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361/156  tween the power source and the tuned circuit are
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1
PULSE GENERATION EMPLOYING PARALLEL

RESONANT LC CIRCUIT FOR ENERGIZING A
COIL WITH SQUARE WAVE

This invention relates to a pulse generator, and in
particular to a pulse generator for energizing the coil or
loop of an airborne electromagnetic prospecting system
with high amplitude current pulses of generally square
wave form.

U.S. Pat. No. RE28216 of Anthony R. Barringer
discloses an airborne electromagnetic prospecting sys-
tem wherein a transmitting coil is energized by high
amplitude bipolar pulses of half sine wave shape. Dur-
ing intervals between the pulses when the transmitting
coil is not being energized, secondary electromagnetic
field transients emanating from the earth are received in
a receiving coil. By analyzing the transients, the pres-
ence of ore bodies can be detected even in adverse
circumstances, such as where the ore bodies are cov-
ered by conductive overburden, or when the surveys
are carried out in rough air. This airborne electromag-
netic prospecting system is very efficient and is cur-
rently in widespread use throughout the world. An
improved transmitter or pulse generator which is used
for energizing the transmitting coil in the aforesaid
system is disclosed in U.S. Pat. No. 3,317,744 of
Maarten Geléynse. '

A disadvantage of the prior electromagnetic pros-
pecting system referred to above is that a very large
part of the secondary electromagnetic field is discarded
since it is not possible in the prior system to analyze
signals attributable to secondary fields occurring during
the period of the transmitted pulses. As a result it is
necessary to use a much higher power transmitter than
typically is employed in other systems where the trans-
mitter operates continuously, in order to compensate
for the fact that most of the secondary field is discarded.

This disadvantage has been overcome in an improved
electromagnetic prospecting system disclosed in U.S.
Pat. No. 3,960,695 of Anthony R. Barringer. In the
improved system, a primary electromagnetic field hav-
ing a complex wave form is generated and is radiated
toward the earth, for example from an aircraft. Interac-
tion of the primary field and any buried conductors in
the earth produces eddy currents which flow in the
conductors and which in turn give rise to secondary
electromagnetic fields which may be detected from the
aircraft. A plurality of stored reference wave forms
corresponding to known geological structures is
matched against the received signals, and the optimum
match is indicated. By this means, it is possible to con-
duct a rapid reconnaissance over an unknown area, and
to obtain unusually rapid identification of any areas of
. potential mineralization, without the labourious and
time consuming interpretation of electromagnetic data
heretofore necessary. Moreover, it is possible to detect
the secondary fields even during the presence of the
primary field, thus providing a substantial advantage
over the prior system.. i

An ideal wave form for broad band transient decay
measurements is the square wave. However, until the
present invention, no known pulse generator was con-
sidered entirely satisfactory for generating high ampli-
tude current pulses into a transmitting coil of an air-
borne electromagnetic prospecting system with a de-
sired frequency content.
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According to the invention, the transmitting coil of
the electromagnetic prospecting system is connected in
parallel with a capacitor to form a closed oscillatory or
tuned circuit of predetermined frequency. The fre-
quency of the tuned circuit determines the wave form
and frequency content of the leading and trailing edges
of the pulses. The tuned circuit is connected to a source
of direct current of predetermined voltage and current,
and a plurality of controlled rectifiers are provided in
the circuit whereby by causing appropriate ones of the
controlled rectifiers to conduct, the current from the
direct current source may be caused to flow in either
direction through the coil. In addition, means such as a .
fast acting transistor switch controls the supply of di-
rect current to the tuned circuit. When the switch is
abruptly opened, the tuned circuit is disconnected from
the supply of direct current, and a dynamic current
flows through the coil, with a polarity determined by
the direction of current flow. The shape of the dynamic
current is that of a cosine. When the current has
reached a maximum.positive or negative value, depend-
ing upon the direction of the current flow, the tuned
circuit is again connected to the source of direct current
by activating appropriate ones of the controlled rectifi-
ers, thus causing a steady current to flow through the
coil, at a level corresponding to the maximum positive
or maximum negative level of the dynamic current
flowing immediately prior to the time when the tuned
circuit was again energized by the source of direct cur-
rent. After a predetermined time interval, during which
a steady or direct current will continue to flow through
the coil with constant amplitude, the direct current
supply again abruptly is disconnected from the tuned
circuit thus causing a dynamic current again to flow
through the coil. The operation is repeated cyclically,
and in this manner a repetition of periodic bipolar cur-
rent pulses of generally square wave form and of prede-
termined amplitude, period and repetition rate are gen-
erated. ‘

In the drawings, .

