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( I ABSTRACT

Tﬁe analysis and design of both vacuum tube and transistor blocking
oscillators are described, with particular emphasis on the quasi-stable
region., A relatively simple nonlinear analysis of the vacuum tube circuits
is developed in terms of only two tube parameters — a current division
factor and a current emission factor, This nonlinear analysis gives a
clearer understanding of the role played by the tube in influencing circuit
operation, as well as improving the accuracy that can be obtained with a
linear analysis. Theoretical and experimental results are compared,
Since the transistor is a more linear device, the transistor circuits are
studied with a piecewise linear analysis, The approximations used in the
analyses are in terms of readily measurable large-signal parameters,
and particular attention is given to reducing the effects of variations in

these parameters,

The objective is to give a method of treatment of blocking oscillator
circuits which will be of practical value for circuit design. An attempt
has been made to reach a good compromise between accuracy, generality,
and usefulness, The use of statistical methods to complement the math-

ematical analyses is stressed,

Emphasis is placed on circuits which do not use an input capacitor.
It is shown that these are practical circuits for generating high repetition
rate and/or nonperiodic pulses, It is shown that the performance of the
intrinsic circuits can be consideI!ably improved by modifications, without
the addition of an input capacitor, while still maintaining the advantages

of the intrinsic circuit.

While the approximations are made for particular types of com=-
ponents and the analyses are performed on specific circuits, the methods
employed are general, It is believed, therefore, that this material may
be a useful guide for the analysis and design of many other blocking oscil-

lator circuits.
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CHAPTER I -- INTRODUCTION

A conventional blocking oscillator uses capacitance in series with
the input circuit of the active device. When appropriate values are chosen
for this input capacitor, the circuit operation is relatively insensitive to
variations in the characteristics of the active element and the transformer,
This tolerance to changes in characteristics enables the empirical design
of most circuits, and a thorough understanding of the operation of the cir-

cuit is not usually necessary.

Energy is stored in the input capacitor during a pulse, and most of
this energy must be dissipated before a new pulse can be generated. The
repetition rate of this circuit is limited; and identical pulses cannot be
generated unless the pulses are periodic, or unless the capacitor is com-

pletely discharged between pulses.

Particular attention will be given to the Intrinsic Blocking Oscilla-
tor, defined here as a blocking oscillator having only a transformer and
an active device in the feedback loop. There are two reasons for the em-

phasis on this circuit: (1) The circuit is particularly useful where pulses

having high repetition rates and/or nonperiodicity are required, since the

recovery time limitations due to the input capacitance are eliminated;
(2) Because of its basic nature, a study of this circuit reveals important

properties generally applicable even with circuit modifications.

Without an input capacitor, circuit operation is governed by the
characteristics of the active device and the transformer. It is shown that
there is a considerable variation in these characteristics because of manu-
facturing tolerances and the effects of environment. Proper design of
these circuits requires a good understanding of the operation of the cir-

cuit, a knowledge of the effects of the various important parameters, and







control over these parameters such that the circuit will function within its
desired limits, Since the objective is to obtain the necessary informa-
tion, the simplest and most practical means should be employed. The
approach used here will be to combine graphical, mathematical, and stat-
istical methods to obtain an over-all understanding of blocking oscillator
operation that would be difficult to determine from a single method of

study.

A graphical analysis is used primarily to verify that the transformer
approximations are valid. It is shown that statistical data are invaluable
for evaluating a given design, and for checking a mathematical analysis to
determine the effects of approximations on the accuracy of the analysis.

It is shown that the main advantages of mathematical analyses are to iden-
tify the important circuit parameters, to give an approximate mathemati-
cal representation to the relationships between the parameters and the
circuit operation, and to indicate possible methods for improving the de-

sign,

Pulse termination is shown to occur when the physical requirements
necessary to sustain the quasi-stable state can no longer be satisfied.
Thus, regeneration in the feedback loop is not responsible for terminating

the pulse, a commonly held theory.

The analysis and design of both vacuum tube and transistor blocking
oscillators are considered, While emphasis is now on transistor circuits,
the vacuum tube is still of interest for certain applications, particularly

where there is a high radiation environment,

A piecewise linear analysis of the vacuum tube blocking oscillator
in the quasi-stable state can be made by assuming average values for such
tube characteristics as the amplification factor, plate resistance, and the
grid resistance., However, these parameters are not constant in the posi-
tive grid region; they may vary during this so-called piecewise linear re-

gion by a factor of two or more. These average values are difficult to







measure, and they depend upon the particular operating condition, As a

rule, this type of analysis results in very poor accuracy.

To circumvent these difficulties, a relatively simple nonlinear
analysis of the vacuum tube blocking oscillator is presented in terms of
two readily measurable tube parameters., Methods of measuring these
parameters and comparisons between theoretical and experimental re-
sults are given, Not only is the agreement much better than is usually
obtained with piecewise linear analyses, but the new parameters provide
a clearer understanding of the operation of the circuit, and indicate meth-
ods for modifying and improving the circuit design, Several modifications

to the intrinsic circuit are considered.

The transistor blocking oscillator operates over its normal voltage-
current region, in contrast to the positive grid region of the vacuum tube.
Although the transistor is also nonlinear, a much more accurate piecewise
linear equivalent circuit can be developed for the transistor, Piecewise
linear analysis is exemplified by the analysis of two transistor circuits.
Emphasis is placed on using easily measurable parameters and on mini-

mizing the effects of these parameters.

Primary emphasis will be placed on the quasi-stable region. A
study of the rise-time interval reveals that the rise time is pfimarily
determined by the characteristics of the transformer and by the trigger.
An analysis of this rise-time interval can aid greatly in the determination
of the circuit design to minimize the effects of the trigger and to optimize
the rise time, and should not be underrated, However, since the unit-
to-unit variations in rise time will be small with a good transformer de-
sign, and since the circuit design for good rise time is fairly broad and
can be determined empirically, the rise time will be considered here only
in relation to its effect on the design for the quasi-stable region. The
analysis of the rise-time interval would become particularly important
for transistor circuits which used low-frequency transistors such that the

rise time was governed largely by the characteristics of the transistor.







CHAPTER II -- GENERAL BLOCKING OSCILLATOR THEORY

Necessary Conditions

The essential components of a blocking oscillator are a three-
terminal active device capable of providing power gain, and a transformer,
Power gain in the active device is required to overcome circuit losses.
Another requirement of the active device is that its output must be con-
trollable at the input under all conditions., The last condition eliminates
many breakdown devices, such as thyratrons, from use in blocking oscil-
lators. The active device and transformer are connected together to form
a positive feedback loop, Additional components may be included in the
feedback loop to obtain a specific circuit operation. In addition, other
components are normally required for proper biasing, decoupling, and

trigger or sync insertion,

During the pulse, the active device is driven beyond any linear re-
gion it may have, as a result of the positive feedback, Thus, the total
voltage and current excursions are determined by the large signal charac-
teristics of the device. It is the characterization of this large signal be-

havior which makes the analysis of blocking oscillators so difficult.

A stable state exists when the current through the active device is
zero or nearly so. When the current through the device is increased, by
insertion of a trigger pulse, for example, the loop gain becomes greater
than unity. The regeneration as a result of the positive feedback causes
the large voltage and current excursions, These excursions reach a maxi-
mum when the loop gain is reduced to unity by the nonlinear characteristics

of the loop. The interval required to reach a unity loop gain is called







the rise period; the rise time is usually taken as the time required to
traverse the 10-to-90 percent points of the amplitude variation during the

rise period,

Quasi-stable State

The interval during which the loop gain is unity is a quasi-stable
state which can exist for a desired length of time. The presence of the
pulse during this interval causes an exciting current in the transformer,
which must be supplied by the active device. This increasing exciting
current causes the operating points of the active device to shift in order
to maintain a unity loop gain. When the device can no longer supply the
required exciting current, the circuit switches from the quasi-stable
state back to the stable state, The quasi-stable region is usually re-

ferred to as the main part of the pulse and is the interval of primary

interest here,

Consider the simplified intrinsic blocking oscillator circuit shown
in Figure 1 where components for trigger insertion have been neglected.
Assume a further simplification by considering the transformer to con-
sist only of a primary inductance and an ideal transformer having a turns

ratio, n, as shown in Figure 2,

- E
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Figure 1, Simplified Intrinsic Blocking Oscillator







Figure 2, Intrinsic Equivalent Circuit

From Figure 2 the loop voltage equations1 are

E =E +¢& +e (1)
P

and
e = e - E (2)

where e, is the pulse voltage across the transformer primary.

These equations result in a voltage loop gain of unity. To have unity
power gain, the loop current gain must also be unity. The current gains

are found to be

i
Current gain of tube = 1_p s
g
and i
Current gain of transformer = - :
1m ng 1g n

l(Ebb -Ei) in Equation (1) can be considered as the effective plate
supply voltage. A negative grid bias can be substituted for the cathode
bias, and the only effect will be to modify this effective supply voltage.







