ELECTRONIC CIRCUITS NAVSHIPS

SECTION 20

TIME-DELAY CIRCUITS
PART A. ELECTRON.-TUBE CIRCUITS

PHANTASTRON CIRCUITS.

The phantastron-type circuit is considered 1o be o re-
laxotion oscillotor similar to the multivibrator in opetation,
Whereas the multivibrator derives its timing waveform from
an B-C circuit, the phantastron uses a basic Miller-type
sweep generdator to generate a linear timing waveform, rather
than the exponential waveform developed by the B-C circuit
of the multivibratar. Thus, the cutput waveferm is ¢ linear
function of the input (control) voltage, and the ¢
ity iz improved,

The phantastron is usually triggered on by the leading
edge of g gating or trigger pulse applied to the suppressor
orid {or to the plate) of ¢ pentode, and is shut off by an
internally generated waveform. It can also be controlled by
the trailing edge of the qate or trigger. It is basically o
single pentode-type tbe {pentaqrid tubes are clso used),
with two ot thiee diodes arranged 10 contrel linearity, turn-
on or turn-off time, and operoting level. Two types of
phoniestron circuits are used— the screen-coupled type and
the cathode-coupled type. The screen-coupled circult uses
an internally generated waveform, generated in the screen
circuit to control the suppressor electrode after the action
is initiated by an input trigger. The cathode-coupled ciz-
cuit utilizes an internally generoted waveiorm developed
acioss u resistor in the cothode circuit to control operation.,
Both circuits are classed as the slow-recovery type and use
the basic Miller plate-to-qrid feedback to provide regsonably
fast turn-on and turn-off time. The fastrecovery type cir-
cuit uses a separate cdathode follower to help speed up
operation and provide a shorter recovery time.

The telationship hetween the screen~counled and cathode-
caupled circuits is analogous to thai of the plare-to-grid
and cathode—coupled multivibrators.  Although the screen-
coupled phonastron is considered to have the best timing
accuracy, the cathode—coupled circuit has other advantages,
For example, it does not require anegative supply and can
provide both positive andnegative outputs, and it is claimed
that {or shert ranges tne hineanty ot the ume modulation is
actually better.

BASIC PHANTASTRON CIRCULTS.

APPLICATION,

The phantastron circuit is used 1o generate g rectangular
wavelornm, or inear sweep, whose durdauion 1s almost di-
rectly proportional to a control voltage. Recause of its ex-
treme linearity and accuracy, this wovetorm is used as
delayed timing pulse, usually in radar or display equipment,
11 15 0iso used to produce time-delayed trigger pulses for
synchronizing purposes and movable marker signals for
display. tor example, it is used as a time-moduiated pulse,
to indicate antenna position at any instant of rotation, or
13 ¢ ranyge strobe or delay marwer.
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CHARACTERISTICS.

Operation is similar to the operation of amultivibrator.

Pulse width or delay varies linearly with the applied
control voltage.

Requires an electron tube of the pentode or pentagrid
type.

Output can be taken fiom the cathode, screen, or plote,
and may be eiiher positive or neqgative, as selected.

Provides either a low-impedance or high-impedence out-
put, determined by cutput connections.

May be seli-controlled or exterally controlled. -

CIRCUIT ANALYSIS.
General, The operation of the phantastron circuit is

which uses a suppressor-gated pentode. In the Miller linear
sweep generatot, the suppressor grid is normally biased
{neqative} to prevent plate current flow, while the screen
conducts neavily. The giid is Teturned to B+ through
a resistor so that it is effectively at zero potential, and
the cothode is grounded. When a positive gate is applied
to the suppressor, plate current flows and produces a voltage
drop deross the plate load resistor. This negative-swinging
plate voltage is fed back through a small capacitor to the
grid, and quickly drives the grid negative; thus, it maointains
the plate curtent at ¢ small value, and also greatly reduces
the screen curtent. Reduction of the heavy screen current
preduces a large positive swing on the screen, and the tube
essentially remains in this condition, producing o positive
screen gate. Meanwhile the plate current flows under con-
trol af the feedback voltage applied to the grid until no
turther feedback is produced. During this time the plate-
current increase is linear, and the plote voltage continues
to drop. {The normal discharge of C through Ry would
couse the current through the tube to increcse in an ex-
ponential manner, thereby causing the plate voltage to drop
expenentially, However, @y exponential change is fed
back to the grid 180 degrees out of phase with the narmal
discharge of C, thereby causing a lneer increase in plate
current.) At o point about 2 volts above ground, however,
no further plote swing is possible, and the screen again
conducts heawly, tetuming aimost to the injtial operating
point. When the suppressor gate ends, the plate current is
cut off, the screen retumns to its injtial opercting point, and
the cycle is ready to be resumed under control of the next
gate. The followiag schematic shows the besic Miller
circuit. Observe that the scresn s not coupled, that o
separate bias source is used for the suppressor, and that
an external sweep gote is necessary. These are the main
ways in which it differs from the phantastron.

From the rircuit action described previcusly, it is
cleer that changina the applied plate voltage will determine
the point, and the time, at which the plate voltage bottoms®!
{with respect to the leading edge of the input waveloin) aud
the screen resumes control. Changing the values of feedback
capacitor C and qrid resistor B will also determine the time
ef cperation (by controlling the speed of the grid-plate feed-
tack action). Both methods of controlling the time are used
in phantasuon circuits.
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Miller Linear Sweep Generator

Circuit Operation, As mentioned previously, there are two
hasic types of phantastron circuits in use — the screen-
coupled and the cathode—coupled. The name is derived from
the manner in which the gate for the suppressor is obtained.
Recall that in the Miller circuit a positive gate is developed
on the screen during operation; by coupling the screen to
the suppressor, either directly or through a capacitor, this
gate is used in the screen-coupled phantastron to control
operation. A trigger pulse is needed conly to start operation,
because turn-off is autometic. By inserting a cathode re-
sistor between the cathode and ground, a negative gate is
developed and used to control the the cathode-coupled
phantastron. Each of these circuits will be discussed more
thoroughly in the following paragraphs.

Screon-Coupled Circuit. A typical monostable screen-
coupled pentode circuit is shown in the accompanying fig-
ure. This circuit is started by a positive trigger applied to
the suppressor grid, and at the end of operation it retutne to
the initial starting condition, ready to repeat the cycle of
operation when the next trigyer arrives. The output taken
from the screen is a rectanyular positive gate whose duration,
or length, is contrelled by R7. In the illustration, tube V1
is the basic phantastron, and diode V2 acts as a trigger in-
jector and also s a disconnecting diode to effectively
isolote the trigger circuit aiter the action is started, Diode
V3 sets the maximum level of plate voltage as contrclled
by the pesition of B7, and, since the turn-off level is fixed,
it effectively controls the time during which the circuit
produces the linear gate of sweep. Operation occurs at the
rate fixed by the discharge of C through RS, In some cir-
cuits RS is made variable to set the maximum time delay,
and R7 is provided as an external control to permit selection
of the excct time duration required. Feedback capocitor C
provides regenerative feedback from plate to grid, to allow
quick respense to any changes in the plate circuit. Cap-

ORIGINAL

900, 000.102 TIME DELAY CIRCUITS

+Epp

G
OUTPUT
Vi
—- Fafpun=
R2
c
TRIGGER vz =
iN
Ce
A
s R V3
R7
-t .
RB

—Epp

il

Basic Screen-Covpled Phantastron

acitor Cl couples the positive gate from the screen to the
supptessor, thereby holding the tube in o conditicn where
plate current can flow.

Circuit operation can best be understood by referring
tc the waveforms developed in the tube elements shown In
the following illustration, while reading the description of
the circuit action. Three steps are involved in the clreuit
action--turn-on, linear sweep development, and turn-off.
Before initiation of action, the circuit is resting with the
plate current cut off, because a negative voltage is applied
to the suppressor element through R3. Resistors Rl, R2,
and R3 form @ combined suppressor and screen grid veltage
divider connected petween B plus and C minus. The values
are such that the screen is positive and the suppressor is
sufficiently negative to cut off plate current. Since they
are directly connected, both elements are d-c coupled;
also, through capacitor C1 they are a-c coupled. Therefore,
both d-¢ and a-¢ voltages appearing on one element also
affect the other element. Since the cathode is grounded
and the qrid is connected through RS to B+ , the grid remains
near zero bias. Thus, although the plate current is cut off,
the screen current is heavy, When a positive trigger is
applied to the plate of disconnecting diode V2 through
coupling capacitar Ce, the diode conducts, and the positive
trigger appears across B3 and is applied to the suppressor
of V1. The wigger is large enough to overcome the fixed
negative bias and drive the suppressor positive. Therefore,
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Waveforms of Screen-Covpled Phantastron

