depth of the i.nterfé.ce.' the second layer has no effect on the signal strength.
However, for very lox,y frequencies the second layer will have a definite

effect, the magnitude ‘of which depends on the distance of the receiveAr from

the transmitter coméé;.red to the depth of the second layer and the resistivity
contrast between the two layers. If one is using these curves to compute

expected signal strengths, it should be remembered that they are normalized

as in Eq. (65).
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The effect of the layers on the signal strength may best be shown by
considering an example. Suppose that the local geology may be approximaf:ed
by a model which consists of a bed with a thickness of 1 km and a ;esistivity,
Py equal to 50 Q2-meters, over a very deep strata with a resistivity, Py
equal to 1000 Q-meters. Suppose the receiver is located 7 km from the
transmitter, at an angle of 30° with respect to the transmitting dipole axis.
Let the transmitting electrodes be 770 meters apart and the current be 50

amperes. The electric field will be given by the two equations

It cos @ Itsin @
E, = = »p and ° Ep = s »p (65)
[*]
R n'R3 aR Z*rrR3 a9

in which PaR and a0 will be determined from theoretical apparent resistivity
curves. In this case the resistivity contrast, P 1is equalto 20.0 and the
curves of Figures 31 through 34 apply.  The normalized distance, a, is 7.0.

The parameter A is

4w [ £
A—TFTO-’ (68)

where f is the frequency of transmission.
Let £ =.1 cps, then A = .126, and referring to Figures 31 and 33
we see that

P
= 3.2 and —29_ 5.3, (69)

P 1




which yield

p._ = 160 Q-meters and p = 265 G-meters.

-
(- %3 A

Figures 32 and 34 show that for this frequency, the phase lag of the received
electric field with respect to the current in the transmitting dipole will be
negligible. Using these apparent resistivities the received electric field as
computed from Eqa. 65 will be

Ep = 5.7 mv/km and Eg= 4.7 mv/km. (70)

The effect of the discontinuity may be demonatrated by considering a

E ‘_'",,..‘f_;-,g‘qti_enq‘y of 15 cps, instead of .1 cps: A is now equal to 1.54 and the apparent

- «‘-i.-r___ggi,‘ati.v:ities a'nd the r_eaultixig field strengths are

13.5 Q-meters = 60 Q-meters

paO
' (7).

4
4]

.48 mv/km . 'Ee = 1,06 mv/km.

From Figlvurep 32 and 34 we see that the phase angle will be lagging by 65°

oc

If one is attempting to find a model from measured field strengths,

" for Eg and 55° fro E

.;t'hel apparent resistivities are determined from Eq. (65) and then plotted on
T].cg.'pavpler versus e square root of the frequency. These curves may then be
compared with the theoretical resistivity curves, The surface resistivity is

“then determined by the upper frequency limit. If measurements from a number

i of sites are available then the apparent resistivity for the low frequency limit
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may be plotted versus distance and compared to the d. c. curves which are
given in Figures 29 and '30 where the parameter is resistivity contrast.

It should be noted that the parameter in Figures 31 through 38 for the a. c.
case is a, the normalized distance, which corresponds to distance from the
transmitter to the receiver. For large values of a the aﬁparent resistivit);
will apéroa_ch the resistivity of the second layer, while for small values of a
it approaches the resistivity of the fi;-st layer.

As was stated at the first of this section, optimum signal transmission
depends on the location of large deep strata of high resistivity. From Figures
31 through 38, it is apparent that if the high resistivity strata is located at the
surface, then the optimum frequencies will be those which are high enough
that the fields do not penetrate significantly into the more highly conductive
substrat:  In other words, frequencies such that the skin depth is less than
the depth of this layer. Asg may be seen from the d.c. curves in Figures 29
and 30, this consideration will be necessary if the se'paration of the receiver

from the transmitter is somewhat greater than the depth of this layer.

In the alternative case, when the highly resistive strata is beneath

the surface and is overlaid by a more highly conductive strata, the maximum

signal strength occurs at d. c. and the bandwidth is limited to frequencieé
such that the skin depth is somewhat greater than the depth of the second
layer. Suppose that it were possible to vary the depth of the interface between
the two media: it is apparent that for a given transmitter-receiver separation

the upper frequency for a given field strength increases as the thickness of the
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more conductive surface layer decreasesl. This is shown in Figure 29 where
" the value A at which the signal strengths are down to half-power points as
function of A is shown. This locus was obtained from Figure 31.

