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A LOW=-FREQUENCY SAN-TOOTH GENERATOR
I. INTRODUC TION

In the modern high-vacuum cathode-ray tube, science has available
an excellent instrument for the measurement and observation of phenomena
of an electrical nature or of such a nature that it can reaaily be trans-
lated into electrical or magnetic effects. Before it can be conveniently
employed in such a fashion, the cathode-ray tube must be incorporated in
an oscilloscope circuit which supplies the necessary accelerating and
focusing voltages, and which also provides a deflection voltage or sweep,
sometimes called a "time base." This sweep voltage must vary with respect
to time in some known fashion, perhaps sinusoidally or exponentially, but
the most generally useful sweep is one which varies linearly with time.
Although spiral or circuler sweeps are sometimes used, the sweep which
moves the fluorescent spot linearly across the screen leads to a trace
or pattern which is much more easily interpreted, and, further, entails
considerably less in the way of circuit complications.

Since the introduction of the first practicable low-voltage, gas=
focused cathode-ray tube by Van der Bijl and Johnson in 1922, a great deal
of work has been done by meny scientists toward the development of linear
sweep circuits or saw-tooth generators. The interests of most of these
workers, however, have been centered on the higher frequency sweep circuits,
and, while much work has been done toward extending the upper frequency

limit, there is practically nothing to be found in the literature with



regard to sweep generators capable of operating at frequencies of the

order of a few cycles per second. The average oscilloscope, although it

is usually seid to have a sweep which is linear down to & frequency of
thirty cycles per second, shows sufficient distortion at sixty cycles per
second to be objectionable, and at a frequency of thirty cycles per second,
the time base is so nonlinear as to be practically useless on a quantitative
basis. Although mechanical oscillographs may be used in the cbservation

of low-frequency phenomena, the moving elements of such devices have many
times the mass of the electron beam in a cathode-ray tube, and, consequently,
lack the ability to exhibit, with any degree of accuracy, the high-speed
transients which are frequently superimposed on low-freguency phenomena.

A low-frequency sew-tooth wave which is quite linear may be generated
by means of & rotary potentiometer driven at a constant speed by some
mechanical device. The design of such a saw-tooth generator, however,
entails considerable complication, both mechanical and electrical, if
provision is made for proper synchronization and frequency control.

It is most desirable to be able to observe and measure transients
occurring on alternating-current power lines. In the study of servo-
mechanisms, the ability to observe phenomene which are inherently low=-
frequency in nature would be most advantageous. Numerous other cases
arise in which it is desirable to have a saw-tooth generator cepable of
operating below the frequency range of the ordinary oscilloscope, e.g.,
in the observation of phenomena which occur at a low repetition rate.

Neny possible applications exist in medical science in such fields as
electrocardiographyland electro-encephalogrephy.

Due to the apparent need for a linear low=-frequency sweep circuit



to be used with the conventional oscilloscope, this investigation was
undertaken to produce a saw=-tooth generactor capable of operating over the

range from one cycle per second to thirty cycles per second.



II DISCUSSION

Since the horizontal deflection amplifier of the average oscillo-
scope has a repidly falling response below thirty cycles per second, it
appeared essential that the saw-tooth generator be capable of either
driving directly the horizontal deflection plates of the cathode-ray
tube, or that it be equipped with an amplifier capable of amplifying the
lowest frequency desired. In this work it wes found that it is quite
possible with a relatively simple circuit to produce a saw-tooth voltage
wave of such & magnitude as to provide full deflection of the electron
beam when applied directly to the deflection-plate terminals of the
cathode-ray tube. This voltage, however, is inherently unbelanced,
i.e,, it varies in only one polarity with respect to ground. If the
electron beam of the ordinary cathode-ray ftube is deflected by grounding
one deflection plate and applying a voltage to the other plate, the spot
is both defocused and distorted at the end of the trace. To overcome
this difficulty it is necessary to drive the deflection plates symme-
trically with respect to ground, and the driving voltage should be
balanced. This cen be accomplished quite readily in one of two ways.
The sweep circuit can be made up of two saw-tooth generestors opereted
"back to back," or the saw-tooth voltage may be used to drive a push=-pull
amplifier which in turn supplies the deflection voltage to the cathode-
ray tube.

The two simplest and best known means for producing a voltage
which varies linearly with time are to apply a constant voltage to an
inductance and to employ the potential difference which appears across a

small series resistance, or to cherge or discharge a cépacitor through



some sort of resistance. Both of these methods, however, produce a voltage
which is inHerently exponential in form. The instantaneous voltage across
e small resistance, R', placed in series with a resistance-inductance
series circuit across which a voltage is suddenly applied at time, t = O,

may be expressed by the equations

e=iR'=H'%(l—8'£§iJ (1)
e = instantaneous voltage across R'.
i = instantaneous current.
E = applied voltage.
R = total resistance of circuit,
R'= small series resistance.
L = inductance.
t = time.