FIG. 1 is a simplified schematic diagram of a pre-
ferred embodiment of the invention,

FIGS. 2a-2¢ inclusive illustrate wave forms appear-
ing at different point in the circuit of FIG. 1,

FIGS. 3a-3c inclusive are illustrations of wave forms
showing the manner in which pulses generated by the
circuit of FIG. 1 build up exponentially towards an
equilibrium value, from ¢=0, and

FIG. 4 is a block diagram of a circuit used for con-
trolling switches used in the circuit of FIG. 1.

Referring to the drawings, and in particular to FIG.
1, pulse generator 10 comprises a transmitting coil or
loop 11 connected in parallel with a capacitor 12 to
form a closed, under damped oscillatory or tuned cir-
cuit of predetermined frequency. Resistance 13 is
shown as being connected in series between the coil 11
and the capacitor 12, but it will be understood that
resistance 13 represents the direct current resistance of
the tuned circuit (primarily consisting of the resistance
of the coil 11) and is not a separate element. The tuned
circuit comprising the coil 11 and the capacitor 12 is
supplied with energy from a direct current source 14
which is connected to the circuit at point 15. Four sili-
con controlled rectifiers 16, 17, 18 and 19 are arranged
to fire simultaneously in sets of two, rectifiers 16 and 17
constituting one set and rectifiers 17 and 18 constituting
another set. Accordingly, when rectifiers 16 and 19 are
in a conductive state, direct current from the direct
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current source 14 is caused to flow through the coil 11
in the direction of arrow 20 (the rectifiers 17 and 18
being nonconductive), and the direct current from the
direct current source 14 flows in the direction of the
arrow 21 through the coil 11 when the rectifiers 17 and
18 are conductive and the rectifiers 16 and 19 are non-
conductive. For simplicity, the diagram of FIG. 1 does
not show any gate electrodes in the silicon controlled
rectifiers 16, 17, 18 and 19, but it will be understood that
the activation of these rectifiers may be effected by
supplying their respective gate electrodes with pulses of
suitable amplitude, polarity and duration as will be dis-
cussed below.

It will be noted from examination of the circuit of
FIG. 1 with reference to the above description, that
current flowing through the coil 11 is returned to earth
or ground via either one of the silicon controlled rectifi-
ers 17 or 19, depending upon which one is in a conduc-
tive state. In addition, there is provided a transistor
switch 22 which is connected between point 23 of the
circuit and ground, so that when the transistor 22 isin a
non-conductive state, current cannot flow from the
direct current source 14 through the coil 11 to ground,
and conversely when the transistor 22 is in its saturated
or conductive state, current from the direct current
source 14 is permitted to flow through the coil 11 to
ground, in a direction which depends on which of the
sets of silicon controlled rectifiers 16, 17, 18 and 19 are
in a conducting state. The transistor 22 has been shown
diagrammatically as consisting of a switch, but it will be
understood that the transistor 22 comprises base, collec-
tor and emitter electrodes, the collector and emitter
being connected between the point 23 and ground, and
the base being supplied with pulses of predetermined
amplitude and timing as will be discussed below. In
addition, a plurality of transistors 22 may be connected
in a Darlington configuration in order to increase the
current carrying capacity of the transistor 22. Also, a
resistor may be connected across the transistor 22, i.e.
from point 23 to ground, in order to reduce the time
constant of the collector circuit, thus reducing the volt-
age across the collector.