From this discussion one may conclude that the optimum frequency
for transmission _and the useable bandwidth depend to a large extent on the
local geology. Other factors which one might want to consider are the
natural magnetotelluric signals aﬁd the local industrial noise as the signal
strengths which are possible from a transmitter of this type are generally

of the same order of magnitude as the natural signal,
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V. EXPERIMENTAL PROCEDURE AND SAMPLE DATA !
|

|

Signal strength measurements were conducied wiih ihc iransmities
operating on the grounds of the Electrical Engineering Research Laboratory. !
The transmitting electrodes were spaced 0,77 kilometer apart on an east=- !

|
west line, electrode resistance was about 8 ohms, and the current used was i
from 40 to 50 amperes, i
|

The receiver was set up at four sites ranging in distance from 5 to 32 ’

kilometers from the transmitter as shown in Figure 40, which also shows the

measured field directions compared with the direction of a dipole field at each

receiving site. Figure 4l gives plots of signal strength versus frequency at

each site. The signal voltage shown was measured with 500 foot receiving
electrode separation, and the data is corrected for system response and
adjusted for a transmitting electrode current of 50 amperes, The signals at
sites 1 and 2 were well above the noise due to magnetotellurics and the values
shown are the actual signal amplitides., The narrow band filter was used only
at sites 3 and 4, at which the signals were nearer the noise levels; for these
sites, Figure 4l shows the signal plus noise and the corresponding noise levels
in the filter bandpass as a function of frequency. The Q of the system response
can be considered to be 25 when the narrow band filter is used.

The experimental data may be interpreted on the basis of the theory
presented in Section IV, if one assumes a two-layer horizontally stratified
earth, For the frequency range, 0 to 200 cps, the electric field will be given

by

o
. . t ?‘ il‘-‘n 3‘@"
.
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where I is the transmitter current, £ the dipole length, and R and 0 are the

~

cylindrical coordinates of the receiver with respect to the transmitter, and

P.g and P, 2T the apparent resistivities., It should be noted that the elec-

tric field explicitly varies in inverse proportion to the cube of the distance
from the transmitter. However, the apparent resistivity is also a function of
R, as shown in Section IV, in addition to being a function of frequency. If one
resolves the field into its R and @ components, and assumes a distinct apparent
resistivity for each component then these apparent resistivitizs are not a
function of the bearing of the receiver with respect to the transmitting dipole,
but only of the distance to the receiver, the frequency, and the parameters
necessary to describe the earth.

‘As shown in Section IV, variations in the field from the inverse radius
cubed dependence may be quite large, depending on the structure of the earth.
For this reason, the data might be advantageously presented as plot of apparent

resistivity versus frequency for various distances from the transmitter. The

© apparent resistivities, computed from the fields given in Figure 41 for the

loc;tions shown in Figure 40 are plotted in Figures 42 and 43. In the opiimal
éase, when the structure of the earth is known to be two layers, the experimental
apparent resistivities m:iy be compared to a set of curves as given in Figures 31
through 38 and from a bé}’st fit, the depth of the interface and resistivity contrast

bet%veen the first and second layers determined. Or, conversely, if the exact
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structure is known, the theoretical apparent re sistivities for a given location
and frequency may be de;:zlermined from the curves, and the expected electric
field for a given dipole tran.smitte.r computed,

In general, the earth may not be mddeled as a homogeneous hori-
zontally stratified medium, and-quite probably is not known with any degree

of exactness. However, for the two layer case, certain characteristics are

common for all values of resgistivity contrast. For a given location, as the
frequency is increased from d.c., the apparent resistivity remains approxi-
mately constant until the skin dépth épproaches the depth of the interface, at
thch point it rapidly becomes that which would be expected from a semi-
infinite homogeneous earth with the apparent resistivity equal to that of the
ﬁrst layer., In other words, as the frequency becomes large P.R approaches

. 91/2, and p, o 2PProaches 2p,.