€

n

a constant = 2,718
If, after steady state conditions are reached, the applied voltage is
suddenly removed by short-circuiting, the instantaneous voltage across R'

becomes
e =R'E ¢- — 2
=€ T (2)

The instantaneous voltage across the capacitor of a resistance-capacitance

series circuit to which a voltage is suddenly applied at time, t = O, is:

t
e =E(l~- £” 7@) (3)

where C is the capacitance, and the other notation is the same as that used
in Equation 1. If, after steady state conditions are reached, the applied

voltage is suddenly removed by short-circuiting at time, t = 0, the



expression for the wvoltage across the capacitor becomes:
e = "6'1%; (4)

Unfortunately, from the point of view of producing a s&w—toouh
wave, all of these voltages are inherently exponential in form. If only
a small portion of the voltage wave produced by one of the avove methods
is used, the difference between it and a truly linear variation is quite
small, This, however, necessitates the use of an excessively high supply
voltage if a reasonable voltage variation is required, and has the
additional disadvantage in low-frequency work that capacitances or induct-
ances of unreasonable size are required.

An alternative is to employ some means for linearizing the voltage
wave., This can be accomplished in a number of ways, but these generally
involve the use of one of the following devices sl

(a) The inverse curvature of a tube characteristic.
(b) An auxiliary time constant.
(e) Negative Feedback.

In this work, it was decided from practical considerations by way
of simplicity of design to employ a capacitor charged through a thyratron
and discharged through what is effectively a very high resistance as a
source of sweep voltage. The discussion will henceforth be limited to
this type of ecircuit.

From Equation 4 it is seen that:

1, $. Puckle, Time Bases, p. 83.



o i B
e':bs_fif}”

By Ohm's law, we can write the equation for the instantaneous discharge
current of the capacitor:

. S

The derivative of e with respect to time is an expression for the rate of
change of e, and, if the voltage wave is to be linear, this must be equal
to a constent. Taking this derivative, the following equation results:

= t .
o s o
=& & (6)

Q-nll:h
| @
s

which becomes, upon combining with Equation 53

de « - 1 i (7)
at C

It is thus seen that, if the discharge current can be caused to remain
constant, a linear sweep voltage will result.

Actually, there is no known means for drawing an absolutely
constant current from a variable voltage source. It is possible, however,
through the proper application of negative feedback, to reduce the current
variation, and, hence the variation in the rate of change of voltage to
any desired degree. It is true that the resulting voltage wave will still
be of an exponential form. On the other hand, it has been shown? that the

other methods of linearization also produce a voltapge wave which is

2arthur C. Clarke, "Linearity Circuits," Wireless Engineer, No. 249,
Vol. XXI, June 1944, pp. 256-266.




exponential in forme. &Since the other methods of linearization require
more care in adjustment and are more suoject to difficulties due to such
things as strong magnetic fields and veriations in temperature and tube
characteristics, it was decided to employ negative feedback to linearize
the sweep.

The circuit which was finally developed is shown in Diagram I-A.
The capacitor is charged to very nearly the supply voltage through a type
20561 thyratron, not shown. When the thyratron is extinguished, the dis-
charge cycle starts, with the capacitor discharging through V-2, a type
6&07/1852 pentode connected as shown. At the beginning of the discharge
cycle, the voltage across the capacitor has its maximum velue, and,
consequently, the discharge current is a maximum. This current in flow-
ing through the cathode resistance of V-2 produces a voltage drop which
results in a voltage being applied to the grid of V-1, also a type
6AC7/1852 pentode. Due to the presence of V-3, a type OA3/VE-75 voltage-
regulator tube, in the cathode circuit of V-1, the cathode of V-1 is
maintained at a potential 75 volts positive with respect to the negative
bus. Since the other circuit components are so chosen that the grid of
V-1 is maintained negative with respect to the cathode, V-1 operates as
a conventional amplifier. The plate of V-1 is connected to the grid of
V=2 through V-4, a type OCS/VR—10$ voltage-regulator tube, which serves
simply as a coupling device, making it possible to obtain the proper d-c
voltage at the grid of V-2, so that the grid is maintained negative with
respect to the cathode. Then, insofar as V-1 is concerned, V-2 opefates
as a cathode follower.

A3 the capscitor is discharged, the voltage decraases, and the



discharge current tends to decrease., Any decrease in discharge current,
however, causes a decrease in the voltage drop across the resistance
R-7 + R-8 and results in & negative signal being applied to the grid of
V-1. This causes a decrease in the current through V-1 and produces a
positive signal at the grid of V-2, which, in turn, increases the dis-
charge current to very nearly its initial value. The change, i}, in

discharge current can be expressed:

iy = e Ap (8)
ug Rppo (A1 42 + 1)

e change in capacitor voltage.

n

i} = change in discharge current,
bz = amplification factor of V-2,

Rpp = cathode resistance of V-2.