the plate current flows through R4, Since R4 is a relative-
ly large-value resistor, the plate current quickly goes from
zero to ¢ low value, and simultaneously the neqative swing
produced across R4 is applied through C to the qrid, driving
it from zerc 10 a negative value of only @ few volts, but
sufficiently negative to reduce the total cathode current.
The qrid is now in {ull control, and the reduction of screen
current produces a large positive increase in screen voltage.
Through C1 the positive-going screen voltage is fed back

to the suppressor so thet the action is regenerative; asa
result, the tube is quickly triggered from the stetic condition
to the operating condition, which produces o screen waveform
with a sharp leading edge. The linear sweep development

or timing cycle now begins, with the plate current of V1 in-
creasing steadily. Since the grid is retumed te Bx, the

grid voltage attempts to reach the zero bias level; however,
it can change only siowly because the plate side of feedback
capacitor C is steadily decreasing, so that any positive grid
swing is immediately counteracted by a negative plate swing
fod back to the grid. Therefore, capacitor C starts to
discharge and electrons flow from the plate of V1, discharg-
ing  through BS, Thus C discharges «t a rate determinec
by the time constant of C and RS {in some circunts K5 is
made variable to permit changing the rate of operaticn). In
discharging, the grid side of caparitar C graduaily becomes
more positive, causing an increased current flow through R4
and producing o constant decrease in plate veltage. The
positive increment on the grid is always slightly areater than
the negative plate swing it produces; therefore, the grid
potential graduclly tises, and the plate potential gradually
drops. When the plate reaches the point where a voltage
change on the grid will produce no further plate-voltage
chanae, the tum-off point is recched. Up to this time @
posilive gate has been produced in the screen circuic und
coupled to the suppressor, A negative yuis Lus Deen
developed on the grid which is smaller in ampiitude from
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the leading edge to the trailing edge by about o volt. {The
amount is dependent uper the gain of the tube.)

Since the tube plate voltage is only a volt or so above
zero and the plate current can no longer increase, but the
grid veltage is still rising toward zeto, causing an increase
in current flow, the screen current increqses. The moment
the screen current increases, the screen voltage drops and
feeds back a negative swing through Cl to the suppresscr.
The suppressor grid then resumes its original negative con-
dition, stops my flow of plate current, and gssumes contrel
again. Since this action is regenerative, a sharp trailing
adge is produced. Simultaneous with plate current cutoff,
the plate voltage swings positive and feeds back to the
grid @ peoitive voltage, which helps the arld to return to
normal zero bias conditien. Since the charge on C cannct
change instantly, the plate swing tapers off exponentially
and the tube is not ready for another trigger cycle untl it
has completely recoverad. Diode V3, a 'plate~catching'!
diode {vecouse of the way it Begtehes!, or arests, the
pasitive excursion of the plate voltage), operates to catch
the plate at a specific voltage, so that with o fixed bot-
toming point the length of the output pulse and ts time dura-
tion depend on the plate voitage fixed by V3. The cathode
of V3 is biased positive by the voltage divider consisting
of RS, K7, end B8, as controlled by potentiometer R7. When
the plate voltage of V1 is greater than the positive voltage
applied to the cathode of V3, the dicde conducts and quickly
brings the plate voltage of V1 down to the level of the
cathode voltage. Thus, the linear sweep action always
starts at the voltage set by R7, and the duration of the
phentastren gate (or the length of the sweep) |5 thereby
determined. Because the amplitude of the plate sweep de-
pends on the level at which it starts, R7 directly controls
the amplitude. The amplitude of the screen gate is deter-
mined by the voltage appited and the screen current, and
is only slightly affected by R7.

Cathode-Coupled Cireuit, A typicel zathode—coupled
pentode is shown in the accompanying schematic. This
circuit is also started by a positivetrigger applied to the
suppressor grid and tums itself cff qutomatically like the
screen-coupled circuit. The output can be taken from either
the screen or cathode, or both. The screen output is a posi-
tive qate, and the cathode output is @ negative gote.

Tn this circuit, tube V1 is the basic phontastron, with
diode V3 operating ta control the plate voltage level and
determine the duration ol the Sulput GGi€. To minimize
avershoot on the contiol grid, cathode, and &
{(positive on the conirol grid and cathode, = nn the
screen grid), diode V2 is connected between R1 and RZ on
a voitage divider network cOnsisiing SR, B, md BR
{The voltage on the cathode of V2 1s normaily 1 or 2 voiis
less then the cathode voltage of Vi Mote that no neqative
supply is needed to bias the suppresscr. Cathode bias is
used, and the suppressor s heid at a lower positive poien-
tial then the cathode; thus, it is effectively blased negative
with respect 10 the cathode, cutting oft plate curtent. The
screen is drawing current, which produces a positive voltage
on the cathode. When a positive input trigger appears c-
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Besic Cathode-Coupled Phantastron

zero, being held by diode V2 at @ potential determined by
the voltage divider (R1, R2, and B3) connected between B+
and ground, and the cathode is positive with respect to the
grid by approximately 1 or 2 volts. When the trigger is
applied, it overcomes the hias between the suppressor and
cathode, and plate current flows. The decrease in plate
voltage, due to the flow of plate current, is fed back to the
grid through capaciter C, causing the tube curtent to de-
crease and the cathode voltage to drop. This drop in cath-
ode voltage further decreases the bias between the suppress-
or and cathode, and plate current increases further, Since
the total tube current is decreasing and the plate current s
increasing, the screen current must decrease. This action
is regenerative, and plate current will jump from zerc to a
value determined by the tube characteristics. (Nete that
the bias between the cathode and suppressor is decreasing,
which is regenerative, causing the plate current to increase.
The bias between the cethode and grid is increasing. This
action is degenerative, which decreases the total tube
curtent. Therefore, there must be o point where these

wwo effects are equal and the current will stabilize for an
instant.} At this instont there is no further change in plate
veltage, and the grid voltage increases in the positive di-
rection at a rate determined by C and B5, since it is re-
tumed to Epp through resistor RS, This causes the plate
current to incredse. As the plate current increases, the
plate voltage decreases, and this negative change is coupl-
ed through C to the grid. It can be seen that this signal is
degenerative, and prevents the plate current from increasing
topidly. This action continues, providing a linear sweep
until the plate voltage drops to a level at which it can no
longer cause an increase in plate curtent, At this time,
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degenerative feedback to the grid stops, and the grid will
ge in a positive direction mare quickly. This couses an
increase in the total tube current, and thus an increase in
cathode voltage, an increase in cathode-to-suppressor bias,
and a decrease in plate current. With the total tube current
increasing and the plate current decreasing, the screen
current must be increasing. It can be seen that the action
taking place is regenerative, as the plate will go positive,
causing the grid to go positive, and the plate current will
go 1apidly to cuteff, leaving the tube in its pretriggered
condition. The positive swing in the grid is limited by the
""catching” diode, V2, Belore the circuit is ready for the
next cycle of operation, capacitor C must recharge through
R3, R2, V2, and B4. As in the screen-coupled phantastron,
this circuit is atso of the slow-recovery type.

As stated previously, when the phantestron is triggered
there is alarge drop in the screen current. This produces @
positive waveform on the screen with a steep leading edge.
As the tube current gradually increases, producing the lin-
ear sweep in the plate circuit, the screen current increases in
the same manner, but by a smaller amount, in propertion to
the plate cuttent, The scieen waveform will therefore de-
crease linearly by a smoll amount until plate current cutoff
{described previously) is reached. At plate current cutoff,
the screen current increases abruptly, causing a steep trail-
ing edge, Negative overshoots at the trailing edge of the
wavelorrn will be limited by the action of diode V2.

The resultant waveform ccross the cathede resistor can
be visualized from the previoys description of tube operation,
by taking into account the changes in the total tube current.
This waveform will be a negative gate with steep leading
and trailing edges and with the flat portion falling off in
amplitude at a linear rate.  Any positive overshoot at the
trailing edge will be limited by diode V2.

As in the screen-coupled phantastron, resistor B can
be made varigble to set the maximum width or delay. Rl is
variable, and is connected to the plate of V1 through dicde
V3, thereby setting the level of plate voltage at which the
phantaostion begins its oction {when triggered). Tt can be
seen that this will determine the amplitude and thus the
duration of the piate waveform. Rl is usuclly an external
control to vary the width or delay, and R5 can be an internal
adjustment to set the maximum width or delay.

In contrast to the screen-coupled phontasiron, the cathode-
coupled phantastron has a smaller range of operation. The
maximum plate cmplitude swing of V1 is limited by the value
of the cathode resistor, in that "'bottoming™ of the plate
voltage ceours gt amore positive potential than in the cage
of the screen-coupled phantastron.