In the Austin area the geology is known to be diffzrent from that of a

' .‘two-l'a.yer stratified earth. The Balcones Fault runs directly by the trans-

nﬁtting electrodes. Site 2 is across the fault and the surface resistivity at this

gite is known to be considerably higher than that at the other sites. Only Site 3

may be considered to be a reasonable distance from the fault. Making a rough
comparison between the experimental apparent resistivity curves plotted in o Iy
Figure 42 and the typical theoretical apparent resistivity curves in Section LV,
we see that the data apparently indicate a substratum whose resistivity is
‘somewhat greater than that of the surface and which is located at a depth equal

to the skin depth of the first layer at approximately 1 cps. If one were to
. \ s

assume a surface resistivity of about 50 ohm-meters, then this would indicate ‘




a more resistive substratum at a depth of approximately 2.5 kms. Unfor-

tunately, the data is limited to low frequencies, and due to the Oregon trars-
mission tests (Appendix B) there was not time to make more tests. The
failure of the data to be consistent for the low frequencies rﬁay be attributed
to the extreme irregularities in the local geology.

With an operating current on the order of 50 amps, and with a trans-
mitting electrode spacing of about 1 km, the maximum dist\ance over which a
typical magnetotelluric measuring system, without special filters, would be
able to detect the signal would be on the order of 15 to 20 kms. The major
limitation to reception is not noise or gain of receiving equipment but the
level of the natural magnetctelluric signal, and for high frequencies, industrial
and 60 cps noise. This situation may be improved considerably by the use of
band-pass filters. The fact that for an homogeneous semi=-infinite earth
decreases inversely propdrtional to the cube of the distance implies that with
the input used in these experiments the signal level wvill be approximately that
of natural magnetotellui’f;ics at 15 kms. Doubling tiie input curfent increases
the effective distance by a factor of only the %— or 1.27. The same is true
for increasing the f;p;.;c‘ing between the tx_.;ansmitting electrodes. It is thought
that the use of bandﬁa;gss filters or a syncjhronous detection system might
increase the maximum distance of reception to about 40. km, when operating
the transmitter as was done in Austin. However, it accurate data were desired
for purposes of determining apparent resistivities, 30 kms would probably be

the maximum distance.
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APPENDIX A

Silicon Controlled Rectifier Data and Schematic

Diagrams of Transmitter
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70 Ampere (110A RM.S.) Silicon Controlled Recilliers //

TENTATIVE SPECIFICATIONS

JEDEC 2N1909 SERIES (with Single Control Lead)
IR 71RC Series (wit: Lmal Control Leads)

ELECTRICAL CHARACTERISTICS

{Resistive or Inductive Load, 50 te 400 cpa)
{Temperatures listed refer to junction temperature
unless otherwise specified)

W,

Max,

Max.
Max,

Peak Forward Voltage (Vy) @ 25°C @ 70 amps
average, {220A peak), 180° conduction angle:

1. BO volts

RMS Forward Current (Ig) {for a3l conduction
angler): 110 amps

Average Forward Current (Ip{AV}}: 70 amps @
-40 tc +62°C TStud, i80 deg. cond. angle

Peak One Cycle Non-recurrent Surge Current
(lgurge): 1000 amps. {1/2 Cycle sine wave (60 cps)
or 5 milliscc, rectangular pulss, SCR full on)

Peak Surge Current During Turn-on Interval:
Switching from Ainps Surge

200 V 400 A

300 v 270 A

400 V 200 A

12¢ (for fusing): 4000 Ampz secs. for 0.0083 sec.
Internal Thermal Resistance: 0.4 °C/Watt, junction
to stud,

Typical Holding Current (1) @ 25°C: 10 mA
Typical Turn-On Time (ta+t,) @ 23°C: 2.5 to 6 p secs, for

50A dc, resistive load.

Typical Delay Time {tg) 8250C: ,5-1.5 u sec.
Typical Rise Time {t;) @ 25°C: 2-4.5  secs.
Typical Turn-off Time {tog) € 125°C: 15to 25 p sec.

{Ip= S0A. I, = 10A. dV/g, = 20V/n sec)

Operating Temperature Range: -40°C to +125°C.

TERMINAL THICKRISS 7/54 MAK

MY (AT

RED (UL IRY
LATASDEISEL MOIL,

13
L0 %TD

Max, Required Gate Voltage to Fire (Vgyp}*
£@-40 °C: 3.0 volts,

Min. Required Gate Voltage to Fire (Vg p)**
@ 125°C: 0. 25 volts,

Typical Gate Current to Fire (I ) @ 25°C:
25 mA. @ + 1.5 Volts Gate to Cathode.