A1 = amplification of V-1 stage.

amplification of V-2 stage considered as a cathode follower.

W

Az
From this expression, derived in Appendix I, the percentage

variation in discharge current, which is numerically equal to the per=
centage of non-linearity of the voltage wave produced across the
capacitor, can readily be calculated. Although the effects of R-3 and
R-5 are ignored in the derivetion of Equation 8, these effects are negli-
gible since these resistors are for the purpose of suppressing parasitic
oscillations and are of the order of a few ohms. This variation can be
held down to any desired value by the simple expedient of using a high-n
tube for V-2 and providing sufficient amplif'ication in the feedback
amplifier. Since the circuit is direct coupled throughout, there is no

lower limit to the frequency of operation insofar as the discharge circuit
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is concerned. Furthermore, the difficulties usually encountered in d=-c
amplifiers due to small changes in component values and tube characteristics
present no problem here since their effects are greatly reduced by the

large amount of negative feedback present.

The current through the discharge circuit is plotted as a function
of capscitor voltage for different values of resistance in the cathode
circuit of V-2 in Curves II-A through II-E. The data for these curves
were obtained by placing a milliammeter in series with the discharge cir-
cuit and replacing the capacitor with a variable-voltage supply. Hence,
these curves are accurate for any frequency down to zero cycles per
second .

In the development of this circuit, the first circuit used was
one in which the screen of V-2 was returned to the positive supply bus,
and the cathode of V-1 was returned to the negative bus through a
resistor, Data were teken on the variation of discharge current with
capacitor voltage, using this circuit, and this information is plotted
as Curves I-A and I-B. It can readily be seen that the variation over
the working range is quite noticeable, being of the order of 5 per cent.
This variation was found %o be due partially to degeneration caused by
the resistance in the cathode circuit of V-1.

After replacing the resistance in the cathode of V-1 with the
voltage-regulator tube, V-3, additional data were taken, which were
plotted as Curve I-C. It can be seen that, although this curve is
slightly improved, there is still a marked variastion in discharge current
over the selected working range from 150 to 425 volts.

At this point one significant fact was noticed. It is well
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known thet, as the plate potential of & pentode falls below the screen
potential the screen current increases quite rapidly. Indeed, there is

a marked variation in the screen current until the plate potential is
well avove the screen potential. In this case it was noted that the
increase in plate or discharge current of V-2 with increasing capacitor
voltage was accompanied by an almost identical decrease in screen current.
Actually, the feedback circuit was holding the current through the cathode
resistance of V-2 very nearly constant, but the discharge current through
the plate circuit of V-2 weas allowed to increase as the screen current
decreased, This difficulty was overcome by connecting the screen of V-2
to the plate through a voltage dropping resistance, thus making the
current flowing to the screen as well as to the plate of V-2 serve to
discharge the capacitor. Then all current flowing through the cathode
resistance of the tube, V-2, is capacitor discharge current. This
connection results in V-2 having a plete characteristic somewhat between
those of 6AC7 pentode and the same tube connected as a triode. The
amplification factor is higher than it would be were the tube operated

as a triode, and this is quite desirable from a constant current stand-
point as is indicated by Equation 8. These changes resulted in the

final circuit a&s shown in Diagram I.

Fine frequency control is accomplished by varying the resistance
in the cathode of V-2. The manner in which the discharge current varies
with cathode resistance is readily seen from Curve III. In order to
avoid non-linearity due to leakage currents, it is essential that the
discharge current through V-2 not be allowed to fall below approximately

one milliampere. Since good quality capacitors were used in the experi-
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mental model and the capacitors were operated well below their rated
voltege, it was found that the discharge current could be reduced to
three quarters of a milliampere with no noticesable non-linearity due

to the leakage currents. This value of current corresponds to a cathode
resistance of 82000 ohms, and this is the maximum value which was used.
It is seen from Curve I1I that, as the cathode resistance is reduced, the
discharge current increases more and more rapidly. For a given cap=citor
and a fixed voltage swing, the time required to discharge the capacitor

from the initial voltage to the final voltaze is:

T = Ce (9)

i

=
"

time of discharge through a fixed voltage change.

0 = capacitance.