Equating the product of the individual current gains to unity results
in
i i 1
e __g_=i<_i__) (3)
m p n g\i n
g
It may be noted that the concept of unity loop gain is not necessary to

derive Equation (3) since it can be obtained directly from Figure 2 by in-

spection.

The magnetizing current is a result of the pulse voltage across the

transformer, the relationship being

dim
o B Lp " ViaF (4)
y
Hence:
R
S Lpfeodt (5)

Equation (5) shows that the magnetizing current is a function of the
time integral of the pulse voltage. Since the plate and grid currents are
functions of the plate and grid voltages, €, in Equations (1) and (2) may
change in order to satisfy Equation (3) as the magnetizing current in-
creases., But the magnetizing current as given in Equation (5) will not
increase linearly with time unless the pulse voltage iS constant. Any as-
sumption of a linearly increasing magnetizing current should, then, be

coupled with an assumption of a constant pulse amplitude.

Equation (3) shows that the magnetizing current can be given in terms
of the plate and grid currents or in terms of one current and the ratio of

the currents, The best method for approximations is yet to be determined.

The analysis thus far is equally suitable for a transistor blocking
oscillator., It would be convenient in a transistor circuit to change the
current and voltage subscripts, and for a pnp transistor also to change

referenced directions.







Since the active device is nonlinear, nothing can be said, as yet,
about the magnitude of the voltages and currents or the manner in which
they vary with time. Equations (1) through (4) give the relationships be-
tween the voltages and the currents which must be simultaneously satis-
fied, no matter what these nonlinearities may be. It should be noted that
the relationships between voltages and currents depend upon the charac-
teristics of the individual device; and any one analysis, using approxima-
tions, may be limited to devices having similar current-voltage charac-
teristics. Thus, a different analysis is needed for tube and transistor
circuits; and the approximations may be valid for only a particular type

or class of tube or transistor.

The only approximations made thus far have been in characterizing
the transformer. It will be shown later that, for a well designed linear
transformer, these approximations are valid if the inductance and turns
ratio are appropriately chosen. A saturating-type transformer must also

include the effects of saturation, however.

Figures 3 and 4 show typical time variations of the plate and grid
voltage and currents. For these waveforms the circuit of Figure 1 was

used with Ebb = 150v, Ek

pulse shapes in Figures 3 and 4 is due to the different voltage-current

= 18v, and a=1. Note that the difference in

characteristics of the tubes.

Recovery Period

Immediately after the quasi-stable state, the magnetic field built up
in the transformer will start collapsing. The manner in which this field
collapses will depend upon the transformer damping. If the transformer
is underdamped, damped oscillations or ringing will occur which may re-
trigger the blocking oscillator, a usually undesirable condition. A re-

sistor across one of the transformer windings to obtain critical or over-
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damping will eliminate this effect; the recovery period can be as short as
twice the duration of the main pulse. Sometimes the load and transformer

losses supply sufficient damping, and no additional resistor is required.

A diode may be connected across one of the transformer windings
such that it will conduct during the recovery period. The reverse voltage
present during the recovery interval is then limited to the forward drop
of the diode, and the rate of collapse of the magnetic field is greatly re-
duced. 3 This results in a considerable longer recovery time than that
obtained with resistive damping. While this method is often used to elimi-
nate the high reverse voltage during the recovery period, it can only be

employed where the long recovery time is permissible.

If capacitance is used in the grid circuit of the blocking oscillator,
all or part of the energy stored in this capacitance must be dissipated
during the recovery period. A path must be supplied for discharging this
capacitance, and the resultant time constant usually governs the recovery

time.

Many circuit modifications are possible to change the recovery
characteristics. A good example is the use of a zener diode to limit the
reverse voltage to the breakdown voltage of the diode. This is particu-
larly useful in transistor circuits to limit voltages to within the transis-

tor ratings while still maintaining fast recovery time.

2This is a result of limiting the voltage in Equation (7) on page 15.
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CHAPTER III -- TRANSFORMER DESIGN

The Problem

The design of a blocking oscillator transformer depends upon the
particular circuit under consideration. Different circuit requirements
may require considerably different transformer designs, and this is one
reason for the relatively few types of commercial transformers on the

market.

Transformer design involves the making of important decisions in
three major areas: (1) the method of construction, (2) the choice of ma-
terials, and (3) the number of turns required on each winding. As is to
be expected, these three areas have interrelated requirements, which,
in conjunction with the large number of different possible design require-
ments, make a general design procedure impractical. The method to be
followed here will be to discuss the principal design considerations, leav-

ing their final solutions as individual design problems.

Effect of Rise Time Requirements on Design

The rise time of a blecking oscillator is governed primarily by the
trigger and by the leakage inductances and distributed capacitances of the
transformer and the capacitance of the tube or transistor. The main diffi-
culty in calculating rise time appears to be in getting accurate equivalent

circuit values for small pulse transformers.

12







There are a few concepts which can result in a considerable im-
provement in the rise time response, especially with vacuum tube circuits.
For a fast, smooth rise time probably the most important property is
symmetrical construction. Single-layer windings, one layer for each
winding, are preferable to multiple layers. With multiple layers it is
easy to visualize the presence of more complex leakage inductances and
distributed capacitances. With single-layer windings having a different
number of turns per winding, it is often possible to choose different wire

sizes or to space the turns such that all windings occupy approximately

the same winding length, While multiple layers may be necessary to ob-

tain wide pulse widths, the fastest rise times will in general be obtained

with the fewest layers.

Another undesirable feature, not quite so obvious, is crossed turns.
Since leakage inductances and distributed capacitances are distributed
quantities, crossed turns can cause asymmetry which results in individual
high-frequency resonances. This results in ringing which can occur not
only at the top of the pulse, but during the steeply rising portion as well.
Considerable trouble has been experienced when using toroidal cores be-

cause of the difficulty in layer winding without crossing turns.

The number of turns and the dimensions of the transformer will
affect the rise time. Too few turns will result in a high leakage induc-
tance as a result of poor coupling. For solenoidal construction, a rule
of thumb is to adjust the number of turns and the core area for the desired
magnetizing inductance while having a winding length on the order of one

or two times the diameter of the coil,

Basic Transformer Theory

The circuit in Figure 2 used a greatly simplified equivalent circuit
for the transformer. A more accurate, though still approximate, form

is the familiar equivalent circuit shown in Figure 5.







Figure 5. Transformer Equivalent Circuit

It is easy to visualize that the use of an equivalent circuit as com-

plex as this would greatly complicate the solution of nonlinear equations.

During the main part of the pulse, the plate and grid currents as

well as the core loss and magnetizing currents, contribute to voltage drops
in the leakage inductances. Thus, to generate relatively square pulses

the leakage inductances should be small in relation to the magnetizing in-
ductance, indicating the necessity of tight coupling. During this interval
when the pulse voltages are changing slowly, the effects of leakage in-
ductances and distributed capacitances are minor with close coupling.

The elimination of these components in the circuit of Figure 5 still leaves
resistances whose voltage drops depend upon nonlinear currents, a con-

siderable complication to any analysis.

An approximation widely used with power transformers is

E N
- A e g

| _a (6)
AR

where a is the actual turns rétio from primary to secondary and 1 is the

power efficiency. Considering the turns ratio, n, in Figure 2, as the
right-hand side of this equation, it becomes the effective turns ratio of

the transformer, In a transformer with no leakage, the magnetizing







inductance is equal to the primary inductance. Thus, the equivalent cir-
cuit of Figure 2 considers only tie primary inductance and an effective
turns ratio.3 Although this equivalent circuit is highly desirable, its

validity has not yet been demonsirated.

Since the primary inductance may be nonlinear, the magnetizing
current as given in Equation (5) may strongly depend upon characteristics
of the core material over the operating region of flux density. This is
particularly true if operation extends into the saturated region. A trans-
former saturates if its flux density exceeds a given maximum value. The
saturation fnay be gradual as the flux density increases (soft saturation),
or it may be sharp (hard saturation), depending upon the type of core
material. The effects of core material and operating region may be de-
termined from the relationship between magnetizing current and flux den-

sity. Since

therefore:

o
and assuming e and L constant gives

ET<B8 N(¢m-¢i),

3Al’chough the transformer turns ratio is modified to agree with the

actual voltage ratio, power losses in the transformer are neglected.

These losses could be considered by using _II_S__ = nn for the current ratio,

but the accuracy of the following analyses w]gluld not be significantly im-

proved,







where ¢i is the initial flux at time zero and may be either positive, nega-
tive, or zero, depending upon the recovery interval of the previous pulse
and the characteristics of the core material. A is the maximum flux

occurring when the magnetizing current is maximum.

Substituting flux density for flux results in
ET = LI = NA(B_- B) (8)
where A is the effective core area.