In operation, it will be assumed that the pulse genera-
tor 10 has been operating for a sufficient number of
cycles so that current flowing through the coil 11 has
reached an equilibrium. With reference to FIG. 2aq, it
will be assumed that silicon controlled rectifiers 17 and
18 and the transistor 22 are in their conducting states, so
that current from the direct current source flows in the
direction of the arrow 21 through the coil 11 and
through the transistor 22 to ground. Immediately before
time t; as shown in FIG. 24, the current flowing
through the coil 11 is a steady state current which, after
a few cycles of operation, has reached a maximum am-
plitude, as will hereinafter be described in more detail.
Also, immediately before time t1, the controlled rectifi-
ers 16 and 19 are off. At time t1, the transistor switch 22
is abruptly opened. The sudden termination of the flow
of direct current through the coil 11 causes a sinusoidal

4

Vg="Transistor 22 saturation voltage

Vpmax=Maximum SCR voltage

VcEMAX=] Maximum voltage across transnstor

V _44=Supply voltage

vr=d.c. resistance of tuned circuit

The voltage appearing across the tuned circuit has a
wave form similar to that illustrated in FIG. 2¢, and its

maximum amplitude is

]
VeMax = iLMAX (%) where

o Vaa — Q2 Vsar + V&)
. ILMAX = '_"__v"T"' S

The sinusoidal voltage appearing across the tuned
circuit commencing at time t; produces a cosine current
in the coil 11 and it builds up to a maximum positive
level from its maximum negative level between times t)
and t; as shown in FIG. 2a. The current flowing
through the coil 11 between times t; and t (hereinafter
referred to as “‘dynamic current”) attains a value almost
equal but not exactly equal to the amplitude of the cur-
rent at time t1. At time tz, when the dynamic current has
reached its maximum value, or slightly before time t5,
the controlled rectifiers 16 and 19 are caused to con-

_ duct.- The transistor switch 22 had previously been
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voltage to appear across the tuned circuit comprising -

the coil 11 and the capacitor 12. In the following de-
scription, reference will be made to several mathemati-
cal relationships in whlch

o=211Fy

Fxy=Resonant Frequency

Vsa7=SCR saturation voltage

torF=SCR turn-off time

65

turned on. Thus, when the controlled rectifiers 16 and
19 are turned on, considering that the transistor switch
22 is also on, current from the direct current source 14
with a value indicated in the formula above continues to
flow through the coil 11 and is eventually returned to
ground via the controlled rectifiers 16 and 19 and the
transistor switch 22. During this period of time, i.e.
between times t; and t3 of FIG. 2a, the level of the
current is substantially constant and is substantially at its
maximum level after equilibrium conditions have been
reached. The duration of the flow of dynamic current
between times t; and t2 is a function of the inductance of
the coil 11 and the capacity of the capacitor 12. The
transistor switch 22 is open only for a relatively small

. period of time determined by the turn off time of the

silicon controlled rectifiers. The “off” period is very
small in relation to the period between times t; and t3.

The duration of the interval between times t; and t;
during which the dynamic current flows is

IN= —;;, where
o1
- -op

Duﬁng steady state conditions, i.e. between times t
and t3, the voltage appearing across the tuned circuit is

Va= VAA—(é Vsar+ VK)

_ Similarly, at time t3, the transistor switch 22 again is
abruptly opened for a short duration, and dynamic cur-
rent again is caused to flow through the coil 11, this

time in the opposite direction, i.e. in the direction of the

arrow 21. When the transistor switch 22 is opened, the
silicon controlled rectifiers 16 and 19 cease conducting.
Therefore, during each period when dynamic current is
flowing through the coil 11, all of the silicon controlled

rectifiers 16, 17, 18 and 19 are in a nonconducting state.

The current continues to flow until it has reached its
maximum negative value as shown in FIG. 24, at- which
time or slightly before such time, pulses are applied to
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the gates of the silicon controlled rectifiers 17, 18
thereby causing them to conduct. During the period
between t4and ts, silicon controlléed rectifiers 17, 18 and
the transistor switch 22 are turned on, thus maintaining
the current flowing through the coil 11 at its maximum
negative steady state value as shown in FIG. 2a. The
operation of the circuit continues in a cyclical manner.
The current flowing through the capacitor 12 has a
wave form as shown in FIG. 25, and it is defined by the
following relation:

ic=icmax Cos wt where

ICMAX=ILMAX

The voltage appearing across the transistor 22 has a
wave form similar to that shown in FIG. 24, and its
value is as follows:

VceEMax=VpMax Sin topro

Gating pulses to be applied to the base of the transis-
tor 22 have a wave form as shown in FIG. 2¢. The
duration of each such pulse is determined by the turnoff
time of the silicon controlled rectifiers.