@
i

voltage change.

n

i = discharge current, assumed constant.
If we ignore the time lost in the recharging process, and if the capacitor
is recharged immedistely upon being discharged te the lower voltGage limit,

the frequency of operation may be expressed as:
=213 (10)
Ce

From Equation 10, it is seen that the frequency of operation varies
directly as the discharge current. with this in mind, it is readily seen
from Curve III that, if the discharge current is allowed to rise above
six milliamperes, the frequency will be considerably affected by slight
changes in cathode resistance. Thus, if' the cathode resistance is

decreased pelow about 12000 ohms it becomes gquite dif'f'icult to set the
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frequency at any given value or %o synchronize the sweep. In addition,

a further difficulty is encountered as the discharge current becomes
large., This discharge current is continuous through the charge cycle

as well as the discharge cycle. 1In order to extinguish the thyratron,
V-5, at the end of the charge cycle, the cathode of V-0 must rise at
least to very nearly the plate potential and remain there long enough

for the tube to deionize, If the discharge current is high, the potential
of the cathode of the thyratron, which is connected to one side of the
sweep capacitor, falls below the anode potential before the tube has
deionized. When this occurs, the thyratron operates continuously, and

the sweeping process stops. To overcome this difficulty, the capacitor,
C-1, was comnected between the cathode of V=5 and the grid of V-1. This
results in the grid of V-1 being driven positive during the charge cycle,
and in turn applies a negative pulse to the grid of V-1, which reduces

the discharge current to a small value long enough to permit the thyratron
to deionize. It should be noted that this results in some variation in
discharge current early in the discharge cycle. If the values of C-1

and R=4 are carefully chosen, the time constant may be made such that

only a very small portion of the discharge cycle is affected.

Even with the discharge current limited to the range of from one
to six milliemperes, a frequency range of six to one can be covered.
Coarse frequency adjustment is accomplished by switching sweep capacitors.
By using a one=-microfarad and a six-microfarad capacitor, it is possible
to cover all frequencies from one cycle per second to thirty cycles per
second .,

It should be noted that the capacitors used for this saw-tooth
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generator are quite small compared to those employed in more conventional
sweep circuits when the frequency range covered in taken into consideration.
Upon inspection of Equation 10, the reason for this is quite apparent. In
most sweep generators, the change in voltage across the sweep capacitor

ig made quite small compared to the supply voltage, in order to preserve
linearity. It is readily seen that, if e is small, C must be made large
to produce a given low frequency with a fixed value of aischarge current.
Due to the type of discharge circuit used in the saw-tooth generatbor under
consideration, it is possible to make the change in voltage quite large
compared to the supply voltaze. The lower limit of voltage across the
capacitor is fixed by the voltage at wiich the current through V-2 begins
to vary appreciably with capacitor voltage. As inaicated by vurve II,
this is approximately 125 volts for high values of discharge current. At
this point the grid of V-1 begins to draw current, and the feedback circuit
is rendered ineffective, permitting the current through V-2 to fall off
quite rapidly with capacitor voltage. The actual lower limit of the
working range of capacitor voltage is set by the adjustment of R-11

which determines the potential at the control grid of V=56. As soon as

the discharging of the capaciﬁor drops the potential of the cathode of

V-5 to nearly the grid potential, the thyratron fires, recharging the
capacitor. The upper limit of capacitor voltage is determined by the
supply voltage, and the voltage drop in the thyratron. Due to the effect
of' lead inductance, the capacitor is charged to very nearly the full
supply potential. By using a supply voltage of 325 volts, and a working
range of capacitor voltage of 175 volts, the size of capacitor required

is made quite reasonable,
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It has been found that this particular type of sweep circuit is
quite easy to synchronize. A synchronization terminal hss been provided
through which the signal being viewed on the oscilloscope may be fed to
the grid of V-5. The values of R-10, R-11 and R=12 are reasonably high,
so, unless the signal is provided by a high-impedeance source, this circuit
will have little or no efiect on the signal. If difficulties are encoun-
tered due to this, it is possible to insert a resistance in series with
the synchronization terminal since the synchronizing signal required is
gquite small.

As has been sbtated, it is desirable to provide a deflection voltage
which is balanced. To accomplish this, the saw-tooth generator is pro-
vided with an amplifier which gives a symmetrical output voltage when
driven by a signal which is unbalanced with respect to ground. In effect
it is a form of self-balancing phase inverter. With the coupling system
used, the response of this amplifier is flat down to zero frequency.
Leakage currents through the capacitors C~4 and C~5, however, may cause a
falling of{ in response at frequencies of the order of a smell fraction
of a cycle per second.

The coupling system itself is somewhat unique and is worthy of
further consideration. The advantage of employing & large working range
of capacitor voltage has been pointed out, as has the necessity for pro-
viding a balanced deflection voltage. It is impossible to apply to the
grid 6f the amplifier tube a signal of the order of magnitude of 175
volts peak to peak without resorting to the variety of tube commonly used
in transmitters. This is impracticable, and the alternative is to recuce

the amplitude of the signal. This is nost readily accomplished by means
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of a voltage divider. A resistive voltage-dividing network connected
across the sweep cepacitor, however, would greatly increase the leakage
current with the resulting non-linearity of sweep voltage. Instead, 2
capacitor voltege divider consisting of C-4 and C=5, was used. This
offers the additional advantage of blocking out the d-c component of the
voltage across the sweep capacitor.