Since the relationship between turns, area, and inductance is

S Wl (9)

1SR S |
Ap g

where 1c is the core mean path length
lg is the effective air gap

Ap is the incremental permesbility of the core,

the substitution of this equation for inductance gives

1
< +1
o - B

m N m 1

(10)

The air-gap length and initial flux density can often be assumed to be zero,
thus simplifying the equation to
1c (11)

Irn i NAp Bm

In the linear region of the transformer, where the incremental perme-

ability is approximately constant, the magnetizing current is, therefore,
proportional to the flux density. In the saturated region where the incre-
mental permeability decreases, the magnetizing current will increase at

d faster rate than the flux density.

16







For a given maximum flux density there is a given maximum current,
This is true even in the saturated region, since for a certain flux density
there is a corresponding given incremental premeability. Curves of mag-
netizing current versus time are shown in Figure 6 as a function of pulse
amplitude. Note that the upward curvature of current begins at the same
value of current, shown by the dashed line, for all curves. By Equation

(11) the flux density

TIME

Figure 6., The Influence of Pulse Amplitude and Core
Saturation on Magnetizing Current

should be the same at all intersections with this dashed line, It therefore

is evident that the start of the upward curvature corresponds to entering

the saturated region of the transformer, which occurs at a particular flux

density., Also by Equation (11), the intersections with any other horizon-

tal line will occur at identical flux densities.

It will be shown later that the maximum magnetizing current which
a blocking oscillator can supply is usually determined by the character-
istics of the tube or transistor and by the manner in which they are oper-
ated. The transformer design will control whether this maximum current
occurs in the saturated or unsaturated region of the transformer by de-

termining the maximum flux density.







The average pulse amplitude, pulse width, and maximum magnetizing
current may be considered fixed quantities for a given design. Hence, the
volt-seconds given by Equation (8) and the current given by Equation (11)
may be considered to be fixed quantities. Rewriting Equation (8) after as-

suming the initial flux density is zero, gives
ET = NB_ A = constant (12)

Also from equation (11)
LB
c

m -
Im°‘ ——NT}L— = constant (13)

The values of N, Bm’ A and 1c must be such that Equations (12) and (13)
are simultaneously satisfied; the result is that independent variation of

these parameters is not possible,

These equations are primarily useful in optimizing a preliminary
design, For example, assume that after a preliminary transformer de-
sign it is found desirable to increase the number of turns while still main-
taining a linear transformer. By Equation (13) a fractional increase in
turns will require the same fractional increase in flux density. By Equa-
tion (12) this will require the core area to be reduced by twice this frac-
tional amount, It is evident that there is a maximum number of turns for

a linear design, because of the saturation flux density.

Suppose a saturating transformer is. being designed and it is found
desirable to increase the number of turns. A fractional increase in the
turns in Equation (13) may cause little increase in flux density due to the
reduction in incremental permeability. Thus, by Equation (12) a reduc-

tion in area, approximately equal to the increase in turns,is required.

The actual transformer design calculations may use Equations (12)
and (13) or, as is more common, Equations (8) and (9). In either case,
the calculations are approximations since the pulse voltage may not be
constant throughout the pulse, and the inductance, even in the so-called

linear region, will be nonlinear because of the variation of incremental
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permeability with flux density. The accurate calculations of tums and core
area are quite complicated. Thz usual method is to use these equations
for rough estimates, choosing the final values experimentally. The me-
chanics of estimating the characteristics of the core material, inserting
them into these equations, and solving the equations, can be found in many

*
sources, such as Lee [1].

Choice of Core Material

The type of core material has a direct bearing on the number of
turns and the core dimensions necessary for a given primary inductance,
because of the influence of incremental permeability. In addition, it will
govern how the primary inductance varies with operating conditions and

environment. It may also determine the type of construction allowable.

The more important properties to be considered are the saturation
flux density, the variation of permeability with flux density, the effects
of temperature, and the sensitivity to strain and pressure. The effects
of temperature, strain, and pressure appear as variations in the satura-
tion flux density and the permeability. If square B-H loop materials are
used, additional properties to consider are the residual flux density and

the reset characteristics.

A large selection of core materials is commercially available, in-
cluding metal alloys, powdered iron, and ferrites. The characteristics
and applications of these various materials can be found in Lee [1] and
Owens [2].

The materials are also available in a variety of forms. Examples
are cup-cores, laminations, toroids, C-cores, and bulk tape. The choice
of core shape should be determined individually for each blocking oscil-

lator design, for optimum results.

s
Numbers in brackets refer to the List of References on page 87.
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The most widely used core material for blocking oscillator trans-
formers is ordinary silicon—iron4 with tape thicknesses between one-half
and twelve mils, This material has good temperature characteristics and
is only slightly strain- or pressure-sensitive, It is available in such forms
as laminations, toroids, C-cores, or bulk tape. With bulk tape, hand- or

machine-wound cores may be fabricated for special applications.

There are occasions when the use of materials having a square B-H
loop is desirable or necessary. Various nickel alloys and ferrites are
available in toroidal cores. Toroidal shapes are necessary to reduce the
effects of air gaps to a minimum. These materials generally have greater

variations due to temperature, and are more expensive than silicon-iron.

Uniformity

The blocking oscillator transformer determines to a large degree the
rise time response; but as shown later, it has little control over pulse
amplitude except through the effects of the turns ratio. The transformer
also has a large effect on pulse width, except when external turnoff or
capacitive turnoff are employed. The blocking oscillator pulse shape will,
then, be governed by the characteristics of the transformer as well as by

the characteristics of the tube or transistor.

A blocking oscillator design may require that some characteristic,
such as rise time or pulse width, be within certain limits or have given
statistical distributions. Control over the important parameters of the
active device during manufacture is both difficult and expensive, While a
selection process is undesirable, it is sometimes necessary to meet de-
sign requirements; the selection tests should be simple and the percent-

age of rejects should be small for a good design.

This material is sold commercially under various trade names,
such as Hipersil and Silectron,
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To meet design requirements it may be necessary to allot most of
the causes of variations to the active device, and to exercise close control
over the transformer during design and manufacture. This may consist
of specifications and control over materials and method of construction,

and procedures for adjusting and testing.

The rise period, as previously discussed, is determined primarily
by the leakage inductance and distributed capacitances. Thus, rise time
variations can be minimized by maintaining control over dimensions, size
of wire and method of winding, and the dielectric constants of insulating

materials.,

The pulse width is determined by the primary inductance. With the
exception of incorrect number of turns, pulse width variations will be due
to variations in the properties of the core. Variations in the cores occur
on a unit-to-unit basis as well as from production lots, as a result of the
complex processes involved in manufacture. When cup- or C-cores are
used, there is an additional variation due to different effective air gaps.
Here, again, a selection process may be necessary, although the testing

procedure may be quite complex.

There is a simple method of core adjustment which can often be
used to drastically reduce the effect of core variations. The windings
are first wound on a suitable coil form, the form having a hole large
enough to accommodate the required core area, The core is then wound
through the completed coil with silicon-iron tape, the number of wraps of
tape being individually adjusted on each core, If too many wraps of tape
would be required, a few wraps in addition to a C-core may be used, with

the number of wraps being individually adjusted to match the cores,

Probably the best method of determining proper core adjustment is
to pulse one winding with a fixed amplitude pulse, and monitor the exciting

current waveform on an oscilloscope. The core is then adjusted to provide
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a given exciting current at a specified time after the start of the pulse.

For maximum accuracy this value of exciting current should be chosen to

be within the range of the maximum magnetizing current obtained in actu-

al circuit operation,

With unadjusted C-cores the distribution of pulse widths due to the
transformers has been found to have standard deviations as high as 25
percent of the average pulse width. Using this adjustment procedure this

figure can be reduced to less than 5 percent.

Pictures of various transformers, designed for adjustment by the
above method, are shown in Figure 7. Note that the coil portion of the
production type transformers has been potted before assembly of the
cores, resulting in a very stable unit, While the cores of these units are
not tightly anchored, they were made to go into assemblies which would

also be potted.

Figure 7. Typical Vacuum Tube Blocking Oscillator Transformers







CHAPTER IV -- VACUUM TUBE INTRINSIC BLOCKING OSCILLATORS

Graphical Analysis

Tube Characteristics

Since a blocking oscillator operates in the positive grid region, data
on the tube's characteristics in this region is required for a graphical
analysis. Because of the high peak power dissipation in this region, pulse

measurements are necessary to limit the average power dissipation.

In both graphical and mathematical analyses, only data at discrete
points may be necessary. To aid in determining what data is required and
to help picture blocking oscillator operation, a general plot of the tube's
characteristics is desirable. A circuit was designed and constructed to
enable the semiautomatic plotting of the tube's characteristics on an X-Y
plotter. This circuit is described briefly in Appendix A. A method such
as this is extremely useful if many tubes are to be studied, since point

plotting is both laborious and time-consuming.