FAILURE ANALYSIS,

No Output. Lack of plate or screen voltage because
of an open blesder resistor network (consisting of 31, RZ,
and R3) or coen load resistors will prevent cperation, as
will a faulty electron tube. Loss of input trigger will also
render the circuit inoperative. [t is also possible for exces-
sive bias to make the circuit inoperative because the trigger
amplitude is not sufficient to overcome the bigs and initiate
operation. Such a condition is indicated when an input
trigger can be seen on the suppressor with an oscilloscope
and vollaye appears on all tube elements, but either the
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yrid ot cathode voltage is higher than normal. This is most
likely to occur in the screen-coupled circuit, where a nega-
tive fix supply is employed with a common bleeder to obtain
blas. Since the cathode-coupled circuit develops its own
bigs, an excessive current deain or short-circuit condition
would be needed to increase bigs to the non-operating point.

Distorted Ourpur. Distortion is {ndicated by a nen-
linear waveform or an ingccurate time delay. Linearity of
sweep development is the basic property of this circuit,
with the controlling elements being the applied d-c control
voltage and the RC time constant in the {eedback circuit.
Contral voltage woubie may occur when the circult uses a
separate external control from a separate power supply, as
power supply fluctuations can easily change the operating
level and hence the pulse duration. Failure of the plate-
catching diode ts usually indicated by lack of control over
the entire range of operation, whereas partial control is
more likely to result from changing power supply voltage ot
a defective control. Change of time constent due to changes
in circuit values of to foilure or partial shorting of the
capacitor will change the rate of operation and hence the
tire delay. It should be most noticeable for the longer
delay times. False triggering due to the pickup of noise
or stray pulses in the control cabling (on remote units)
may affect both the starting and stopping of the gate. If
the disconnecting or triggering diode s used, however, such
pickup will atfect only the start unless it is coupled to the
suppressor through stray copacitance, and this is rather
unlikely to occur. Generally it [s rather difficult to pin-
point trouble in this type of circuit unless an oscilloscope
is used to observe the waveforms at each electrode, because
there are four basic types of trouble, namely, starting trouble,
stopping trouble, linearity, ond recovery-time failure,

Low or Unstable Output, Low screen-gate output
indicates improper screen voltage of current, which may be
caused by a defective electron tube or a change in resistance
value in the screen circuit. Low cathode-gate output in-
dicates low cathode current, which is the sum of all element
currents, and therefore may be due to any one of numerous
causes. Usually a voltage check will indicate the defective
component. Unstability in the form of jitter may be caused by
nawer supply voltage fluctuations, noise, or false triggers
nicked up by unshielded wiring. An oscilloscepe waveform
check will reveal the cause of the unstability, which can
then be traced io its soulce.
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FAST-RECOYERY PHANTASTRON CIRCUIT.

APPLICATIONS.

The fast-recovery phantastron circuit is used to generate
a linear sweep, or rectanqular-wave output, whose duration
is directly proportional 1o a control voltage. Becouse of
its extreme linearity ond accuracy, the phantastron output
waveform is used as a delayed timing pulse, to produce
time-delayed trigger pulses for synchronizing purposes,
and movable marker signals for display.

CHARACTERISTICS.

Operation is similar t0 that of monostable multivibrator.

Pulse width or delay varies linearly with the applied
control voltage.

Requires an electron tube of the pentode or pentagrid
type.

Circuit operation turn-on is by application of negative
trigger or gate to the plate, or positive trigger or gate to
the suppressor grid; tum-off is qutomatic by internally
generated waveform,

Output can be taken from the cathode, screen, or plate,
and may be either positive or negative, ds selected.

Provides either a low-impedmce or high-impedance out-
put, s determined by the output connections.

CIRCUIT ANALYSIS.

General. The fast-recovery phantastron circuit is con-
sidered 10 be a relaxation oscillator similar to the multi-
vibrator in operction. Whereas the multivibrator derives its
timing from an exponenticl waveform developed by an B-C
network, the phantastron uses a basic Mjller-type sweep
generator to produce a linear timing waveform. (The cpera-
ticn of the basic Miller linear sweep generator is described
in the discussion of Basic Phantastron Circuits presented
earlier in Section 20 of this Hundbook.) The phantastron
is usually turned on by the application of a gating or trigger
pulse, and is tutned off automatically by en interndlly
genetated wavefom.

The rapid retum to the stable operating condition at
turn-off is the basic property of the fast-recovery phantastron
circuit. The ropid recovery is accemplished by charging the
feedback capacitor through the low cathode-to-plate con-
duction resistance of a cathode follower, rather than through
the high-resistance plate-load resistor of the phantastron.
The effect of the rapid charge path is to return the plate
voltage of the phantastron circuit to its stable-condition
level immediately in order to prepare the circuit, in as short
a time as possible, for the next input trigger pulse. Although
the cathode follower decreases the usable range of the con-
trel voltage and the linearity, it is necessary in order to
reduce the recovery time when long-duration delays are
desired. Whether the slow-recovery or fast-recovery
phantastron circuit is used in a given application is
determined by the recovery time requirements; otherwise,
the circuits function in the seme manner and serve the some
purpese. Both a positive end a negative rectangular-wave
output with well-defined leading edges moy be obtained

CHANGE !
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from the phantastron, depending on whether the output
connection is made to the screen or cathode, respectively.
Cireuit Operation. The accompanying schematic illus-
trates a typical pentode cothede-coupled fast-recovery

phantastron circuit., The circuit is turned on by application
of @ negative trigger pulse to the plate; tum-off is automatic
by an intemclly generated gate. Pentode tube V1 is the
phantastron proper. This tube must have the capability

of providing two control elements; that is, the suppressor
grid must be copable of performing the function of another
control grid. A suitable tube for use as a phantastron is
the miniature-type 5725 pentade because of the sharp cutoif
characteristic of its suppressor qrid. Another suitable tube
is the pentode type BASE. A pentagrid tube such as the
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6SA7 con olso be used in the phantastron circuit it certain
modifications are incorporated in the circuit design . (A
basic pentagrid tube phantastron multivibrater circuit is
discussed in Section 8 of this Handbook.)

The diode-connected triede, V2, functions as a trigger
injector as well as a clamping dicde for controlling the plate-
voltage level and determining the duration of the output gate.
The maximum value of cperating plate voltage is clamped
to a level determined by the setting of potentiometer R1
in the cathode of V2, and, since the tum-off level is fixed,
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the setting of this potentiometer effectively controls the
time during which the circuit produces the linear gate or
sweep. Triocde V3 is the cathode follower circuit through
which feedback capacitor C2 is rapidly charged in order

to permit the phantastron plate voltage o rapidly return 1o
the maximum operating level determined by trigger injector
and clamping diode V2. Although the illustration shows
two separate tricdes foi V2 and V3, in practical circuit
applications d single twin-triode is frequently used for
economy of tubes.

Potentiometer R1 ond resistors R2Z and R3 form a volt-
age divider from the positive voltage supply (+Ebb) to
ground. The resistance values are such that the positive
voltage developed across resistor R3 is less than the
positive voitage deveioped actoss cathode-hias and ioad
tesistor R6; thus, the suppressor grid is effectively biased
negative with respect to the cathode, and plate current is
cut off. As mentioned previously, the setting of the wiper
arm of potentiometer R1 establishes the voltage level at the
phantastron plate, thereby determining the gate length.
Resistor R4 is a decoupling resistor in the cathode of the
trigger injector and clamping diode, V2. Resistor RS is
the phantastron plate-load resistor; R7 is the screen grid
load resistor, and R9 is the cathode-load and coupling
resistor for the cathode tollower circuit.

Resister R8 returns the phantastron control grid to the
positive voltage supply, setting the bias level that initially
permmits the screen grid to conduct heavily. Operation of the
circuit occurs at the rate determined by the discharge of
teedback capaciter C2 through resistor B8; in some cit-
cuits this grid-return resistor, which usually has a value
exceeding 1 megohm, is made varigble to set the maximum
deley or pulse width of the output gate. The action of
cathode follower V3 and capacitor C2 provides feedback
from the phantastron plate to its grid, to allow rapid respense
to any chenge in the plate voltage. Capacitor Cl couples
the input trigger to the cathode of trigger injector and
clamping diode V2; this trigger initiates (or tums on) the
phantastron action. Capaciters C3 and C4 are the output
coupling capacitors for the screen qrid and cathode,
respectively; a positive gate is obtained from the screen
grid, and a negative gote from the cathode. If desired, a
linear sawtooth waveform can be obtained from the plate
of the phantastron circuit.

The following simplified schematic diagram shows the
charge and dischacge paths for capaciter C2. The charge
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path (part A of the illustration) is from ground through the
phantastron cathode resistor, R6, and the low cathode-to-
grid conduction tesistance of V1 to the left side of the co-
pacitor, and then from the right side of the capaciter through

the low cathode-to-plate conduction resistance of the cathode
follower and the positive voitage supply back to ground.
This is the fast-recovery charge path for capacitor C2. That
is, when the plate voltage of the phontastron rises, as it
does at the end of the gate, it is free to do so without the
interference of any lumped capacitance; tube interelectrode
capacitance and stray wire capacitance are the only hinder-
ances. The resistance in the charging path is alsc low
at this time, since it consists muinly of the low conducton
resistance of the cathode follower. The discharge path
(part B of the illustration) for capacitar C2 is from its left
side through grid-bias resistor B8 and the positive voltage
supply to ground, and then from ground through the cathode-
load resistor, RS, of the cathode follower 1o the tight side
of the capacitor. The long R-C time constant of this path
causes capacitor CZ to discharge ot a tinear rate during the
time that screen cumment is low (near cutoff} and the
phantastron tube is drawing heavy plate current.