#hen a voltage is applied to two capecitors in series, the voltage
division between the two capacitors after a long period of time is deter-
mined by the relative values of leakspge current through the two capacitors.
This means that the average potential at the grid of the amplifier tube,
V=7, would vary unless the leakage resistances of C-4 and C-5 were equal,
and, in all probability, they are not. To avoid the undesirable effect
of the trace slowly drifting to the left or right on the screen of the
cathode-ray tube, V-6, a type 6H6E double diode, was connected in the
circuit as shown in the schematic diagram. Iif' the minimum voltage across
C=4 drops below a certain value determined by the setting of R-15, the
right diode conducts, placing a positive charge on C-4. On the other
hand, if the meximum voltage across (-4 exceeds a value which is deter-
mined by the setting of R-18, the left section of V-6 conducts, applying
a negative charge to C-4. Thus, with the proper adjustment of R-15 and
R-18, any drift in the sverage potential on C-4 is compensated for as
it occurs.

It will now be shown that, except for the very low frequencies
at which leakage currents through C~4 and C-5 may produce distortion,
the coupling network is effective for all frequencies. The impedance

of a capacitor at any frequency below self-resonence is & pure reactance
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if the leakage resistance is sufficiently high that it can be neglected.
For high-quality mica capacitors, this is certainly true. This reactance
may be expressed as:

= 1 1 |
ol (1)

By the potentiometer rule, the voltage appearing across (-4 is:

257 Cs
€4 = g———=— ©

== a4 n. 8
X04 + XCﬁ Cqg *+ Cp

e4 = voltage appearing across (-4,

L]

e voltage across series combination of C-4 and C=-5.

C4q4 = capacitance of C-4.

Cs = capacitance of C=5.
As is indicated by Equation 12, the voltage appearing across (=4 is
independent of frequency, and depends only upon the applied voltage and
the capacitances of C=4 and C=-5.

The deflection amplifier consists of a type 6SN7 dual triode in a
circuit which is frequently used in television circuits to provide a
balanced deflection voltage from an unbaslanced signal. hen a positive
signal is applied to the input grid of the amplifier the current through
the triode shown on the richt in the schematic diagram increases, causing
the cathodes of both triodes to become more positive. oSince the grid of
the left triode is at & fixed potential determined by the setiing of R-24,
this is effectively a negative signal on the grid of the left triode,
causing a decrease in current through the left-hand section of V-7. TFor
perfect balance, the increase in current through the right half of V-7

would have to equal the decrease in current through the left half. This,
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however, is impossible, since if there is no net change of current through
the cathode resistance, R-22, no signal is developed to drive the left
section of the amplifier. The ratio of the currents through the two sections
of V-7 gives an indication of the unbalance existing in & given circuit.

This ratio, as indicated by Lguation 8 in the second derivation of Appendix

I may be written as:

3 . 1+ #L + Rp (13)
i2 (n*l) Rz2

i] = alternating component of current through input triode.

i2 = alternating component of current through second triode.

Ry, = load resistance of either triode, assuming that the two load
resistances are equal.

Rp = dynamic plate resistance of either triode, assuming that both
are equal,

Rg2 = cathode resistance.

p = amplification factor of each tube, also assumed to be equal,
Equation 13 indicates that the unbalance decreases with incresse in the
value of cathode resistance, out the extent to which this can be carried
is limited by d-c considerations. The value of load resistance is dictated
by the required output voltage and the allowable grid swing. This is not
serious, however, for considerable unbalance must occur before defocusing
of' the spot becomes noticeable.

The gein of this type of amplifier may be expressed as:

RRT,

A= <
Xy R (14)

where symbols are the same as those used in Zguation 13. This is seen to
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be identical to the amplification of a convertional single-stapge amplifier,
end is in no way affected by the value of the cathode resistance.

In testing the saw=-tooth generator, the output from an audio oscil-
lator was applied simultanecusly to the vertical-deflection amplifier
terminals of two oscilloscopes, one with a medium=-persistence and one with
& long-persistence screen, The output from the saw=-tooth zenerator was
applied directly to the horizontal def'lection plates of the cathode-ray
tubes in the two oscilloscopes. In this way, it was possible to view the
trace on the oscilloscope with the long-persistence screen while photo-
zraphing the trace on the screen of the other oscilloscope. Synchroniza-
tion was provided by applying to the synchronization terminal of the
saw-tooth generator the output from a pulse generator which was in turn
driven by the audio oscillator. This method of synchronization was
employed to insure that the trace would be avsolutely stuble since, in
some cases, it was necessary in the photographing process to use exposures
up to 10 seconds. The actual apparatus used appears in the List of
Apperatus and is shown in Photograph XIITI.