FIG. 3a illustrates the exponential rise of current
flowing through the coil 11 from time to when power is
first applied to the circuit. In a similar manner, the cur-
rent flowing through the capacitor 12 as shown in FIG.
3b as well as the voltage appearing across the tuned
circuit will rise exponentially, as shown in FIG. 3c.

The resistance 13 represents the total direct current
losses of the circuit, and its value, as well as the voltage
of the direct current source 14 determines the maximum
current that will flow through the coil 11.

It will be noted that the pulse width can easily be
varied by varying the repetition rate of the pulses used
for gating the silicon controlled rectifiers 16, 17, 18 and
19 and the transistor switch 22. Also, as indicated
above, the duration of the period in which dynamic
current is permitted to flow is determined by the reso-
nant frequency of the tuned circuit, which depends on
the inductance of the coil 11 and the capacity of the
capacitor 12.

Referring to FIG. 4, there is shown a typical circuit
for generating the gating pulses used for controlling the
silicon controlled rectifiers 16, 17, 18 and 19 and the
transistor switch 22. A square wave oscillator 24, typi-
cally operating at 100 Hz. generates a succession of
square wave pulses which are fed to the inputs of a
positive edge sensitive monostable 25, a negative edge
sensitive monostable 26, and a phase shifter 27. Wave
form A shown in FIG. 4 represents the wave form of
the pulses produced by the square wave oscillator 24.
The monostable 25 produces a repetition of narrow
pulses coincident in time with the leading edges of the
square wave produced by the oscillator 24, as shown in
wave form C of FIG. 4. Similarly, the monostable 26
produces a repetition of narrow pulses coincident in
time with the negative or trailing edges of the square
wave pulses produced by the oscillator 24, as shown in
wave form D of FIG. 4. The outputs of the monostables
25 and 26 respectively are fed to amplifiers 28 and 29,
the outputs of which are respectively fed to rectifiers
16, 17 and rectifiers 17, 18 through pulse transformers
30 and 31, respectively. The phase shifter 27 produces a
repetition of pulses similar in wave form to those pro-
duced by the square wave oscillator 24 but delayed
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somewhat in time, as shown in wave form B of FIG. 4.
As will be described, the leading and trailing edges of
the pulses produced by the phase shifter 27 are used to
control the transistor switch 22, and consequently the
period between the leading and trailing edges is equal to
the time between times t1 and t3 and between times t3
and ts as shown in FIG. 24. In addition, the phase shift
produced by the phase shifter 27 is such that the leading
and trailing edges of the square waves appearing at the
output of the phase shifter 27 occur at times t1, t3, ts, etc.
of FIG. 2a. The output of the phase shifter 27 is fed to
the input of a positive edge sensitive monostable 32 and
to the input of a negative edge sensitive monostable 33. -
The outputs of the monostables 32 and 33 respectively
are fed to an ‘OR’ gate 34, which produces a pulse at its
output whenever a pulse appears at either of its two
inputs. The output of the ‘OR’ gate 34 consists of a
repetition of pulses as shown in wave form E of FIG. 4,
these pulses occurring at times corresponding to the
respective leading and trailing edges of wave form B of
FIG. 4. The output of the ‘OR’ gate 34 is fed to an
amplifier 35, the output of which is connected to the
base of transistor 22. It will be noted that the frequency
of the pulses shown in wave form E of FIG. 4 is twice
the frequency of the pulses shown in wave form C and
D of FIG. 4. The pulses fed to the transistor switch 22
periodically turn off the transistor switch 22 for short
durations corresponding to the width of the pulses of
wave form E of FIG. 4, as previously described.