The aperation of the fast-recovery phantostren circuit
can best be understood by referring to the preceding cir-
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cuit illustrations and the accompanying waveform illustration
during the following discussion. When voltage is first
applied, the plate secticn is in cutoff and there is heavy
screen grid current, The conduction of screen current is @
result of the fact that the operating voltage on this elec-
trode is sufficiently positive to attract electrons emitted by
the cathode as a result of the positive bias on the control
grid (positive voltage return to B+ through resistor R8);
this permits the flow of cathode current at this time. The
current through cathode-bias resistor R6 produces a volt-
age drop across this resister. The positive potential at the
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Theoretical Waveforms for Fast-Recovery Cathode-
Coupled Phontastron

top of resistor BE is now greater than the positive potential
at the suppressor grid, which is obtained across voltage
divider resistor R3. A bias voltage is therefore esteblished
between the suppressor grid and the cathode; this hias is
sufficient te cut off the plate current while having no effect
on the screen curtent.

Because there is no plate current, the plate voltage
tises to the level determined by the setting of potentic-
meter 1 in the cathode of the trigger injector end clamping
dicde, V2. This same positive plate voltage is also im-
pressed on the cathode {ollower control grid, since this
grid and the phantastron plate are electrically identical.
The cathode follower now conducts, and the flow of current
through its cathode-load resistor, R9, develops a positive
potential at the top of this resistor. This positive potential
is coupled through capacitor C2 to the contrel grid of the
phantastren, whete it further increases phantastron con-
duction. The positive potenticl on the phantastron control
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grid also causes this grid to draw current and charge co-
paciter C2 through the path described previously, The
foregoing action is instontanecus and couses the phantas-
tron to assume its stable state, as depicted during time
interval @ on the waveform illustration. The circuit remains
in this condition (heavy screen current and plate current
cut off) until a neqative trigger is applied to the phantas-
tron plate through trigger injector and clempling diede V2
ot instant t,.

When the negative trigger (ein) is applied through ca-
pocitor C1 to the cathode of V2, it forward-biases the
diode and permits plate current to flow. This current, in
tumn, causes an immediate drop in the plate voltage de-
veloped across plate-load resistor RS, The negative-going
signal is alsc on the grid of the cathode follower, V3,
where it acts as a bias to reduce the conduction through
V3, thereby reducing the voltage drop across its cathode-
load resistor, RS, The negative-going signal at the top of
resistor R9 is coupled through capacitor C2 to the control
grid of the phontostron tube, V1, where it drives this grid
sufficiently negative to reduce the conduction of the phantas-

tron. Since the phantastron cathode current is reduced, the
screen current is also reduced; thus a positive-going volt-
age is produced at the screen qrid. Through cathode-
follower action of the phantastron circuit, the negative-going
signal on its control grid is coupled to the cathode, where
it now reduces the bios between the cothode ond suppressor
gtid. With a decrease in this bias voltage there is an in-
crease in plate current, resulting in @ further drop in plate
voltage. The action just described is cumulative and in-
stantanecus. Thus, when the negative trigger is applied

tc the cathode of V2 at t,, there is an immedicte fall in
phantastron plate voltage and a sharp tise in plate current
(the fall in plate voltage is fed to the grid through cathode
follower V3 and capacitor C2 driving the control grid nego-
tive), there is a sharp rise in screen voltage and a decrease
in screen current, and there is a decrease in total cathode
current and a sharp decregsein cathode voltage. All of the
voltage relationships are depicted at t, on the waveform
illustration.

The fact that the phantastron plate current increases
while the cathode current decreases is possible because
the screen current is now decreasing. Therefore, the rise
in plate current results from the fact that the plate draws
current which had previously gone to the screen grid. That
is, the bias between the cathode and the suppressor qrid
is decreasing, which is a regenerative action, cousing the
plate current to increase. Simultaneously, the bias between
the cathode and the control grid is increasing, which is a
degenerative action, causing the total tube current (and
screen grid current) to decregse. The screen grid current
is only reduced — not cut off completely; it it were cut
oft completely, plate current would alsc be cut off and the
circuit would not function. Hence, there must be a point
where the regenerative and degenerative effects are equal
and the current stabilizes for @ instant. This is the instant
{at t,, when the sharp drop in plate voltage ceases} at which
capacitor C2 begins its discharge action,
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As capacitor C2 discharges during time interval b, it
loses electrens from its left side, in effect making this
side of the capaciter {and the conwrol grid of the phantastron}
more positive to reduce the bias between the control grid
and the cathoede. The reduction in control grid bias permits
a heavier flow of plate current through the phantastron,
which grodually ruises the voltage drop across cathode-bias
resistor RE (ek waveiorm), as illustrated during time in-
interval b. The rate of change of tube current is governed
by the discharge rate of capacitor C2 through resistor R8.
Thus, in discharging, the control grid side of capaciter C2
gradually becomes more positive, causing an increase in
plate current; this produces o constant decrease in plate
voltage, which is fed hark tn the grid through cathoda
feliower V3 and capacitor C2. The positive voltage in-
crement on the contral grid is always slightly greater than
the negative-going plate signal it produces; therefore, the
arid potential qradually rises and the plate potential grad
aall y drops, as depicted by the respective control grid
{2q) and plate (ep) wavetorms during time interval b,
The action described during time interval b continues
until the plate voltage becomes so low {only o few volts)
that phantastron tube V1 con no longer amplify the changes
in plate voltage. At this instant, t,, capacitor T2 stops
dizchaorging and the control grid is rapidly driven positive,
causing the tube current to increase at o very fast rate.
The rapid rise of current through cathode-bias resistor BB
produces a high positive potential on the cathode, which,
in relation to the positive potential on the suppressor grid,
G bias sutlicient to cut off plate current, Since the toial
tube current is increasing at this instant, the additional
current must How in the screen grid circuit. The uction
now DCCUIring 1S regenerative. As the plate voltage, whose
swing is limited by trigger injector and clamping diode VZ,
goes positive because of plate current cutetf, the positive

gcing signal Is coupied through cathode toliower V3 and ca-
paciter C2 to the phantastron control grid; this signal causes
a further increase in tube cusrent, thereby producing a
higher voltage drop across cathode resistor RE to increasa
the bias on the suppressor grid and further cut off plate
current,  The positive-going grid of the phantastron draws
cusrent and now rapidly charges capacitor CZ through the
low cathode-to plate conduction resistance of the cothede
follower. Thus, ot instant t,, the phantastron is rapidly
teiurned 10 its originai stable state of plate current cutoff
dud maximum screen gnd current, as ilustrated during time
inierval e, until the next trigger pulse at ty agoin causes a
cycie of phantostron action.

As menticned previously, when the phantnstren g
triggered {tutned on) there is a sudden diop in screen
current, This produces a positive-going voiluge on the
sireen with g steep leading edge (esa waveform). Az the
tube current gredually increases, producing the linear drop
in plate voltage, the screen current increases in the samo
'mmn', but by o much smaller amount. The screen wave-
thus decrease linearly by o small amount until
plate=cuitent onnfl {descnibed pre: vicusly) is
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reached, At the instant of plate-current cutoff, screen
current increases sharply, causing a sharp drop in screen
voltage, as depicted by the trailing edge of the esg volt-
age waveforn; this is the positive-gate cutput waveform
coupled through capacitor C3 to the screen output terminals.
The resyltant negctwe—qut cutput, €k, laken uCtoss
phantastion culhude-load resistor R6, is coupled through
capacitor T4 to the cathode output tetmingls. This negative-
gate waveform also has steep leading and trailing edges,
with the flat portion falling off in amplitude ot o lineor rate.