The final product of this development, a saw-tooth generator
capable of covering the range of frequencies from one cycle per second
to thirty cycles per second, is shown in Photograph XIV. An indication
of the capabilities of the saw-tooth generator is given by Photographs I
through XII. The amount of non-linearity present is most readily seen
by reference to Photograph IITI. It will be noticed that the non-linearity
occurs in the early part of the sweep. This is due partly to distortion
in the deflection amplifiier and partly to the presence of C-1 in the

circuit of the saw-tooth generator. The distortion due to the deflection
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amplifier can be reduced by employing & tube which permits a larger grid
swing, and that due to C-l1 can be eliminated by removing C-1 and R=13 and
placing a large inductance in series with each sweep capacitor. The non-
linearity present, however, is not objectionable as is indicated in the
photographs of the other traces. Also, the addition of the inductance

in series with the sweep capacitor would lengthen the time of retrace
wnich, with the circuit used, is quite short, as can be seen from Photo-

graphs X, XI, and XII.
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I1T. CONCLUSIONS

This investigation shows conclusively that it is possible to build
a saw-tooth generator employing a relatively simple circuit for the purpose
of providing a time base for a cathode-ray oscilloscope and capable of
operating at frequencies well below those at which the sweep in the
ordinary oscilloscope becomes useless. The upper frequency limit is of
the order of several kilocycles per second, and the range can be extended
downward as far as desired by the simple expedient of connecting larger

values of sweep capacitance into the circuit.
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DERIVATICN I

An expression for the change in capacitor discharge current is

derived in terms of the change in capacitor voltage, the amplification

of the feedback stage, V-1, the amplification of the discharge tube

stage, V-2, considered as a cathode follower, the amplification factor

of V=2 and the load resistance in the cathode of V-2,

Definitions:

e
i
251

p2

Rpl

R

Rra

4

pa

= change in capacitor voltage.

change in capacitor discharge current.

"

amplification factor of the btube V-1.

amplification factor of the tube V-2.

]

= dynamic plate resistance of V-1,
= dynamic plate resistance of V-2.

Rp + Rg = resistance in cathode circuit of the discharge
tube V-2.

= amplification of the feedback stage, V-1.

4z = amplification of the discharge tube stage considered as a

conventional cathode follower.

From the equivelent circuit of Diagram I-B, the following equations

can be written:

ijRp, + ijRpy = € - mze3 (1)
ey = iiRg, (2)
igRp1 * i3Rp = myeg (3)

i2R,1 * 1g4Rg = me) (4)
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e = igRz = igRg (5)
iz = i3 + iq (8)
ez = e] + €2 (7)

since ij represents the change in discharge current of the capecitor,

this is the gquantity which is to be determined.
Substituting (7) in (1),
iRz + 11Rp2 = © - p2e]l - uze2 (8)

Substituting (2) and (5) in (8),

i3 (Rp2 *+ Rp2 + p2RLy) = e = pgRais (¢)
sSubstituting (6) in (3) and (4) and rearranging,
iz (Rp1l *+ Rz) *+ i4Rpl = pye) (10)
igRpy *+ ig (Rpy + Rg) = pyey (11
Solving (10) for ig,
ig = P11 - iz(Rp1 + R2) (12)
Rp1
Substituting (12) in (11) and solving for iz,
r1e1Rg (15)

. Rp1Rz *+ Rp1Rg + RgRg

But, from (2) e1 = iiRyp
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Hence:
e M1iiR2Rg (14)
g RplR2 *+ RplRg *+ R2Rg
Substituting (14) in (9),
. " RoR -
i1 (RL2 * Rp2 *+ naRLp) = e - p2Rigil H17279 (15)

RpIRZ ¥ RplRg + R2kg

It can easily be shown that the amplification of the V-1 stage,

Al is:
M1H2Rg
Al = + . (16)
17 R R; ¥ R,1Rg + RpRg
Substituting (16) in (15) and solving for i,
i) = : (17)
WaRLpAL + [z + 1) Ry - Rpz]
Refer to Diagram I-C. The following equations can be written:
&z = €5 - €, (18)
8.5 (19)
i
eD = ilRLz (21)
From (20)
naes
i = :
1 2 > (22)



Substituting (22) in (21):

n2e3Rr2

"o " Rpp + Rp2

)
Substituting (18) in (23) and rearranging:

eo(Bra * Rpa) = MoRpge; = maRpge,

€o = e )
e (nz + 1)Rp, *+ Rpe

=_A_2

Dividing numerator and denominator of (17) by BRI,
e
M2RL2
(mg + 1)Rp2 + Ry
M2RL,

i =

"i
£ 4

Substituting (25) in (26) and rearranging:

elo

"1 7 peRpp(inhy + 1)

27

(23)

(24)

(25)

(28)
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Two expressions are derived, one of which gives the amplification

of the single-ended input, push-pull output amplifier in terms of the

amplification factor and plate resistance of the tube, and the load

resistance, the other giving the ratio of the two alternating components

of plate current, an indication of the degree of unbalance of the stage.