A typical plot of tube characteristics, made by the above method,
is shown in Figure 8, While constant current characteristics are normal-
ly used for Class C amplifier analysis, the present form is more suitable
for the analysis of blocking oscillators. The curves in Figure 8 which
have a positive slope are curves of plate current; and the curves which

have a negative slope are grid current curves,

Paths of Operation

Equations (1) and (2) relate the plate and grid voltages; these equa-
tions must be simultaneously satisfied. Plots of values satisfying these

equations for the plate and grid currents are shown in Figure 8 for

E = 150, E. =18, andn=1.2.

bb k
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Assume that the magnetizing current is zero during the rise period,
an assumption that should contribute very little error. The currents at
the start of the main part of the pulse are found from Equation (3) to be

h 7
p QORI
- B

and the corresponding points on the paths of operation in Figure 8 are de-

signated by circles,

As time progresses during the pulse, the magnetizing current will
increase. By Equation (3) the difference between plate and grid currents
must increase, forcing the circuit to follow the path of operation toward
the right. The rate at which the magnetizing current increases is gov-
erned by Equation (4). As the path of operation is traversed, it is evi-
dent from Figure 8 that there is a maximum current difference and, hence,
a maximum magnetizing current that the tube can supply. When this max-
imum current difference is reached, the current derivative in Equation
(4) is zero, requiring also that the pulse voltage be zero. However, each
point on the paths of operation corresponds to a pulse voltage as given
by Equations (1) and (2), and the point of maximum current corresponds

to a pulse voltage different from zero,

At the point of maximum magnetizing current there is a require-
ment on pulse voltage as determined by Equations (1) and(2), and a differ-
ent requirement based on Equation (4). Since the physical requirements
can no longer be met, the quasi-stable state can no longer exist, and the
circuit switches back to the stable state. These results indicate that re-
generation in the feedback loop is not responsible for terminating the

pulse — a concept often used for explaining the pulse termination,

It is obvious that the magnitude and the shape of the paths of opera-
tion are dependent upon the individual tube's characteristics. Actual
data taken from the paths of operation will, then, be applicable only for

that particular tube.
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Theory of Analysis

The relationship between pulse voltage and magnetizing current can

be obtained by rewriting Equation (4) as follows:

"dan dii - e
o p dt g Lp deo dt (14)

where the values of the derivative of magnetizing current with respect to

the pulse voltage can be obtained from the paths of operation.

The direct solution of Equation (14) for pulse voltage as a function
of time is quite complicated because the pulse voltage is a double-valued
function of time. As time is a single-valued function of the pulse voltage,
this equation may be solved for time, t, giving
o & [de
t= L e | g
o (15)
i

where Ei is the output pulse voltage at the start of the quasi-stable in-
terval, A solution of this equation for time as a function of pulse voltage

will, in the end, give the same information as a solution of Equation (14).

Although the current derivative is nonlinear, a graphical solution

of Equation(15) canbe obtained by performing the following steps:

1. From the path of operation, plot the magnetizing current versus
the output pulse voltage.

2., Graphically differentiate the resulting curve at discrete points.

3. Divide the derivatives by the value of the pulse voltage at the
corresponding points,

4, Plot the resultant points versus the pulse voltage and draw a

smooth curve through them,
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5. Graphically integrate this curve,

6. Multiply the result by the value of primary inductance,

7. Plot the result as output pulse voltage versus time.

An illustration of these steps is given in Figure 9,
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Figure 9, Illustrations of Steps Involved in Graphical Analysis

27






No approximations for the tube's characteristics are required by
this graphical method. The accuracy of the final results are dependent
only upon the accuracy of the tube data ard the graphical techniques and

upon the effect of the transformer approxmations.

When the magnetizing current reackes a maximum, the current de-
rivative goes through zero and the integrel in Equation (15) reaches a
maximum. Solutions beyond the point of maximum magnetizing current
require that the time decrease, a physical impossibility., Thus, the pulse
terminates when the current reaches a maximum, in agreement with the

explanation in the previous section.

Results

The result of performing the above graphical procedures on four
tubes is shown in Figure 10, For comparison, the results obtained in
the actual blocking oscillator circuit shown in Figure 11 are included in

this figure.

Since there is a relatively close agreement between the calculated
and measured pulse shapes, the transformer approximations (for this
particular transformer) are shown to be valid, This, as it turns out, is
the most important result obtainable from a graphical analysis, as the

method is too time-consuming to be used on a large scale.

The blocking oscillator circuit used to obtain these results is shown
in Figure 11, along with data on the transformer. The transformer used
single-layer windings and its design was based on considerations dis-
cussed in Chapter III, The transformer equivalent circuit values used
in the graphical analysis were n = 1,2 and Lp = 2 millihenrys. The re-
lationship between these equivalent circuit values and the actual trans-
former characteristics can be obtained from the information in Figures

11 and 123
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The actual turns ratio of urity and the effective turns ratio of 1,2
implies by Equation (6) that the power efficiency is approximately 70 per-
cent, a reasonable value for the ligh currents involved. Instead of esti-
mating efficiency, a more accuraie method of determining the effective
turns ratio is to measure the prinary and secondary pulse voltages under

actual blocking oscillator operation,

The plot of exciting current versus time in Figure 12 was obtained
by pulsing the primary winding with a constant voltage pulse., The maxi-
mum magnetizing current for the four tubes in Figure 10 was found dur-
ing the graphical analysis to lie between 170 and 300 milliamperes, As-
suming that the exciting cirrent is predominantly magnetizing current,
and choosing 250 milliamperes as a typical maximum value, ‘a straight
line is drawn through the origin ard this current value on the exciting
current waveform in Figure 12, The value of inductance corresponding
to this straight line is found by Equation (4) to be 2 millihenrys., While
the position of this straight line is somewhat arbitrary, it appears to be
a good method of approximating the primary inductance. Although it is
evident from the exciting current vaveform that there is soft saturation
at the higher currents for some tubes, this approximation is sufficient.
If hard saturation were obtained, the method of approximation would have

to be modified,

There is a relatively large difference between a portion of the ex-
citing current waveform and the straight line approximation. There is
some compensation, however, since both plate and grid currents decrease
during the pulse. As these currents decrease, there is less drop in the
series elements of the transformer, causing a relative increase in the
voltage across the mutual inductance, While the exciting current wave-
form in Figure 12 was obtained with a constant voltage pulse and no load

current, the actual waveform will be more nearly a straight line.
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Mathematical Analysis

Tube Approximations

The primary purpose of an analysis is to provide a better under-
standing of whatever is being analyzed. While an accurate analysis of
a blocking oscillator is desirable, sufficient information.can usually be
obtained from a less accurate analysis if the effects and limitations of
the errors are understood. The main objective is to determine the tube
characteristics that exercise the greatest influence on pulse shape. Once
these parameters have been identified, their effects on the pulse shape

can usually be determined most readily by statistical methods.

For analysis, a mathematical representation is necessary; this
representation should be as accurate as necessary to give the desired
results. Because of the nonlinearities in the positive-grid region, an
analysis based on the assumption of linearity in this region is of very
questionable value, Since the use of nonlinear approximations compli-
cates the analysis, these approximations should be no more complex

than necessary.

The relationships between the design and construction of the tube
and its positive grid characteristics are generally not very well under-
stood., This is due to the effects of the high current density on cathode
emission, grid dissipation, secondary emission from the grid and plate,
and a complex three-dimensional electric field. Because of the factors
involved, poor control over the positive grid characteristics could be ex-
pected, and indeed this is often so. Considerable control over variations
from unit to unit can be obtained, however, through strict control over
processing and manufacturing from the raw-material stage. Thus, there
may be a shift in characteristics from manufacturer to manufacturer, or
even from lot to lot. To account for the variations in characteristics, the
most important variations should be inherent to the mathematical approxi-

mations.
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Characterization of the tube can be accomplished by relating the
plate and grid currents to the plate and grid voltages ;5 or, as indicated by
Equation (3), by use of one current and the ratio of the currents. Lange
[3] has shown that the ratio of plate to grid current is a function of the
ratio of plate to grid voltage. This is to be expected, since, for a given
voltage ratio, a change in the magnitude of the voltages will not appreci-
ably alter the electric field configuration. Equations for the current ratio
in terms of the tube dimensions have been developed by Spangenberg [4,

p. 232] and by Jonker and Tellegen [6 . An equation relating the ratios
is not strictly accurate, because of second-order effects, such as second-
ary emission and a change in the position of the virtual cathode. A sketch
of the current ratio versus the voltage ratio on a log-log scale is shown in
Figure 13 for several tubes. The tubes used here and throughout this
article are a high pulse current version of the Type 6111 subminiature
twin triode. Because primary interest will be in voltage ratios between
one-half and four, the curves of Figure 13 show the possibility of using

the following expression:

dih
e - B a (16)
g £

where B is the ratio of plate to grid current when the plate and grid volt-
ages are equal and is commonly called the current division factor, This
equation approximates the curves with a straight line having a slope of

unity.6 There is a considerable error in this approximation with tubes

5A1:'cempts to use Childs' Law have not been successful. This is
apparently because the amplification factor in the positive grid region is
not nearly as constant as in the negative grid region.