MECHANICAL CHARACTERISTICS

;“ NP f?} ;::RIST;CS. 5 watt Max. Mounting Torque on Stud 100 pound-inches.
x. Pea ate wer (Pg): atts. Weight: Approximately 3. 5 ounces.
Max, Average Gate Power {P.): 0,5 watts, o,
Storage Temperature: -40°C to +125°C,
Max. Peak Gate Current {ig): Z amperes . A I, .
Outline Dimensions: ZN1909 Series & 70RCS50A
Max, Peak Forward Gate Voltage (vg) 10 volts.
Max, Peak Reverse Gats Voltage {vg) 5 volts JEDEC TO-49.
Max, Required Gate Current to Fir. G( . 7IRC--Series-TO-49 with auxiliary cathode lead.
9 <P Gate and aux. cathode lead twisted together, ind
€ -40°C: 130 mA; 8 25°C: 70 mA.; & color coded.
125°2: 40 maA. Gate lead: Grey; Awx. Cathode lead: Red.
ABSOLYUTE MAXIMUM RATINGS
JEDEC TYPE SERIES ZN1909 |2N1910 | 2N1911 |2N1912 |2N1913 [2NI1914 |2N191S | 2N1916 | 7TORCSON
(Single Control Lead)
R TYPE SERIES -|UNIT| 7IRC2A | 7IRCSA(TIRCLOA(TIRCISA| TLRC2OAI7IRC2SA[TIRCI0AITIRCAOA [TIRCSOA|
|_{Dual Control Leads)
Maximum Repetitive Peak Reverse Volts 25 50 100 150 200 250 300 400 500
Voltage (PRV]*#s
Max, ajlowable Transient Peak .
Reverse Voltage {Non-recurrent, Volta 35 5 150 225 300 350 400 500 600
S millisecond max. duration) #**
Minimum Peak Forward Breakover |Volts 25 50 100 150 200 250 300 400 500
Voltage (Vpo) .
Maximum Reverse (Ip) or Forward
(1,) Leakage Current at PRV, at mA 6.5 6.5 6.5 6.5 6.0 5.5 s.0 4.0 - 130
1259C (full cycle average, Vg=0, gate
open circuited)

ELECTRICAL AND IWECHANEAL:'CHARACTERBTWS
SILICON CONTROLLED RECTIFIER

FIG. Al

FOR THE
70ORC50A

s
Permission for use of reprint granted by International Rectifier Corporation

INTERNATIONAL
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APPENDIX B

Subsurface Resistivity Sounding in Washington-Oregon Area

Under on extension of Contract AF 19(604)-8513, during October and
Noverfxber 9%3. the Electrical Engineering Research Laboratory cooperated
with Dr. Tom Cantwcll of Geoscience, Inc., Air Force Cambridge Research
Laboratories, and the Bonneville Power Administration in a project to measure
subsurface resistivities in the Wash%.ngton-Oregon area using the dipole-dipole
method. Four transmitting electrodes were located in The Dalles, Oregon;
McNary, Oregonj Redmond,--Oregon;.and Midway, Washington. Three tranéé. |
mitting dipoles were used, They consisted of The Dalles electrode used in
conjunction with each of the other th:ee. The transmitter in every case was '
located in The Dalles and connection to the electrodes was made through -
sections of 230 kv power transmission lines belonging té the Bonnef'rille Powef- 5
Administration, The transmitting electrode locations, with the excgption of |
the Midway electrode, are shown in Figure B-l, | |

The receivingr dipoles, edme of which are indicated in the figﬁre. \cox;a' e
sisted of eleétrodes connected by sections of telephone lines leased for thé |
purpose, and ranged from aboutl 7 .to 15 miles in length. Positioning of the
receiving electrodes in Figure B-l is only approximate; however, they should
be within a two-mile radius of their actual location.