Refer to Diagram II-B. Since the push-pull deflection amplifier

consists of the two units of a 63W7 dual triode, the following assumption

can be made without introducing appreciable error:

Rpl = sz = Rp = dynamic plate resistance of each section tube,

B} = ug = n = amplification factor of eacn tube section.

Furthermore, since in the usual case, the two load resistors are equal,

let:

Rpg = Rp1 = Ry,

With the above simplifications, the following equations can be written

from the equivalent circuit:
e=el+eg
ez = (i) - ip) Rpp
eo = (11 *+ ip) Ry,
1y (Rp * Ry + Rgp) - 1p Rgg = poey

=11 Rpg + 1z (R *+ Ry + Rpp) = peg

(1)

(2)

(3)



Substituting (2) in (5) and rearranging,
ip (R+ 1) Rpp = 35 [(m+ 1) Rop + R + Ry] = 0

i; =1, (B*1)Hps + Ry * Ry
(n + 1) Rgp

i R, * By
- A CER VY

)
Substituting (1) in (4)
iy (Ry *+ Rp + Rap) = igRpz = pe - pep
Substituting (2) in (9) and rearranging,

].le'!'iz(}.l + l) 322
1% G+ 1) Raz * RL * Ry

Equating (10) and (7),

iz [(n+1)Rpp + Ry *+ Ry]  me + iy (m+ 1) Ry

(n+l)R22 _GJ+1)R2d+RL+‘{p

Cross multiplying and solving for 1lp,

pe (u + 1) Rop

1227 (Rp+Ry)2+ 2 (R + Rp) (m + 1) Rz
we [ (n + 1) Raz2 + RL *+ Rp)
137 (R * Rp)2 + 2 (RL + Rp) (m + 1) Rpp

From (3),

e, = (i1 *+ i3) By

29

(7)

(8)

(9)

(10)

(11)

(12)

(13)
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Substituting (12) and (13) in this expression,

eo n [RL"'R.p*Z(JJ.*l)Rzg]RL

- - (14)
e (Ry *Rp) [BL*Rp +2 (n+1) Rpg)

Since the amplification, A, of the stage is

0' o
o

A

From (14),

BRL,
= RP + Ry, (15)
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TABLE I
Capacitor Discharge Current, I, in millismperes corresponding
to values of Capacitor Voltage, Vg, in volts.

The dischsrge circuit is the same as the circuit snown on the
schematic diagram except:

Screen of V-2 returned to B+ through 68000 ohms.
Cathode of V-4 returned to =250 volts through 45000 ohns.
Cathode of V-1 tied to ground through 2200 ohms.

Values are plotted as Curve I-A.

Ve Ic Ve I
0 0.00 180 4,16
10 0.00 190 4,17
20 0.00 200 4,17
30 0.26 210 4.18
40 1.35 220 4.19
50 3437 230 4.19
60 SauTl 240 4,20
70 3.87 250 4,20
80 596 260 4,20
90 4.01 270 4.20
100 4,03 280 4,20
110 4,05 290 4,21
120 4 .07 300 4,21
130 4,09 320 4.21
140 4.11 340 4,22
150 4.12 560 4,23
160 4,14 3860 4,23
170 4,15 400 4,23




TABLE II

Capacitor Discharge Current, Ic, in milliamperes, corresponding
to values of Capacitor Voltage, Vg, in volts.
the same as for Table I, except the resistor in the cathode of V-2 was
Values are plotted as Curve I-B.

changed to 8000 ohms.

The discharge eircuit is

33

Ve

0
10
20
30
40
50
60
70
80
g0

100
110
120
130
140
150
160
170

Ic

0.00
0.00
0.00
0.00
1.50
2,10
2.36
2.49
2.55
2.60
2.61
2.63
2.64
2.66
2.67
2.68
2.69
2.69

180
190
200
210
220
230
240
250
280
270
280
290
300
320
340
360
380
400

2.70
2470
2.70
2.71
2,71
2,71
2:72
272
2.72
2.73
2.73
2.73
2.73
2.74
2.74
2.75
2.75
2.76




TABLm TIIIX

Cepacitor Discharge Current, I,, in milliasmperes, corresponding
to values of Capacitor Voltage, Vy, in volts. Discharge circuit same
as circuit shown on Schematic Dimgram, except:

Cathode of V-1 returned to ground through 2200 omms.
Screen of V-2 returned to B4 through 68000 ohms.

Velues are plotted as Curve I-C.

Vo Ie Ve Ie
0] 0.00 180 5.29
10 0.00 190 5.30
20 0.00 200 5.81
30 0.20 210 0.32
40 1.00 220 5.33
50 2.10 230 5.33
60 3.80 240 5.54
70 4.95 250 0.54
80 5.00 260 5.35
90 5.07 270 5.35
100 5.13 280 5.35
110 5.16 290 5.36
120 5.20 300 537
130 5.22 320 5.38
140 5.22 340 5.38
150 5.24 360 5.39
160 5.27 380 5.39

170 5.28 400 5.40




TABLE IV

Capacitor Discharge Current, Ic, in milliemperes, corresponding
to Capacitor Voltages, Vg, from O to 450 volts, for values of cathode
resistance, R-7 + R-8, in the circuit of the discharge tube, V-2.
Values are plotted in Curves II and III. The circuit is that shown on
the Schematic Diagram.