6The slope of the curves of the current ratio versus the voltage
ratio will depend upon the tube type. Spangenberg [4, p.225] shows curves
with segmented slopes of two and of one-half, where the segment having
a slope of unity, as shown in Figure 13,is not present. An approximation
of these curves by Equation (16) is still feasible, although less accuracy
can be expected,
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having a high current division factor. Better approximations could be
made for these tubes; but the use of slopes other than unity would greatly

complicate the mathematical analysis which follows.

Use of the current division factor appears to be warranted since
it is worthy of consideration as a fourth tube constant by Spangenberg
[4, p. 227]. The current division factor is not a true constant, primarily
because of the effects of secondary emission. While various points on
the tube's characteristics at which the plate and grid voltages are equal

will give different values of B, these differences are usually small.

With use of Equation (16) as an approximation for the current ratio,
there is need for an expression relating either the plate or grid current
to the plate and grid voltages. Sketches on a log-log scale of grid current
versus grid voltage over a path of operation are shown in Figure 14, for
several tubes., A study of many similar curves reveals that the grid cur-

rent can be approximated by

nKE
) G - (17)

where the factor K accounts for the vertical displacement of the grid
current characteristic curves, This parameter is, therefore, called the
current emission factor., The approximations of Equations (16) and (17)

result in the plate current being approximated by

I = nKE E
P P g

Since Equation (17) was obtained from paths of operation of intrinsic
blocking oscillators of the type illustrated in Figures 1 and 11, this ex-
pression is not a general tube characteristic, but a nonlinear relation-
ship which is valid only for this particular path of operation. While a
general approximation for the plate or grid characteristic is desirable,
the present approach has been chosen on the basis of the previous dis-

cussion on simplicity.
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While the current emission falc’cor,7 is a function of the supply and
bias voltages, this relationship is not shown in Equation (17); it can be
obtained if desired. The chief interest will be in the variations of K from

tube to tube, rather than its magnitude.

The representation of the tube characteristics in an intrinsic block-
ing oscillator circuit by Equations (16) and(17) involves only two easily
measurable parameters. While different tube types may require a change
in the slopes of the approximating curves, the approximating equations
will still involve these two parameters. The relative effects of these
parameters will be dependent upon the tube type, however, because of

the new equations,

Calculation of Pulse Shapes

Any desired voltage or current for the intrinsic blocking oscillator
circuits of Figures 1 and 11 can now be calculated for the main part of
the pulse. Calculations will be restricted here to those necessary for
obtaining the output pulse and magnetizing current, since these are usu-

ally of primary interest.

Substituting Equations (16) and (17) into Equation (3) gives

e
TAEE o U (18)
sl B4

The magnetizing current as a function of the output pulse can be
obtained by expressing the plate and grid voltages in terms of the output

pulse voltage with Equations (1) and (2), resulting in

7It should be noted that K is not a dimensionless constant. It has

units of amperes per squared volt, and its magnitude depends upon the
particular point of measurement,
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To simplify the form of the following equations it is convenient to

express Equation (19) in the form

i =nK[Ge -Hez—J] (19)
m o o
Ebb 2+nB(n-1)
where G = + P E
n 2 k
n B
n2B + 1
i
nB
E nB-1 2
hrhe T ae By

and G, H, and J involve only Ebb’ Ek’ n, and B,

The derivative of Equation (19) with respect to the output pulse

voltage is

dim
(_i—e: = nK (G > 2Heo)

Thus, from Equation (15), the time as a function of pulse amplitude is
E,
t = nKL [ZH (E, - e) -G#g — (20)
p ! o eo

While the pulse amplitude as a function of time can be obtained by
a graphical solution of Equation (15), an approximate analytical solution

is given directly by Equation (20).
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Often, sufficient information is gained by determining only the pulse
amplitude and pulse width, instead of the whole pulse shape. The pulse
amplitude at the start of the main part of the pulse can be calculated from
the fact that the magnetizing current is approximately zero; thus, by
Equation (18)

GE. - HE.2 -J=0
i i
where Ei is the initial pulse voltage at the start of the main part of the

pulse. A solution of this quadratic equation gives

R g [(é%) ; -%] . (21)

Since the pulse is terminated when the derivative of magnetizing current
is zero, the pulse voltage at termination is found to be

G

e

(22)

Considering the pulse width as the duration of the quasi-stable state, then
Ei
PW = nKL, |2H (E, - Ex) -Gz,,:E—x (23)

Although the common pulse measurements for amplitude and width are
the one-half-width amplitude and the one-half-amplitude width, Equa-

tions (21) and (23) are closely related quantities.

The effect of a load on the blocking oscillator has not been consid-
ered. Assume that a third winding is wound on the transformer with a
turns ratio b, from plate to output winding, and a load resistance RL
across this output winding. The equivalent circuit in Figure 2 is then

modified as shown in Figure 15,
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The equation for magnetizing current from Figure 15 is

bR

ip 1 eO
1m=1p—1g/n—1L=1g<-i—-H 2 (24)
g 9

The effect of the load current is to reduce the magnetizing current

by forcing the pulse to start farther to the right on the path of operation.

It is evident that a graphical analysis can still be made simply by using

this equation for calculating the magnetizing current from the path of

operation.

The load current is usually less than one-fourth the maximum

magnetizing current. The load current is obviously much less than the

plate and grid currents; and the actual output turns ratio is used in Fig-

ure 15 since the series output coupling losses can be neglected.

The result of inserting the previous tube approximations into Equa-

tion (24) can be shown to be

R [G'e e ” -J] (25)
m (o] (0}
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where

G'=G - —5— (26)

Thus, Equation (19) is the same as Equation (25) if G' is substituted for
G. It follows, then, that the effects of the load can be included in Equa-
tions (19) through (23) simply by substituting G! for G.

It is evident from Equation (26) that if the load is to have little ef-
fect, then

L e ibte (27)
"y

Results

A plot of Equation (20) for several values of B is shown in Figure
16. While a comparison of these curves with Figure 10 reveals good
agreement with pulse amplitude, there is a considerable discrepancy with
pulse width. Although Figure 10 was obtained with only four particular
tubes, which could be "oddballs," a study of many tubes reveals that
Figure 10 gives typical results. Thus, pulse width is expected to be a
maximum with tubes having a current division factor in the vicinity of
1.5 instead of continuing to increase with an increase in B as indicated
by Figure 16. It has been determined that this error is due mainly to
the approximation for the current ratio by Equation (16), and much better
agreement can be obtained with an effective current division factor as

given by

B = 0,2 +0,8BforB>1
eff =

No new significant information is gained by a better approximation,
however, since the primary objective is to determine the important tube

parameters and this new approximation is still a function of B.
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Nonlinear Mathematical Analysis
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By Equations (21) and (22), pulse amplitude is independent of K,
and the only transformer parameter having any effect is n., Addition of
a load resistor will make the pulse amplitude dependent upon K, because
of the presence of the parameter K in the equation for G'. The manner
in which the load affects the pulse shape will be determined by the par-

ticular values of both K and B as well as the values of E Ek’ and n,

bb’

Saturating Transformers

No consideration has yet been given in this chapter to a transformer
which saturates hard enough to invalidate the linear transformer approxi-
mations which have been used. Assume that the primary inductance of

a saturating transformer can be approximated by

L =L fori <11 (28A)
o o m- "m
C A
L =—— fori >1I (28B)
- S m="m
m

Where Lo and C are constants and I;_n is the value of the magnetizing cur-
rent at which saturation begins; I;n is directly related to the flux density
at which saturation starts, by Equation (10) or (11). For silicon iron a
value of unity for the exponent has been found to be a good approximation
in many cases. For a square-loop core material the value of j will be
much larger. Using this approximation, it is clear that the previous
analytical solution isvalid until the magnetizing current reaches the value
I;n' For higher current values the equation for pulse shape can be ob-

tained by combining Equations (19), (20), and (28B). Thus

o ]
t = nKL (gG- 3 ZH) de fori_ <1 (29A)
o o =
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o C(G-2He

t = 02 - de fori > I'rn (29B)
E! e (Ge - He °-J) © .
(o] (o} o
where E' is the pulse voltage when im = I'm. When the value of j is other
than unity, an analytical solution of Equation (29B) becomes so complex

that a solution by graphical integration or on an electronic computer is

usually necessary.

If the transformer undergoes hard saturation, as can occur with a
square-loop core material, the magnetizing current will increase very
sharply at saturation. The time required for the magnetizing current to
go from this value to the maximum allowable by the tube will be small,
Thus, the pulse can be assumed to terminate when im = I'm, and the
additional portion of the pulse contributed by Equation (29B) can be neg-
lected with little error. Because of the higher permeability of this core
material, the primary inductance can be higher than the inductance of a
linear transformer for the same pulse width, The higher inductance re-
sults in much less voltage variation during the pulse, and the pulse can
be assumed to have constant amplitude. Thus, from Equation (8)

NA (B_ - B.)
m i

PW = Ei (30)

a considerable simplification over Equations (29A) and (29B).