From the circuit action just described, it is evident
that chanaging the value of the voltage gpplied to the plote
will determine the peint, ond the time, at which the plate
vorlage ""botoms’’, with respect 10 the time of opplicotion
of the input trigger. Potentiometdr RB1 is connected to the
prantastron plate through diode V2, thereby setting the
level of plate voltage at which the phantastron begins its
action wnen wiggered. Changing the value of either feed-
back capaciter C2 or grid resistor B8 will also afiect the
pulse width by controlling the rate of discharge of cepacitor
C2. For example, increasing the value of capaciter C2Z or
resistor RE will increase their B-C time constant, thereby
causing capacitor C2 to discharge mote slowly and increase
the width of the delay gate. A decrcose in the value of
either capacitor C2 or resistor R8 will have the oppasite
effect on the width of the delay gate. In some phantastron
circuits the grid resistor, B8 in this case, is made vexi-
able s¢ as o control the maximum width of the delay gcte.
When made variable the grid resistor {s useally an internal
adjugiment, whereas potentiometer Ri is usually an extemal
control,

If it is cesired to obtain several ranges of delay with the
phantastron, the most satisfactory method is to leave the
value of the grid retum resistor (R8) fixed and switch in
different volues of capacilarce for the feedback capacitor

B

{02}, A cathode follower will provide n low-impedance
point for the switching and minimize the effects of stray
wire capacitance, in addition to providing o fast-

recovery path, A disadvantuge of using the cathode fol-
lower in the phantastron is that it increases the maximam
error of the circuit. Ordinarily, the phantastron linearity

is obtained by the fecdback between plute und control qria,
which tends to maintain @ constant discharge of the feed-
back capacitor {C2). Since the gain of the cmhode follower
is less thon unity, the compensation is not g
when the feedback occurs through the capaciter alone.
However, a sliaht error {opproximarely 0.4 percert 2t o
control volmge of 150 volts, lor exumple} can be wlerated

e .w{um) the !'f"‘c‘,'()r, timceol the

No Output. The input trigger should be checked with an
oacilloscope (o Jetermine whether 1t is being applied to
e circuit and whether it s of the proper polarity and
amplitude. Lack of an input mqger at the cathode of t

H
Smiertor 3 ,-me inn AlmAas W - i ogn epen in
injector and wing dicde V2 oan e due (o oan open i

rigger
nput
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coupling capacitor, Cl, or to failure of the external input-
trigger source. It is also pessible for a defective trigaer
injector and ciamping diode tube, V2, as wel]l as excessive
bias, to make the circuit inopetative; the cxcessive bDias
will prevent the fixed-ompiitude input tringer from over-
coaming this level and initiaiing the thantasiron action, The
foreqoing conditions are indicated when cn inpat trigzer can
be seen with an oscilloscope on the cathode of VZ ond
voltage appears on all tube elements, but either the
shantastron control qrid or cathode voltaae is nigner than
aormal. This is most likely to occur wher ¢ negative vol-
lage source is used with o common bleeder netwark to ob-
tain the bias {os in a screen-coupled circuitl, Since this
sahode-coupted pentode circuit develops its own bigs, an
2xcessive curtent drain or short-circuit condition wouls be
needed to increase the bigs to the nonoperating coint.

Failure of the positive voltage supply, +Ebt, will dis-
tupt the operation of the circuit, as will on open cathode
circuit of either the phantastron or the cathode follower.
With tubes installed in the circuit, the filoment, plate,
screen, and suppressor qrid voltages should be measured,
as well as the bias voitage developed across phantestron
cathode resistor R6, to delermine whether the applied vol-
tages are within tolerance or whether an associated elec-
trode resistor is open. I feedback capaciter C2 is open
ar cathode follewer ¥3 is inpperaiive, there will be no
feedback signal to promote the phantostron acticn, An ¢pen
output coupling capacitor, C3 or C4, will prevent the output-
gate signal from reaching the following stane.

Reduced Output. A reduction in output is generally
coused by a defective phontastron tube; however, o low
screen qate output can also be coused by a decrease in
applied voltage ot a change in resistance value in the
screen circuit, Low cathode qate output indicates low
cathode current, which is the sum of all tube element cur-
rents, and thus may be caused by any one of nurercus con-
ditions (decreased tube conductance, reduced plate or
screen voltage, ete). Usually, o voltage check will locate
the defective circuit and component. A lsaky or sherted
output coupling capacitor, C3 or C4, will fone o voltage
divider with the input resistor of the following stage. 1f the
input resistor of this next stage is retumed to ground ¢r to
¢ negative supply, the voltage at the screen qgrid or cathode
will be reduced, and the operution of the stage will be
upset by the chanae in voltage applied to its arid.

Distorted or Unstable Output. Distortion is indicated by
a nonlinear waveform or un inaccurate time delay. Linearity
and accuracy of the output gate waveform development is
the basic propesty of this circuit, with the controlling ele-
ments being the gpplied d-c control veltage and the B-C
time constant in the {eedback circuit. Control voltege
trouble may occur when the circult uses a separate externs
contrel from a separate power supply, since power supply
fluctuaticns can easily change the operating level and,
therefore, the cate duratien, A change in “me constan? due
to circuit values ot to feedbock capaciter iailure or leakage
will chonge the rate of operation and, hence, the 2ate
length; this should be most noticeable for the longer aate
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lengths. False triggering due to pickup of noise or stray
pulses in the control cabling {on remote units) may affect
both the turn-on and tum-off of the gate. This instability,

of jitter, can also be coused by power supply fluctuations.
An oscilloscope wavetorm check at each electrode is usually
the best method to checking for the cause of jitter, which
can then be traced to its gource,

Incorrect Frequency. [he fast-recovery phantastron
circuit has no components goveming the frequency of its
output gate signal; this frequency is qovemed by the in-
put trigger applied to the circuit. Therefore, any change in
the output gate frequency is a result of impropet operation
of the trigger generating circuits.

ELECTROMECHANICAL (ACOUSTIC) DELAY LINES,

APPLICATION.

An electromechanical or sonic delay line provides a
means of retarding the passage of a signal or wave for a
predetemined length of time without distorting the original
composition of the signal or wave, This type of delay line
is used in computers and in radar equipments such as moving
target indicators (MTT).

CHARACTERISTICS.
Delay line acts as a medium between electrical and
sound impulses.
Delay line 45 composed of quartz crystal slabs and @ mercury
column.
Armount of time delay depends on length of mercury
column.
Time delay cffected by temperature variations.

CIRCUIT ANALYSIS.

General, The electromechanical (acoustic) delay line
utilizes the piezaelectric effect of a quartz crystal slab to
convert any electrical impulses within a drcuit to sonic
impulses. These sonic impulses traverse a column of
mercury of specific length and are reconverted to electrical
impulses by another quartz crystal slab at the opposite end
of the mercury column. The overdll effect is a resultant
decrease In velocity relative to the velocity of elecrical
impulses traveling an equivalent distance. Therefere, by
increasing the length of the mercury column, the longer the
impulses will remain in the sonic state, and the greater will
be the delay of the impulses.

CIRCUIT OPERATION

A pictarial representation of an acoustic delay line is
shown in the following illustration. The delay {ine consists
of two quartz crystal slabs and o column of mercury i a cy-
lindrical container between the two crystal slabs., Aselectri-
cal impulses are applied to the first crystal slab of the delay
line, the piezoelectric effect associated with crystalline
substances causes these impulses to be converted into
oorresponding mechanical expmsions and contractions.,
One of the expanding and contracting surfaces of the
etystal contects the mercury column in such a way that these
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mechanical or sonic vibrations are monducted through the
column in the same way that electrons are conducted thiough
a wire. Sonic impulses travel at a considerahbly lower speed
than electrical impulses and by increasing the length of the
mercury column the time thet is required for the impulses o
travel from one end of the mercury column @ the otner be-
comes Qreatel. 1ne amount of ume delay is proporidonal o
the ratio of the velocity of sound in mercury to the velocity
of electrical impulses through the mnaucting material used
in the circuit, multiplied times the length of the mercury
column.
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FAILURE ANALYSIS.

Since the sonic delay line is a single component the
failure analysis con be simplified. H no sial is obtained
at the cutput of the delay line and the prover siqnal is
applied at the input, the mercury might have leaked from the
cylinger which is supposed to contain it. Another cause of
a ne-output conddition mayv be an open rrystal or o crvstal
shorte: to the metallic cose containing it. It will not be
necessary 1o ietertine which part of the delay line is at
fault, since any delect will make it necessary for the en-
tire delay lizc to te roplaced.

10 the effect of temperg-
crea whore the del

:_

tharn i~ for meoeibi s
s wnCTC 10 O pCoLiolayy Wial o

crystals may oo camases. 0 order to prevent or correct this
condition constant temperature monitoring should be
provided.
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PART B. SEMICONDUCTOR CIRCUITS

Pat B of this section is reserved for semiconductor
time delay circuits, which may be included in another
revision of this Handbook. No semiconductor time delay
circuits are discussed in this issue.

ORIGINAL 20-8.1
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PART C. ARTIFICIAL DELAY LINES
ELECTROMAGNETIC DELAY LINES.
APPLICATION,

Artificial delay lines of the electromagnetic type are
used to generate rectangular pulses of fixed duration {in
radar receiver and transmitter applications); to produce a
rectanqular waveform from o step function of voltage (as
used in starting and delay triggers for test equipment and
video display units); to terminate a pulse produced by a
reqgenerative device such as a blocking oscitlator or multi-
vibrator (as used in radar, timing cizcults, and computers);
and to duplicate an existing pulse at a later time {a simple
cnse of time delay). ‘these lines are commonly used for
many types of waveshaping and pulse-forming applications.