(4]

R-7 + R-8 Ohms x 10%

1.5 1.83 2.19 3.63 7.27

Ve Ie Ie L Lo Ie
0 0.00 0.00 0.00 0.00 0.000
10 .11 0.02 0.00 0.00 0.000
20 0.64 0.42 0.24 0.04 0.000C
30 1.10 0.84 0.59 0.29 0.000
40 1.50 1.18 0.95 0.51 0.090
50 1.80 1.53 1.20 0.74 0.235
60 2.37 191 1.50 1.00 0.370
70 2.83 2435 1.83 1,18 0.520
80 3.39 2.75 2.1% 1.38 0.660
g0 3.86 3.40 2.48 1.60 0.942
100 4.40 3.66 2,88 1.82 0.964
110 4.70 3480 2.94 1.84 0.966
120 4.80 3492 2.98 1.85 0.967
130 4,84 394 2.98 1.85 0.969
140 4.84 3.94 2.98 1.86 0.970
150 4.84 3494 2.98 1.86 0.971
200 4.80 3.96 2,99 1.87 0.978
250 4.86 3497 2.99 1.68 0.980
300 4.87 3.98 3.00 1.88 0.987
350 4.88 3.99 3.00 1.89 0.992
400 4,89 3.99 3.01 1.89 1.000
450 4.90 4,00 3.01 1.8 1.000




TABLE V

Values and ratings of component perts showm on Schematic Diapgram.

56

(]
1

aa ? Q
O O o

N -~

Wb R b
[ I B R |
W o

o

R=6

R="7
k-8
R=9
R-10
k=11
R=12
R=13

0.1 mfd., 450 volts

1 mfd., 450 volts

6 mfid., 450 volts
0.01 mfd., 450 volts
0.001 mfd., 450 volts
0.0l mfd., 450 volts

22000 ohms, 1 watt
8000 ohms, 5 watt

100 ohms, 1/2 watt
220000 ohms, 1/2 watt
100 ohms, 1/2 watt
3300 ohms, 1/2 watt

12000 ohms, 1 watt
70000 ohms, pot.
25000 ohms, 1 watt
100000 ohms, 1/2 watt
20000 ohms, pot.
75000 ohms, 1/2 watt
300 ohms, 1/2 watt

100000 chms, 1/2 watt
20000 ohms, pot.
10000 chms, 1/2 watt
100000 chms, 1/2 watt
20000 ohms, pot.
25000 ohms, 1/2 watt

8200 ohms, 1 watt
8200 ohms, 1 watt
95000 ohms, 1 watt
220000 ohms, 1 watt
20000 ohms, pot.
3300 ohms, 1/2 watt

6ACT7 /1852

6AC7 /1852

043 /VR-75

0C3/VR-105
2051

8H6

83N7
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DIAGRAM 1 CAPACITOR DISCHARGE CIRCUIT
A, ACTUAL CIRCUIT

il
!

I

B. EQUIVALENT CIRCUIT

C.
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DIAGRAM 11 PUSH-PULL DEFLECTION AMPLIFIER

A. ACTUAL CIRCUIT

o2

ouTPUT

(o T

INFUT

o 0 ~325v.

B. EQUIVALENT CIRCUIT
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PHOIOGAAPH T : Sweep: 1 c.p.s. = Low Range

Signalz 15 CufieS,

AL RN R R R R R RR RN

LRI e

IOIOGRAPH IT : GSweep: 1 c.p.S. =~ Low Range

oifr&: = -:)‘»..] ‘:-p. 3.

e

T

FPEOTUGHAPH ITIL : oweep.: 1.2 CiPsS. = Low Range



I0T0GRAPH IV : Sweep: 4 c.p.s. - Low Range

ar 4 =R 1T g
wigrnal: l. C.De 3%

PHUTOGRAPH V ¢ Sweep: 5 c.p.s. - Low Range




PHOTOGRAPH VII : Sweep: 10 c.p.s. = High nange

signal: €0 c.p.s,

PHOIOGRAPH VIII : Sweep: 15 c.p.s. - High kange

3lgnal: 60 ¢.p.3.

PHOTOGKAPH IX : osweep: 20 c.p.s. - High Kange

S3lgnal: 60 c,p.s.



PHOTOGKAPH XI : oSweep: 30 c.p.s. = Hlgh range

signal: 60 C,ps8.

PHOTOGRAPH XII : Sweep: 50 c.p.s. - High hange
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