It is evident from Equation (30) that hard saturation will not elimi-
nate pulse amplitude and width variations in the intrinsic blocking oscil-

lator, since the pulse amplitude as given by Equation (21) is a variable.
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Statistical Verification

The graphical and mathematical procedures give considerable in-
sight into the operation of the circuit. A determination of the over-all
effects of the tube parameters by only these methods would require a
large amount of computation, and the accuracy of the results would be
difficult to ascertain, A statistical study has the advahtage of showing
the effects on pulse shape without the necessity of making any approxi-
mations for the tube or transformer characteristics. It is very useful,
therefore, for checking a preliminary design and for indicating that cir-

cuit modifications may be necessary to meet design requirements.

The distributions of rise time, pulse amplitude, and pulse width
can be obtained simply by substituting a statistical distribution of tubes
into an actual circuit, Because of tube variations from production lots
as well as from tube to tube, the statistical distribution should include
several lots unless the actual tubes which will be used in the circuits are
available. While the thousands of tubes from which to select a true sta-
tistical distribution are not always available, a satisfactory sample can
usually be selected from a much smaller quantity. Thus, a study of the
effects of the tube parameters, which have been isolated in the section on
mathematical analysis, can be extended with statistical methods; the
results should not only be more accurate and representative, but also

easier to obtain,

Typical Results

To illustrate the usefulness of statistical methods, some typical
results will be shown, A 50-tube sample, which includes four lots, was
used to obtain the data. The tubes were Type SA-310, a high current

version of the commercial Type 6111,
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Pulse amplitude, pulse width, and cathode current were measured
in the circuit of Figure 11 with this tube sample and three different trans-
formers. The distributions of these quantities were found to be approxi-
mately Gaussian., The results are given in Table I in terms of the means

and the sample standard deviations,

2 EXi
where = N
2 2
5 N3IX.” - (X))
- i if i

N (N-1)

and N is the sample size.

%k
Table I, Intrinsic Blocking Oscillator with 50-Tube Sample

ns= 142 n = 1.9 n=2,0
i =R mh L = 2.,7mh Tl = 3a2smnh
p P P
X S x S X S
Pulse Amplitude 86v 6.8v 95v 5.8v 103v 4,7v
Pulse Width 6.07s 0.43n7s 6.957s 0.,44wns 6.35ws 0,50ws

Cathode Current 684 ma 71 ma 620 ma 58 ma 459 ma 39 ma

3*

Ebb = 150v and Ek=18v
In this table the pulse amplitude was measured at one-third of the
pulse width; the pulse width was measured at one-half of the amplitude;

and the cathode current is the average pulse current,

The increase in pulse amplitude with the effective turns ratio in
Table I is compared in Figure 17 with the mean of Equations (21) and (22)
for a current division factor of 1.5, Part of the difference in these curves

is due to the different reference width for determining the amplitude,
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Figure 17, Influence of Turns Ratio on Pulse Amplitude

The variation of pulse width with the effective turns ratio as deter-
mined from Table I is compared with that calculated by Equation (23) in
Figure 18. The values of primary inductance given in Table I were ob-
tained by the method illustrated by Figure 12, Since pulse width is in-
fluenced by these inductance values, the statistical curve is also an ap-

proximation,

Since the statisticél curves are based on a relatively large number
of tubes and few approximations, these results should be considered
more accurate than the mathematical results, The good agreement be-
tween the pairs of curves in Figure 17 and 18 indicates that the analytical
equations are also representative.

The tube approximations made in the section on mathematical analy-

sis indicated the importance of two tube parameters — a current division

factor B and a current emission factor K., Pulse measurements of these

8 ; . 2 :
If a piecewise linear analysis had been employed, the calculated
pulse widths could have easily differed from the experimental values by
a factor of two.

47







4 s

~ Theoretical

g 3

0

S —

5 Statistical

3 Mean

=

g 2F

-

3

[

°

= Ex = 18V

E 1 B = N5

E K =1,3x 10"
0 1 | 1 1 |

0 0.5 1.0 1.5 2,0 2.5

Effective Turns Ratio

Figure 18, Influence of Turns Ratio on Pulse Width

parameters were made on the sample of 50 tubes., Histograms of these
parameters are shown in Figures 19 and 20, The method of making the

measurements is covered briefly in Appendix B.

The influence of the current division factor on pulse amplitude is
shown in Figure 21, The relatively good correlation agrees with the

mathematical predictions,

While the pulse width as given by Equation (23) is a function of
both K and B, it is proportional to K and is a complex function of B. The
effect of B on pulse width can, therefore, be determined from the scat-
ter plot of PT<V-Y vs B as shown in Figure 22, The limiting of the pulse
width as B increases does not agree with the results obtained previously

with Equation (23). However, the relatively good correlation evident in

Figure 22 further indicates that the current division factor is a primary
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Figure 19, Distribution of the Current Division Factor
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tube parameter; this fact is more important than the accuracy of the ana-
lytical equations. The scatter plot of pulse width versus K in Figure 23

also agrees with the prediction of Equation (23).

The importance of statistical data is made evident by the histograms
for B and K. Because of the distribution of tube parameters, this type of
data is needed even in a mathematical analysis to determine the values
and weight to be allotted to these parameters. To meet the design re-
quirements, the effects of the distributions will determine the particular
circuit that is suitable, since the circuit must be designed to function
properly with these distributions unless a selection process is to be em-

ployed.

Operating Life

Cathode Emission

The pulse shape of a blocking oscillator will gradually change with
operating time, This is due to a change in tube characteristics, most

of which is due to variations in the properties of the cathode.

Oxide-coated cathodes are of primary interest since they are used
almost exclusively in blocking oscillators. The oxide coatings consist of
barium, strontium, and perhaps a small percentage of other oxides de-
posited on a base metal such as nickel, The oxides are formed by
breaking down the respective carbonates at a high temperature. The re-

sultant is a mixed grain of (Ba, Sr)0,

Free barium is formed primarily by a chemical reduction of part
of the barium oxide by impurities in the base metal and by electrolytic
action associated with the flow of current through the coating. The barium
vapor flows through the pores of and is absorbed by the (Ba, Sr)0 grains,
resulting in oxygen ion vacancies being formed. It is believed by

Nergaard [6]that the absorbed barium acts as a donor and results in
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an N-type semiconductor with small internal and external work functions;
and that the current emission is due to the barium donors on the surface

of the oxide coating,

In operation, barium metal is evaporated from the surface and is
collected on the bulb and perhaps the grid and plate also, This means
that an equilibrium must be established between the rate of formation and
the rate of evaporation of the free metal. Eventually, the efficiency of

formation starts decreasing, and the cathode emission slowly decays.

Under pulsed conditions the surface layer of barium has tremendous
emission capabilities, The emission may be as much as three orders of
magnitude greater than is obtainable under direct current emission,
Under wide pulse conditions, the pulse emission9 current decreases ex-
ponentially and approaches its DC value with a time constant on the order
of milliseconds., After the pulse there is an exponential recovery interval
during which the emission capability approaches its initial value., Thus,
the emitted current consists of a conduction component and a capacitive

displacement component.

Design Considerations

Variation in pulse emission will directly affect the value of the
current emission factor K. If a different method of approximating the
tube characteristics had been employed, some other parameter dependent
upon the magnitude of the currents would still be required to characterize

the tube.

Since Equation (21) is independent of K, pulse emission should have
no effect on pulse amplitude. There is, however, some variation in the

current division factor (usually an increase) during tube life, apparently

9The term, pulse emission, in a misnomer in the sense that it is
not all the current that can be drawn from the cathode. An increase in
the pulse voltage will result in an increase in the emitted current,
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due to secondary emission from the grid. This is probably a result of
grid contamination from materials boiled off the cathode. The change in
B is usually small, and the pulse amplitude is relatively constant during

the life of the tube.