CHARACTERISTICS.

Provides a constent attenuation of signal, depending
upon material and construction.

Consists of a number of equal sections (or half-sections)
of lumped capacitance and inductance, providing o definite
delay interval.

Provides a definite phase shift which can be repeated

t specific intervals,

Pussesses an inherent characteristic (surqe) impedance
which must be matched to input and output circuits for
proper operation.

Similar in operdtion to a real transmission line, but

ares) Q’]U reduced in nhnﬂglggl size.

CIRCUIT ANALYSIS.

General. [elay lines gre simple to consirucy, reliable,
permanent in their characteristics, and accurately repro-
ducible in manufacture. The delay line operates by virtue
of the finite velocity with which the signal travels along
the delay line. For open-wire lines there is proctically no
difference in the velocity of propagation of the signal as
compared with the velocity of propagation in free space, so
that multiples of a physical quarter-wavelength of line must
be used to produce the delay. This results in long and
bulky lines. Even with the standard type of line, the deiay
is on the order of 7.003 microsecord per foot. A special
coaxial delay line is produced with a spircl-wound center
conductor (distributed-constant ling) to provide hetier
resnits: however, megsured results at Sme are only on the
order of 0.042 microsecond per foot, Therefore, artificial
lines ronsisting of lumped values of inductonce and capoci-
tance {which cccupy o small space) are connected together
in low-nass filter arrangements to provide the desired

hoaco tmifarma
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characteristics. (Sindo.oesl Hdiamicsing lig

ly distribated inductance and rapocitance, artificial lines
can, in a smail space, provide the electrical equivalent of

! et i n . tedni
The basic cqm valent circuit of the dissribused-

s long ling.
constant artificial delay line is shown in the accompanying
illustration. The functioning of this type of line {5 similar
to that of the lumped-canstant artificial delay line 1n all
respects. [t is used mainly for small delays of 1 micro-

line is con-

second or lese where the towal lenath of th

vementiy heid 1o a range of from 8 10 30 inches, depending
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upon the construction. Units have been manufactured with

ORIGINAL

900,000,102 TIME DELAY CIRCUITS
= {TOTAL})
r A
€in _|_ ¢ eg
i T (TOTAL) i
; | i

Distributed-Constant Deloy Line Equivalent

characteristic impedances of from 200 to 4000 chms. The
~haracteristic impedance (7) 15 determined by the total
distributed constants per inch, centimeter, or foot, by means
of the standard formula Z =¥L/C; the wslues are in

chms, henries, and mis microfarads. Time deloy is given by
the formula T = -\j LC : the values are in seconds, henries,
and microfarads. For a given impedance and time delay,
the inductance is determined by L. = TZ, and the copaci-
tance by C = T/Z. In actual practice, the manufacturer
lists these values ond the microseconds per unit length.
Thus for a given delay only a specilied length is required,
avoiding any complicated caleulations. Since the distri-
buted-constant type of line is not as commonly used as the
lumped-constant type of line, but functions similarly, for
practical purposes the discussion of the lumped-constant
type of line which follows applies to both types (neglecting
end efipcts, tempernture, ond frequency response).

The schematic equivalent of g simple lumped-constant
type of artificial transmission line is shown in the accom-
panying illustration. Basically, this circuit is that of a
constant k low-pass filter with half T section terminations,
utilizing one full T section of delay {plus the halves for o
total delay of two sections). Actually, the number of sec-
tions varies with the design tusualiy from five to eight
sections are sufficient).
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Lumped-Constont Equivalent Circuit

edina cnrulr determmes how n meuons. Lgene.ally
spedking, there are thiee fomms of epeorntion to e con-
sidered. One form is that of o simple delay hne which
delays ibe lupul pulse o signal by a period of time egusl
to the time it takes to traverse the line; in this case the

terminztion c! the signal initiates circuit action after a
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ated after 2n delay perieds. In the third form, the line is
charged to a specific storage level and is then discharged
to form a precise pulse with ¢ duration equal to the dis-
charge-delay period. In each of these forms of operation,
performance is generally based upon the theory of charge
and discharge of an ideal lessless transmission line.
Circuit Operation. Consider now the case of the simple
delay line. In this instance, the line is terminated in its
characteristic impedance (the input need not be terminated
unless power transfer is required, since there is no reflec-
tion). Assume the simple balanced T section equivalent
circuit in the following figure. As far as the input circuit

L/2 L2

hotz

'o—ﬂ—*s §:Ro

20—b— 04

Properly Terminated Line Action

is concerned, the artificicl transmission line appears as
though it were a resistor equivalent to the characteristic
(surge) impedance of the line (Ro). Assume that a rectanqu-
lar l-microsecond pulse is applied, and that a delay of 2
microseconds is desited. (The delay line is usually placed
in series with the grid of a trigger circuit. Let us also
assume that a negative trigger is required to initiate ac-
tion.)

At the beginning of the cycle (time T1}, the positive
pulse is applied to the line input at terminals 1-2, Immed-
iately, the voltage across the line input rises to the pulse
value (input is unterminated), At the load end of the line,
however, no voltage as yet appears, Since the line con-
stents are chosen for a l-microsecond delay, it takes this
length of time for the initial pulse to travel to the end of
the line (because of the low velocity of propagation of the
line). During this interval, capacitor C is being charged
through left-hand inductor L/2, At time T2 (1 microsecond
loter), copacitor C is churged and pulse voltage now
appears at output terminals 3-4, across R, Note that this
is still the leading edge of the initial pulse. At time Ty
the initia] pulse terminates and the input voltage across
terminals 1-2 drops to zero. Capacitor C now discharges
through tight-hand inductor L/2 until time T3, When time
T3 is reached, the copacitor is completely discharged and

. the voltage across Ry drops to zera. Thus, 2 microseconds
after the start of the initial pulse, the negative trailing
edge of the pulse appears at the qrid of the trigger tube,
and the trigger is initiated (by the trailing edge of the
pulse) with a 2-microsecond deley. During the delay period,
simple R-L-C charge and discharge action was postulated,
as supported by simple transient theory.

In practice, a number of sections of L and C are re-
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quired to provide pulse transfer and delay without distor-
tion. All delay lines have resistance which distorts the
pulse by causing a reduction of current as the line is charg-
ed, with a consequent slope in the top of the pulse. The
inductance opposes the change in current and affects the
circuit at the very beginning when the charging current
quickly assumes a high vclue, and then acts to maintain
the current flow after the maximum current value js reached
and tends to decrease. With a large inductance the rise
and fall of current is more gradual; with a smeller induct-
ance the current rises and falls more rapidly. The cddition
of the capacitence to the circuit causes the current to reach
a definite maximum value. The smaller the copacitance,
the smaller the maximum value of current and the shorter
the period of time required to reach maximum current. When
both inductance and capacitance are combined, and the
inductance is very small and the cepacitance very large,
the circuit action is controlled moinly by the resistance in
the circuit, Under these conditions the charging current
rises very quickly and remains constant for a relatively
long period of time (because a relatively long time is neces-
sary to charge the capacitor). Thus the response curve
clesely resembles the input step voltage. Idedlly, as L
approaches zero ond C approaches infinity, so that only
resistance is left in the circuit, the output waveform ap-
preaches the input waveform. This is theoretically true
because a purely resistive circuit has ne transient response
and, thetefore, does not change the shape of the input volt-
age waveform, With only resistance in the circuit, however,
there would be no delay. Consequently, a proctical com-
promise is reached by employing a number of L-C sections
having a small inductance and a relatively large capaci-
tance.

A detailed anclysis of the operation of a typical distri-
buted-constant type of delay line {chosen for ease of ex-
planation) using octudl values follows, As constructed,
the line consists of very fine wire (No.40 AWG, 0.0031 inch
in diameter), wound on a plastic core. This continuously
wound coil has a diameter of approximately 3/16 inch, and
contains 109 turns per centimeter of length to provide a
rated inductance of 20 microhenries per centimeter. An
insulating sleeve is placed over the coil, and an extemnal
copper braid is used to provide a shielded outer conductor,
which forms a capacitonce of 16.5 picofarads per centi-
meter with the coil. The measured time delay is 0,018
microsecond per centimeter. To produce the l-microsecond
time delay mentioned in the previous discussion, a 55-
centimeter length of this line is required. Therefore, we
can consider the line to be made up of 55 sections (1 cm
long), forming an equivalent ladder-type line as illustrated
in the accompanying figure.