In the foregoing description, reference was made to
the use of a transistor switch 22 for terminating the
direct current flowing through the coil 11. As an alter-
native, the transistor switch 22 could be replaced with a
pulse transformer, the secondary of which would be
connected between point 23 of FIG. 1 and ground. The
primary of the pulse transformer would be fed with
pulses as shown in wave form E of FIG. 4, of such
amplitude that the voltage appearing across the second-
ary of the pulse transformer and hence the voltage ap-
pearing across point 23 and ground of the circuit of
FIG. 1 would be equal to or larger than the output
voltage of the direct current source 14. This would
result in momentarily reducing the current in the con-
ductive ones of the silicon controlled rectifiers 16, 17,
18 and 19 below their latching current, thus rendering
the rectifiers non-conductive. A disadvantage of this
arrangement is that the pulse transformer would be
fairly bulky.

In view of the fact that the tuned circuit comprising
the coil 11 and the capacitor 12 will be of finite “Q”, the
dynamic current occurring between times t1 and t, t3
and ty4, etc. as shown in FIG. 2 will not quite reach the
maximum equilibrium amplitude of the current. Thus,
the edges of the pulses in the vicinity of times {2, ts, te,
etc. will tend to droop somewhat and the resulting
wave form will be somewhat distorted. In the event it is
desired to reduce such distortion, the effective “Q” of
the tuned circuit may be increased by the use of positive
feedback injected into the circuit at the time when the
wave form tends to droop. Such positive feedback
could be derived by sampling the voltages which ap-
pear at each end of the coil 11, feeding such voltages to
a differential amplifier, differentiating the output of the
differential amplifier, and feeding back the resulting
derivitive voltage to a transformer connected in series
with the coil 11. The amplitude of the positive feedback
voltage should be controllable so as to produce square
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waves having flat tops and bottoms. Instead of injecting
the positive feedback through a transformer connected
in series with the coil 11, the feedback voltage could be
inductively coupled to the coil 11, for example by using
a separate winding adjacent to the coil 11, thereby pro-
ducing an air transformer.

In a typical design of a pulse generator for use in an
airborne electromagnetic prospecting system the coil 11
had a radius of one meter and 54 turns. The capacitance

of the capacitor 12 was about 40 mfd., yielding a reso- -

nant frequency of about 213 Hz. The inductance of the
coil 11 was 14 mh. The voltage of the source 14 was 27
volts, and the maximum current was slightly less than
80 amp.

What I claim as my invention is:

1. A pulse generator for energizing a coil with peri-
odic bipolar current pulses of predetermined amplitude,
period and repetition rate and of generally square wave
form, comprising:

(a) a capacitor connected in parallel to the coil to
form a closed oscillatory circuit of predetermmed
frequency,

(b) controllable circuit means for electrically con-
necting and disconnecting said oscillatory circuit
and a source of direct current of predetermined
voltage and current, said circuit means including
first controllable switch means for alternately re-
versing the direction of flow of current from said
direct current source through said coil during suc-
cessive current pulses, and second switch means
for opening and closing said circuit means at prede-
termined intervals to thereby disconnect said coil
from said direct current source, and
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(c) means for periodically activating said first con-
trollable switch means at predetermmed times,
whereby upon abruptly opening said second switch
means current flows in said coil in a first direction
and upon activating said first controllable switch
means, current from said source is caused to flow
through said coil in a second direction which is
opposite to said first direction, so that upon succes-
sive opening of said second switch means, leading
and trailing edges of said pulses are- thereby
formed, and the current in said coil is kept at a
substantially steady level between said leading and
trailing edges.

2. A pulse generator as claimed in claim 1 wherein

said second switch means is a transistor switch.

3. A pulse generator as claimed in claim 1 wherein
said first controllable switch means comprises first and
second pairs of controlled rectifiers, the controlled rec-
tifiers of each pair being connected in series, said pairs
of controlled rectifiers being connected in parallel and
at one end to said direct current source and at the other
end to said second switch means, and said oscillatory
circuit being connected at one end between the con-
trolled rectifiers of said first pair and at its opposite end
to the controlled rectifiers of said second pair.

4. A pulse generator as claimed in claim 3 wherein
said second switch means comprises a transistor having
a base, a collector and an emitter, the collector and
emitter being connected in said circuit means to control
the flow of direct current in said circuit means whereby
when said transistor is biased into a conducting state,
said direct current source is connected through said
transistor and through conductive ones of said con-

trolled rectifiers to said coil.
* * * * *
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