Since pulse width by Equation (23) is proportional to K, variations
in pulse emission will directly affect the pulse width, There is come
compensation, however, because of the increase in the current division
factor, as mentioned above., The decrease in pulse width with the de-
gradation in emission must be considered in the blocking oscillator de-
sign to insure that the pulse width will remain within the design limits

for the required period of operation,

The rate of decrease of pulse emission is dependent upon both the
magnitude of the cathode current and the duty factor. While the mecha-
nism is not well understood, it appears that the operating life is a com-
plicated function of these quantities raised to some power, Since the duty
factor is usually governed by the design requirements, adequate tube life
can be obtained by a proper choice of the tube and the maximum cathode

current,

From the fact that the cathode current is the sum of the plate and
grid currents, an equation can be derived for the cathode current by

combining Equations (1), (2), (16), and (17). The result is

BE
S, bb B(n-1)-2
lk_nK [( n g nB Ek) eo

nB-1 2 - SR 2-E E ]

e T+ — k ""k hb (31)

The presence of the supply and bias voltages in this equation is not
particularly important since they are usually predetermined, The one

parameter subject to adjustment for control of the cathode current of a
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given tube type is the effective turns ratio. 1@ An examination of the paths
of operation with different turns ratios readily reveals that the higher the
turns ratio, the lower the cathode current; this is verified by the results

that were given in Table I,

It is noteworthy in Equation (31) that the cathode current is propor-
tional to K. Thus, a high pulse emission tube may require a higher turns

ratio to limit the cathode current,

An additional possibility for extending tube life exists as a result
of the influence of the cathode temperature on emission. A typical sketch
of pulse emission as a function of heater voltage is shown in Figure 24
for a tube having a nominal rating of 6,3 volts, Note that the pulse emis-
sion flattens in the vicinity of 7 volts. There is some evidence to indicate
that with operation at elevated voltages, the pulse emission does not de-
crease as fast during the first 100 hours or so of operation as it does with
nominal heater ratings., The effects of heater voltage variations are also
reduced. It is obvious that operation at elevated heater voltages is not

permissible if extended tube life is required,

0 6.3 70
HEATER VOLTAGE

PULSE EMISSION

Figure 24, Typical Variation of Pulse Emission
with Heater Voltage

0This is for the intrinsic circuit, It is shown in the following
chapter that the cathode current can also be controlled with the addition
of a grid resistor,
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Because of the decrease in pulse width, the intrinsic blocking os-
cillator may have a satisfactory operating life limited to the tens or hun-
dreds of hours., Since there are wide variations in the emission charac-
teristics of different types of tubes, the determination of the tube life in
a particular circuit is an individual problem which usually requires con-

siderable statistical data.

The intrinsic blocking oscillator may be modified to employ external
or capacitive turnoff to.terminate the pulse much sooner than it is termi-
nated by the inherent turnoff associated with the intrinsic circuit., In this
manner, much greater variations in pulse emission can be tolerated, and

the tube life may be extended into thousands of hours.
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CHAPTER V -- MODIFICATIONS TO THE INTRINSIC
BLOCKING OSCILLATOR

The intrinsic blocking oscillator may be modified in an almost un-
limited number of ways. The previous material on this basic circuit
holds in large part with many of these changes. Using the character-
istics of the intrinsic circuit, the general effects of most modifications

can then be deduced.

While a mathematical analysis of an intrinsic blocking oscillator
is quite complicated because of the large number of variables and the
nonlinearities, the analysis of a modified circuit is usually even more
so. Since the primary tube parameters, K and B, have already been
determined, and since a statistical approach is more practical and
readily reveals the importance of all the circuit parameters, the greatest
value of analytics tends to be academic rather than heuristic. Hence, the

predominant use of statistical methods is advocated.

Three typical modifications, which require an extension of the pre-
vious analyses, will be considered. These circuit modifications and com-

binations of them allow a large variety of design requirements to be met.

Capacitive Turnoff

The more conventional blocking oscillators use a capacitor in the
grid circuit as shown in Figure 25. Examples of piecewise linear analyses
are found in Strauss [7] and Smith [8]. The resistor Rallows the capacitor to
discharge during the recovery interval. The circuit may be operated in

either a free-running or a monostable manner.

59







Che voltage equations for this circuit are:

e =E_ -E -e 1)
% (

bb k o ik
e, é l Teo
e =— -E -v (32) %
g n k c
oy ¢
c
v =—1—ji dt (33) ol
ol O é '
R |
. -2 8
—

Figure 25. Blocking
Oscillator with a Grid
Capacitor

The only difference between Equations 2 and 32 is the presence of
Vc . Assuming that the current through resistor R is negligible compared
with the grid current, the current equations are the same as for the in-

trinsic circuit.

Because of the increasing voltage drop across the capacitor during
the pulse, the pulse will be terminated earilier as a result of the reduced
grid drive,and the paths of operation will be different than the paths for
the intrinsic blocking oscillator. It has been found that Equation (17) still
gives afair approximation for the grid current even though it was ob-

tained from the path of operation of the intrinsic circuit.

Making use of the approximations given by .Equations (16) and (17) and
combining them with Equations (1), (3), (14), (32), and (33), the output pulse can

be obtained from a simultaneous solution of the following equations:

ep = Ebb - Ek " (1)
nK 2 i eo
eg + EC—: eg dt = -;1— - Ek (34)
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e .
1 = 0 ._g
1m nKeg (ep B ) (18)
dIm deo
eo I"p de0 dt

(14)

Ixamples of solutions of these equations, made on an analog com-
puter, are shown in Figures 26 and 27 and compared with experimental
results. The discrepancy in pulse width is a result of the poor approxi-
matiors of Equations (16) and (17). The solution of these equations is greatly
complicated by the nonlinearity of Equation (34), and a solution on an elec-
tronic computer is necessary. While the computer could be programmed
to investigate the effects of all the variables, in such an extensive eval-
uation it would be advisable to improve the approximations of Equations (16)
and(17);11 the approximations for tube nonlinearities are the basic limi-

tation on the resultant accuracy.

The value of the grid capacitor is normally chosen such that the cir-
cuit operates in the steeper portion of the curves in Figure 27. Under
this coidition the pulse width is governed largely by the capacitor and af-
fected .ess by the value of the transformer primary inductance and the
tube claracteristics. As expected, statistical data shows that the distri-
butione of pulse amplitude and width may have a considerably smaller

standa:d deviation than can be obtained without the grid capacitor.

£s mentioned previously, the greatest advantage of capacitive turn-
off is tie greater tolerance to tube variations and the resultant longer

operating life.

lWhile the present approximations give poor agreement on the
magnitide of the pulse width, the relative effects of the various parame-
ters cai still be determined from a solution of the above equations. This
is evidmced by the relatively good agreement between the slopes of the
curvesof Figure 27,
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Figure 27, The Effect of the Grid Capacitor on Pulse Width
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Grid-Plate Diode

A diode may be connected between the grid and the plate such that
the diode will conduct when the grid voltage tries to exceed the plate
voltage. The objective in adding this diode is twofold: (1) The output
pulse amplitude is held more nearly constant; and (2) Any tendency for

Barkhausen oscillations is reduced or eliminated.

Except for the capacitance of the diode, the presence of the diode
will have no effect on the rise time and recovery intervals. During the
main part of the pulse, however, the plate and grid voltages will be
practically equal as long as the diode is conducting. Equating the plate
and grid voltages in Equations (1) and (2), and solving for the output pulse,

results in:

Eo " n+l Ebb for Ep y Eg n+l Ek (33)

Points on the paths of operation corresponding to Equation (35) are
designated by D in Figure 8. Since the plate current is the sum of the
diode current, the reflected grid current and the magnetizing current,

the diode current is then

1d=1p -1m-Ig/n.

At the start of the main part of the pulse, the magnetizing current

is zero and

I1,=1

T Igd/n (36)

where Ipd and Igd are the values at the points D. As the magnetizing cur-

rent increases, the diode current decreases and becomes zero when

A d
O Gl (37)
m pd n
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Thus, the presence of the grid-plate diode gives the effect of a
constant magnetizing current. As the magnetizing current increases
from zero, the position on the path of operation remains stationary at
tke points D until the magnetizing current exceeds the value given by
Ejuation(37). Asthe magnetizing current increases further, the diode
becomes reverse-biased and the diode current remains at zero; the re-

maining portion of the pulse is not, then, affected by the diode.

Whether or not the pulse amplitudes are large enough to cause the
diode to conduct will depend upon the current division factor of the tube.
The diode will just start to conduct if Ei equals the E0 in Equation (35).
The range of values of the current division factor which do and do not
sctisfy this condition can be determined from Figure 28. Note that lower

values of B can be tolerated with a higher effective turns ratio.

Pulse amplitude limiting will result in an increased pulse width
because of the slower rate of increase in magnetizing current. While the
graphical and mathematical procedures given in Chapter IV can be ex-
tended to include the grid-plate diode, the most practical method for de-
termining the effect of the diode on pulse width is the use of statistical
mathods. The distribution of pulse width with the diode is usually not
greatly different than obtained with the intrinsic blocking oscillator, how-

ever.

From Equation (30) it is obvious that pulse width can also be held
nearly constant if the following conditions are met: (1) Use the grid-
plate diode; (2) Employ a transformer with hard saturation; and (3) Elimi-

nate tubes having too low a current division factor.

Grid Resistor

It has been found that an increase in the effective turns ratio re-

duces the cathode current in the intrinsic blocking oscillator, with a
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Figure 28. Pulse Amplitude Limiting with a Grid-Plate Diode
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consequent increase in operating life. This decrease in cathode current
results from the reduced grid voltage. Similar effects can be obtained by
inserting additional resistance in series with the grid circuit. Thus, the
desirable properties of a higher turns ratio can be simulated with the more

commonly available unity turns ratio transformers.

It is evident that a mathematical analysis of this circuit can be
made. The equations would be similar to those obtained for the grid ca-

pacitor circuit and would require solution on a computer.