Although in the previous discussion an ideal pulse was
assumed, with zero rise time, a proctical square input
pulse hos a finite rise time. A value of 0.03 microsecond
for a l-microsecond pulse is representative of actual rise
and fall time tolerances encountered in practice. When this
pulse is applied to the input of the line at time T, termi-
nals 1 and 2, coil L1 provides a counter emf which slows
down or opposes the passage of current flow through it.
The current through L1 is the charging current for capaci-
tar Cl and the remainder of the line sections. Capacitar
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Ladder4ype Deioy Line Equivalent

T1 charges in gocordance with the time Constant LiCl
(0.018 mictosecond). Since the rise time of the pulse is
£.03 microsecond, capacitor C1 charges quickly. During
ihis period the voltage across L1 decreases while the
voltage across Cl increases. In effect, the input voitage
is applied to L2 after being deleyed 0.018 microsecond.
Since it takes 10 time constants to reach approximately
full charge, the amplitude is less than that of the original
pulse, and approximates g final value of about 0.6 that of
the original value {at the end of the line}. These line
sections cre effectively connected in series with the line,
and the pulse travels progressively down the line from Il
through L35. Capacitor C55 is charged to the same value
as L1 was after one time constant, and at a time (T2)
exactly 1 microsecond later. In other words, the leading
wdge of the pulse reaches the end of the line at that instant.

Since the duration of the pulse 15 1 mlcrosecond, he
entite line is still charging. In the next instani, however,
the input puise terminates, and the negative-going trailing
edge is applied to L1. At this time, Cl is fully charged and
beqins to discharge. The discharge path is the teverse
of the chazge path. The discharge action is similar to the
charge acticn; that is, at the end of one lime constant Ci
is discharged substantially, and the effect is as if ¢ nego-
tive voltage were applied between L2 and ground. The
discharge pulse travels progressively down the line. Dur-
ing this time {T2 to Ts) the amplitude of the output pulse
remains constant, since the flat top of the input pulse is
being reproduced by the conatant charge valtage w0 which
55 is held. This action is the result of the small {fast]

time constant per section {full charge is reached in approxi-
mately 0,09 microsecond). A slight rounding off of the

tanAl
Jhsis 1043

edge is produced in practice by exponential chara-
Ry howevar, in the idedl case discussed previousiy.
no such action was ossumed, Practically, this rounding

ott ffpct io negligible, and the shape of the inout oulse
1S retained as iong as e pulse iise time i3 longer thin
the time constant per section. (When the rise time is less
thar the time constan? pet section, a noticeable rounding
oIl of dIstortion of the pulse shdpe Goouis.)

Once the dischaige cotion is started by the trailing
edqe of the input waveform {time Tz}, it conlinues until
55 is reached. The discharge of C55 through terminoting
resistor By {at time T3), connected across terminals 3
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for trigger) for the time pericd T to T3 is exactly 2 micro-
seconds (within practical limits), A fewer number of sec-
tions or a change In the values of the inductance and capac-
itance used will change the deloy time, In the case of

the lumped-constant delay line, the action is identical.
Instead of special construction, however, the delay line
meraly consists of a number of small inductors and capaci-
tors connecied in the ladder-type arangement lustrated
previously.

Open-Circuited Line. Consider now the cose of the
artificial delay line which is net terminated in its character-
istic impedance. Let us assume that the line is open-
ritcuited and is represented by the simple circuit shown
in the following fiqure. The delay line is connected in

Eg Rg J_

2

_07 A _04

Open Circuited Delay Line Equivaient

series with load resistor Ry and switch S1 to a d-c source
of voltage F.. Assume that the line at time Tg is complete-
ly discharged, with 51 open. At time T4, switch Sl is
ciosed, and voltage D is applied across igad resistor Ry
and Re in series (R is the surge or characteristic imped-
ance of the delay line). Assuming that Ry, and B, are
equal, the applied voltage divides equally, and half the
epplied voltage appears at terminals 1-2 (line input}. The
line is designed to have 2 velocity of propagation much

less that of an open-wite line; thus, ot tme Tg the voltage
has just reached termi nals 3-4, Since the line is open-
circuited, the applied voltage is reflected back in phuse
{with the same polarity) towerd the line input. Since cur-
rent will not flow through the open circuit, the current
polarity is reversed, and the reflected wave cancels the
~urent of the incident wave to give o total zero current.
Thus, the voltage at terminals 3-4 is effectively doubled,
and a reflected voltage equal to B travels bock to the
ssurce. When the source is reached at time Ty, the input
voltage ond reflected voltage are equal, current flow ceases,
ond the nulse is erminated, At this tme the line is chorged
tc the applied voltage. While the output end of the line is
ant termingted, the input is usually matched with a resistor
) equal 1o Be oo thar the reflacted nulse is ahsorbed

an its return,  During the interval between pulses or signals
{when $1 is open}, the line discharges; thus it is ready

-5 ziart another oycle of aperation when 8115 again closed.

The current and voltage relationships for the open-
ended line are shown in the following figure.

It can be seen that E, is the applied voltage or step
function, which «t the closing ot 51 jumps to its maximum
colue. Simultneausly, charging current lo does likewise.
Since the flow of Ts tiough Ro produces the veitege By,

applied to the line, and since equal resistors FL and Rg
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Courrent and Voltage Relationships
of Gpen-Circvited Line

form a voltage divider across the input, the voltage E;y,
is reduced to half of E,, remains at this value during the
time of two delay periods, and then returns to the source
value when the line is fully charged and no turther charg-
ing current flows. At the output of the line the step func-
tion E, rises to one-half maximum value after one delay
peried, and then to full value at the end of the remaining
delay period. With the line fully charged at the end of two
delay periods, it remains at the ariginal applied value of
E; until 1 is opened; the line then discharges. In prac-
tice, this is usually accomplished through the grid resistor
of the stage which it triggers (the delay line is connected
in parallel across the grid resistor in place of the conven-
tional grid capaciter). Thus we can say that an cpen-ended
delay line operates on a step functian of voltage ta produce
a pulse of current equal in duration to twice the length of
the line. The pulse across the characteristic impedance
in series with the line has one-half the amplitude of the
step function.

Short-Circvited Line, Consider now the cose of an
artificicl delay line which is terminated by a short circuit
at terminals 34, os shown in the accompanying figure.,

. 8 :EL\ . \ 1
-— RL
Li

Ej

_O;

Short-Circuited Delay Line Equivalent

The illustration is identical to the illustration of the open-
circuited line shown previously, except that the cutput is
short-circuited. At time T when S1 js closed, the applied
voltage divides equally between Ry and Re. At time Ty

ORIGINAL
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the voltage reaches terminals 3-4 and is inverted in
polarity by the short circuit and sent hack toward the
source, Simultaneously, the current is reflected back in
phase with the source wave. Therefore, the current doubles
while the voltages of the reflected and incident wave
cancel to produce zero voltage. The current wave thep
travels back to the source in coincidence with the opposite-
ly polarized reflected voltage. When the source is reached
at time T3, the input voltage across Rs is completely
conceied and is therefore zero, while the current is double
the starting vadue, In effect, the input to the line at this
time is short-circuited also, and the line is completely
discharged, ready for another cycle of operction.

The current and voltage relationships for the short-
circuited line are shown in the following figure, In this
case, I; is the step function, which at the closing of Sl
jumps to its maximum value. Simultanecusly, the applied
voltage, E;, does likewise. Because of voltage-divider
action, E, {the voltage actoss Re) is hal the source value,
or E¢/2, It remdins at this value for the time of two delay
pericds, and retumns to zero when the out-of-phase reflected
pulse reaches the input and produces cancellaticn. Volt-
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Current and Yoltoge Relationships of Shorted Line

age Er across BL is produced at half amplitude since it
is equal to the input voltage across Ro; it remains at this
value for two delay periods and then rises to the source
value at the termination of the pulse. The voltage ere: is
the reflected voltage, which does not exist until time T;
it is neqative and equal in amplitude to Eo. Once started
by the reflection, it continues to flow back to the source
until time T3, when it reaches the start (T;) and terminates
output pulse Eo. Qutput pulse E,, originates at time T,
at half the amplitude of source voltage E;, continues fu
the time of two delay pericds, and is then terminated.