The mobile earth-current measuring system from the Electrical
Engineering Research Laboratcry was located near LaGrande, Oregon, fér
the primary purpose of measuring the backgrouﬁd noige due to natural maguneto-

telluric fluctuations,
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A transmitter capable of about 300 amperes direct current with 10-

§hms electrode resistance was used by the Bonneville Power Administration
to energize the transmitting dipoles. The transmitter current was mechanically
switched off and on to produce a square wave with a two-minute period.

Receiving dipole pot;entials were measﬁred with portablle systems
furnished by Geoscience, Inc., which could be moved from one to the other
during the course of the tran_smitting sessions,

Prior fo the avé.ilability of the Bonneville tra.nmittér. the_ Electrical
Engineering Research I;abo;'atory trandmitter, described m the foregoing text,
was ;;ﬁed to eﬁergize the ‘McNary and Redmond lines shown in f‘igure B-1,
“and measurements were made at that time at t}"xe receiving dipoles shown in
‘the figure. | | |

Before the EERL transmitter could be used-'to drive the traﬁsmitting
‘ .di_pole 8, special attention had to be given the transmission line cornecting the
‘ .electrodes. The McNary and Redmond lines were about 85 and 90 miles long,

" respectively, and the distributed inductance and capacitance L and C were

‘estimated by handbook foimulae to be

? | L=12x10  hy/M

22 ¢/m

C=10x10
.This gives a line characteristic impedance of z = 350 ohms, and a total
inductance of about 20 mh for a 90-mi1e line.

Consider the equivalent circuit of Figures B~2a, which was assumed to

represent the system. The total electrode resistance plus line resistance is
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R and is represented br R/2 at each end of the line. Now, if a voltage change
V is applied by the transmitter to the input of the lihe, thia change propagates
dowﬁ the line and is retlected with a nigh: negative reileciion coeilicicui

(p = ~0.97 for R =10 ohms). ror a 90-mile line, the time for ihe wave front

to travel down the line and back is about 950 psec; consequently, the input

current change will rise in small steps every 950 usec¢ and will approach V/R
with a time constant of about %— - 29 msec. Note that during tﬁe first 950 psec
the voltage char;ge at the line input or transmitter output sees a resistive load
of 350 ohms. With a commt_;tating inductor of around 1mh, the damping factor
of the transmitter com‘muta.‘ting circuit will be very loxr}, and proper switching,
as described in ‘Section II-D of this report, cannot occur. An R-C correction
circuit with a series resistance R and a time const';ant‘ of 20 m sec was placed
across the transmitter'v output as shown in Figure B-2b. A cvapacita.nce 61’
2000 uf was required. With the impedance correction, the tranasmitter output
current change, with a change in voltage of V, is the sum of the line current
and the correction circuit current, and is essentially V/R as shown in the
sketch of Figure B-2c.

Table 1 givés the results of measurements made while the EERL tra.ns-‘

mitter was operating. The dipole numbers refer to Figure B-l, and the

apparent resistivity values, computed by Dr. Cantwell, are based on a homo=~

geneous earth.
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Table I
Date Dipole Transmitter Signal Apparent S
Current {nav) Resistivity BT
(Amperes P/P) (Ohm-meters) S
Nov. 6 3-8 104 17.0 60 -
Nov. 7 3-1 110 2.3 <1 .
3-6 104 7.2 190
3.7 ‘ 110 5.7 13
3-12 | 100 155.0 106
3-13 ‘ 100 o 7.5 35
3-14 100 | 7.5 50
Nov. 8 4-1 100 1080 110
4-2 100 69.5 30

During the tests of 16 Nov. and 18 Nov., while the Bonneville trans-
mitter was operating, the signals given in Table II were measured by the
EERL mobile van in LaGrende. The numbers represent positive intensity’

vectors to the north and east. Electrodes were separated 1000 feet.

Table II
Date Component Sigﬁal
Nov. 16 Ex (North-South) 36 pv/km
Ey (East-West) 30 pv/km
Nov. 18 E 30 pv/km
| E 9 pv/km

y




The transmitting electrodes were: The Dalles-McNary on Nov. 16,
and the Dalles-Midway on Nov. 18. Electrode current was switched on and
off with a two~minute period and was positive at The Dalles. The magnitude-
was 230 amperes.

This appendix is meant to be only a brief description of the participation

of the Electrical Engineering Research laboratory in the project. Geoscience,

Inc. was primarily responsible, and can supply detailed information.

st RSN