A combination of grid resistor and grid-plate diode can be employed
as shown in Figure 29. When both components are used, there is an ad-
ditional method of connection as shown in Figure 30. A not so obvious
advantage of this latter circuit is the lesser possibility of Barkhausen

oscillations since the grid voltage is limited to less than the plate voltage.

Figure 29. Combination of Grid Figure 30. Alternate Combination
Resistor and Diode

Typical effects on pulse amplitude of various combinations of a grid
resistor and diode are illustrated by the histograms in Figure 31. The
means and sample standard deviations for pulse amplitude, pulse width,
and cathode current are given in Table II.. The results are in good agree-

ment with the theoretical predictions. It is evident that the combination
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of R _and D2 results in both a drastic reduction in the spread of pulse
amplitude and a reduction of cathode current. Note that neither the modi-
fications in Table II nor the variaticns in n in Table I have much effect on
the variations in pulse width; since :he pulse width is relatively inde-
pendent of B, the spread in pulse width is primarily due to the distri-

bution of K, shown in Figure 20.

TABLE II

The Effects of Circuit Modifications

Pulse Pulse Cathode
* amplitude width current
Circuit (volts) (us) (ma)
X S X S 4 S
Intrinsic 86 6.0 0.43 680 71
D1 81 3.8 6.1 0.44 660 60
Rg 93 5.6 4.1 0.3 480 33
Rg and D1 92 4.6 4,2 0. 33 480 32
Rg and D2 81 1.6 4.7 0.50 440 30
%k
Conditions: E , =150v, E.  =18v, L =2.2mh, n= 1,2,
bb k P

R = 130 ohms
g

The two tubes having low amplitude values in Figure 31 are seen by
Figure 21 to have low values of B. The elimination of these low B tubes
would result in improved distributions. The elimination of these low B
tubes and the use of Rg’ D2 , and a saturating transformer will result
in nearly constant pulse amplitude and width, a long operating life, and
little possibility of Barkhausen oscillations. In addition, these modifi-

cations do not alter the ability to generate high repetition rate nonperiodic
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pulses. Thus, it is evident that the effects of variations in the tube char-
acteristics can be drastically reduced by circuit design, while maintaining

the advantages of the intrinsic blocking oscillator.
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CHAPTER VI -- TRANSISTOR BLOCKING
OSCILLATORS

General Consideratioms

An even greater variety of circuits is possible when transistors
are used instead of vacuum tubes. Transistor blocking oscillators can be
divided into common-base, common—emitter, and common-~collector cir-
cuits. In each of these types the transistor may be operated either satu-
rated or unsaturated, and the transformer12 may or may not saturate.
With each of these circuits a very large number of circuit modifications
is possible. The optimum circuit design to best meet all design objec-

tives may be well hidden among all these possibilities.

Of the many advantages afforded by the use of transistors, some of

those directly affecting circuit design are:

1. The transistor is a current-controlled device in which
a vast amount of research has resulted in relatively linear
and well-defined characteristics, in sharp contrast with

the positive-grid region of the vacuum tube.

2. While the vacuum tube is inherently a limited-life device,
the transistor, operating within ratings, may have an

almost unlimited life with fairly constant characteristics.

3. Very high efficiency pulse circuits are possible.

12Schenkel and Statz [9] describe a blocking oscillator utilizing
charge-carrier multiplication and avalanche breakdown in a circuit with
no transformer.
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4. Because of the small transformers required, fast rise
times and high pulse width to rise time ratios are ob-

tainable.
5. Very wide pulse widths and high duty factors are feasible.

Although the transistor characteristics are temperature-sensitive,
the temperature variations may be compensated for by circuit design.
While the transistor is subject to a change in characteristics or perma-
nent damage in an intense radiation environment, the use of very thin
base types may increase the radiation tolerance by two or three orders
of magnitude. Typical effects of radiation are reported by Messenger [10],
Behrens and Shaull [11], and Loferski [12].

Transistor pulse circuits often suffer from storage-time effects, as
discussed by Ebers and Moll [13] and Moll [14]. The storage time is the
time required to sweep the minority carriers out of the base region before
the transistor can be switched from the On to the Off condition. Storage
time is most apparent in the saturated region, and increases as the base
current is increased. The effect on the blocking oscillator is a longer

pulse width than would result if there were no storage effects.

Considerable improvement in storage time, radiation tolerance,
and high frequency characteristics is obtained with very thin base tran-
sistors, such as the mesa and epitaxial types. Although the transistor
in a blocking oscillator can be prevented from saturating, the saturating
type has simpler circuitry and lower transistor power dissipation. As a
result, only saturating-transistor blocking oscillators will be considered
here. An example of the analysis of a nonsaturating circuit is given by
Linvill and Mattson [15]. A detailed analysis of a common base circuit
is given by Strauss [7, p. 357], and Senatorov and Guzhov ‘[16] give an

analysis for the rise time and recovery characteristics.
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Typical analysis and design procedures will be illustrated for two
common-emitter saturating circuits by use of piecewise-linear equivalent
circuits. For most designs, this type of equivalent circuit will be suffi-
ciently accurate to give the necessary design equations and identify the
important circuit parameters. Greater accuracy can of course be obtained
by improving the approximations, especially if the important nonlinearities
are included. As with vacuum tubes, statistical methods should be heavily

relied upon, even with a nonlinear analysis.

Saturated Equivalent Circuit

A common-emitter intrinsic blocking oscillator circuit is shown in
Figure 32. Note that common-base and common-collector intrinsic cir-
cuits are also possible. The transistor's characteristics are illustrated
by the family of collector curves in Figure 33 and by the input voltage-
current curve of Figure 34. The circuit may be triggered on by inserting
a current pulse into the base of the transistor by various methods. When
triggered on, the path of operation will be similar to the dashed lines in
Figure 33. During the rise period, the positive feedback drives the tran-
sistor on, and the collector voltage decreases until it bottoms on the satu-
ration line. The magnetizing current for the transformer can be assumed
to be zero during this short rise interval. As the magnetizing current
increases during the main part of the pulse, the collector voltage and cur-
rent increase along the saturation line, and the base drive decreases. At
the base current be the collector current comes out of saturation and
reaches a maximum, thus limiting the maximum magnetizing current that
can be supplied. The circuit then switches back to the stable state by

following a path such as illustrated.
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A linear approximation for the transistor characteristics during the
main part of the pulse is the equivalent circuit shown in Figure 35. The
saturation resistance Rs is the reciprocal of the slope of a straight line
drawn through the origin and approximating the slope of the saturating
line, B is the static current gain, and the collector saturation diode ac-
counts for the‘excess current generated in the collector. The input por-
tion of the equivalent circuit is obtained from the approximations shown

in Figure 34.
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Figure 32. Common-Emitter Figure 33. Typical Collector Char-
Intrinsic Blocking Oscillator acteristic and Path of Operation
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Figure 34. Input Characteristics Figure 35. Saturated Transistor
and Linear Approximation Equivalent Circuit
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The evaluation of B near the saturation line can be somewhat arbi-

trary because of the curvature of the collector curves as the transistor
comes out of saturation. More consistent results can be obtained by deter-
mining B in the active region where the collector current curves become
more nearly flat parallel lines, such as point Y in Figure 33. At this

; . 13 .
point the current gain = is

B (38)

Tox
Because the current gain varies slowly with base and collector cur-
rent in the active region, the actual point of measurement is not critical.
The result of this approximation will be a somewhat higher maximum
collector current than actually occurs, but the equivalent circuit is in

terms of easily measurable parameters.

The transistor's high frequency characteristics are selected ac-
cording to the rise time requirements. During the main part of the pulse,
the frequency components will then be of relatively low frequency. Thus,
the low frequency characteristics can usually be used to obtain values for

the saturated equivalent circuit.

Intrinsic Circuit Analysis

By combining the equivalent circuit for the transistor with the pre-
viously assumed equivalent circuit for the transformer, the equivalent
circuit for the saturating intrinsic blocking oscillator is obtained. This

equivalent circuit is shown in Figure 36. An analysis of a similar circuit,

13Another commonly used symbol for the static current gain is hpg.

The present symbol is used, however, since it has already been used to
denote the current gain of vacuum tubes.
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with and without an input capacitor, is given by Zimmermann and Mason

[17, p. 467] with a more idealized equivalent circuit using small-signal

parameters.

Figure 36. Equivalent Circuit for the Intrinsic Blocking Oscillator

The equations for this equivalent circui.t14 are

E =e +i R (39)
cc o BT

RS 4 1b/n (40)

Blb e + iy (41)
%o Vo

VR D e T (42)
b an Rb

An external base-emitter bias has been neglected since it is not

always required. This bias can be easily inserted into the subsequent
equations when desired.
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From these equations the magnetizing current as a function of . is

found to be

(44)

Substituting Equation 44 into Equation 14 and solving for t gives

1 1 E,

t=Lp =+ 5 m;-e—l (45)
s an o

where Ei is the initial value of €, at the start of the main part of the pulse.
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