In the case of the shorted line, then, we can say that
it operates cn a step function of current to produce g pulse
of voltage equal in duration to twice the length of the line.
The voltage produced has half the amplitude of the step of
current multiplied by the characteristic impedance. Thus,
there is complete duality between open lines charged from
a censtant-voltage source, and shori-circuited lines churged
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from o constant-current source. The choice of the method
depends upon the characteristics of the switch used to
produce the step function. A thyratron switch has an im-
pedance of less than 10 chms and,therefore, effectively
constitutes a constant voltage source. A pentode switch,
on the other hand, may have an impedance of a megohm
when closed, and vet switch appreciable currents. While
the discussion above has assumed ideal step function
operation, in actual practice there is an effect produced by
the steepness of the grid rulse ond stray capacitance,
which determine the slope of the leading edge of the pulse.
Line attenuation also produces phase distortion; the
characteristic impedance of the line and the line resistance
produce g slope on the trailing edge of the pulse, and
detormine the totol nmplitude of the pulse. Accidental
resonances in the line con cquse oscillation foliowing both
edges of the pulse. Unterminated open or shorted lines
will tend to produce ancther reflection at the input end, and
cause a {cllowing pulse of lower amplitude until attenuated
by the losses in the line (this is effectively an oscillatory
condition). The following figure shows some typical wave-
forms taken with different line terminations, and is indice-
tive of typical responses of artificial delay lines. The
sulse length is l-microsecend, and the delay time is also 1
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Typical Delay Waveforms for Yarious Terminations

microsecond. Part A of the figure shows both input {en)
and sutput (ey) waveforms with the del
temminated botn ui e input ond the ou
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the input waveform with the input propetly terminated and
the output short-circuited. Note thot between times Ty
and Tz the output pulse is eifectively cancelled by the
negative inverted pulse, whose leading edge appecrs at To
and lasts until Ta. Since the amplitude of the inverted
pulse is not exactly equal to that of the input pulse, slight
pips oppear at Ts and Ts, even though the input is properly
letmingted. Port C shows o partially shorted line, that is,
with the load only one-half the value of the line characteris-
tic impedance, and with the input properly terminated. In
this case, since the mismatch is approximately 50% there
is a reflection of approximately 1/4th the amplitude, with
the remainder being absorbed. Note that because the re-
sistance or impedance is lower than that of the line, the
signal is inverted as with the short-circuited line. Part D
shows o mote nearly maiched conditicn, at gboot 20% mis-
match., While the reflection is still inverted, because the
impedonce of the load is lower than that of the ling, its
amplitude is very small. Part E shows the input waveform
with the input and output both properly temminated. In this
case the cutput is absarbed by the proper termination, and
no reflection accurs; hence, the input pulse stands alone.
Part F shows the condition for o 50% mismatch, with the
load impedance twice the line impedance. In this case
the reflected pulse is of the same polarity as the input,
acting a5 an open line, since the load impedance is higher
than the surge impedance of the line, The ampiitude i3
not half of the input, but approximately ene-quarter, exactly
a5 in the opposite case of 50% mismatch shown in part C.
Part G shows the waveform at the input with the output
open-circuited and with the input properly terminated. In
this case the open line creates a complete reflection, which
{s not quite equal in omplitude to the input signal because
of line ottentuaticn; therefore, there is a slight reflection,
cousing the minor pips at T4 and Ts, even though the input
is properly terminated. The final case is with the output
short-circuited and the input terminated in o lower impedance
than that of the line. Part H shows the input waveform: for
this cose. Since the line is shorted, the reflected pulse is
inverted, and, since it is improperly terminated ot the in-
put, reflection occurs, with each succeeding waveform
being further reduced in amplitude. This is equivalent to
an oscillatory condition or an undamped transient response.
Pulse-Forming Line. In the two preceding cases of
open and shorted delay lines, the action was considered
with the line dischorged and g pulse applied. In the third
und zase involving the use of o delay line, the line
+ charged to @ specilic level, is then disconnected
azd discharged, and finally forms a pulse with steep leqd-
ing and trailing edges and with a time duration equal to the
delzy rime. The gccompanving figure shows o simple
scrematic equivalent of such o pulse-forming circuit. As
chown, the line is connected through R1, 51, and Ry to the
d-c source voltage, Fao, Switeh 82 is linked mechanically
with 31 so tiat when S1 is closed 82 is open, and vice
verso. “The line is not terminated, but tather is open-cir-
cuited. "At dme Tp switch &1 ic closed and the line is per-
mitted to charge unti! it reaches o steady-state condition
with the line charged to voltage Eo. (This charge consists

v of cloctrostatic energy stared in the capacitors.) At
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Line Discharge Equivalent Circuit

charges through Ry.. The discharge current through Rr
produces voltage Ey,, which is the desired output voltage.
The flow of current through Rr produces a voltage wave
which travels from terminals 1-2 of the delay line toward
open end 3-4. Since the load resistor is placed in series
with the line and the line is now acting as the source of
veltage, this voltage divides between the characteristic im-
pedance of the line and R, which is of the same resistance.
Therefore, the initial discharge voltage is half of the value
to which the line is charged. Because the {low of cutrent
is now reversed, the polarity of the voltage wave is opposite
that to which the line wos initially charged, As this in-
duced wave travels down the line, it cancels out the otiginal
charge by one-half the maximum charge voltage. Thus, the
discharge current which flows through Ry is equsl to
Eo/2Ro. When the wave reaches terminals 3-4, reflection
occurs. The reflected wave is now of the same polarity as
the induced voltage wave and, since current connot flow in
an open circuit, the voltage doubles, becoming equal to

Ea. The polarity of the discharge (induced) wave is
opposite the original polarity of Eo; thus beth voltages

are equal and cancel, Since the cutrent cannot flow further,
it is inverted in polarity and travels back to the source,
wiping out the current wave as it travels. When the reflect-
ed wave reaches the input terminals, all the electrostatic
energy stored in the line is completely discharged, and
neither current nor voltage exists anywhere along the line,
Switch 82 is then opened and Sl is closed, statting @ new
cycle of operation, In this instance the discharge of the
line has resulted in o rectongular pulse with ¢ duration
equal to twice the delay time.

Current and voltage relationships for the charge and
discharge of the delay line are shown in the following figure.
At time To, when Sl is closed and S2 is open, the source
voltage is applied to the line through charging resister R,
in serfes with Ro and RL. 'In the absence of Ry the lice
would have helf the source voltage applied. However, Ry
is a large-value resistor (where the R loss in this rests-
tance is undesirable a choke is used instead), and only @
small voltage is applied to the line. The initic} voltage is
reflected again and aqair: (as shown in part A) until the
line is finally charged up to the source voltage {assuming
that the periad of time hetween Ty and Ty is suffi-
cient). At time T\, when switch 31 is open and 52 is
closed, the discharge commences and the charge volt-
age immediately drops to half the maximum value. The

CRIGINAL

960,000.102 TIME DELAY CIRCUITS
INPUT
VOL TAGE
(Ej-2)
Eg/2
| auteut
VOLTAGE
(EL)
B 1
I !
Ii-2 ! ‘
——————— = CHARGE
AND
DISCHARGE
N e CURRENT
LFs) H ta

Current and Yoltage Relationships for Discharge Line

line veltage remains at this value until time T3 is
reached, when the discharge cegses, Thus, from part
B of the figure it can be seen that between Ty and T,
the linedischarges at a constant current with g volt-
age equal to one-haif the initial charge voltage.

The ladder-type LC networks used for the delay lines
discussed previously are sometimes replaced by a more
sophisticated type of line which uses a two-terminal
series crrangement instead of the four-terminal parallel
arrangement, as shown in the following simplified
schematic, In this arrangement the two sections have
different values of L and C. This type of construction
is similar to the m-derived filter. The theory of operction
is identical to that of the ladder-type of delay line; the
different construction merely provides equivalent or
better pulse response characteristics with fewer sections.

L2 L3
cl
|
cz2 c3
Ll
2 O— —1TYTYTYTN

Two-Terminal Delay Network

An artificial delay lire used with a typical pulse
genetator to produce an output pulse equal to the
delay time is shown in the following schematic.

In this application a step function of voltage is ap-
plied to a delay line (which is connected to a tube
element) at the same time the input pulse (step func-
tion) is applied to another tube element. The ir-
verted and delayed pulse stops circuit getion at the
end of the delay peried. Transformer T1 has two
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Typical Pulse Genesator

secondary windings, T2 and T3, ‘-‘.’inding T3 is con-
nected to the bios source ang the contre! grid of th
tube. "hen a positive input pulse is applied tc the
primary, the induced pulse in the secondary of T3
causes the tube to conduct. Secondary T2 is con-
nected across the delay line, forming a shorted line,
with the opposite end properly terminated by Rl and
connected to the suppresscr grid. In the absence of
a pulse and for the initial delay period, the sup-
pressor is essentially at qround potential, being
connected through the winding to qrou“d. When t
initicl pulse is applied to primary T2, a positive
pulse travels along the line, is inverted, and ap-
pears as 3 negative stut-off gate at the suppressor
grid. Conduction occurs only during the time delay
period. By tube acticn the plate current pulse pro-
duces an inversion of the positive input pulse, and
provides a negative output puise goress Ho, which ap-
pears at Cg; this pulse is equal to the delay pericd.
Because of the numerous veriations in circuitry, no
gttempt will be made to cover any other practical cu-
cuits, The operation of the various circuits is es-
sentially the same, with the output of the delay line

controlling the circuit zotion.

FAILURE ANALYSIS,

Singe the artificia
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check will determine whnether tha i T .
circuited, BGSICGNy, the line either works or it does
not wark, I it does et the and jesnlt io thae '.hc

zuit ;.J\_w.,\.._. U .,-_ubc of Lie wr
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mpuucu ieplica, muy be observed to avoid shuntng the
ne with tke oscilloscope input. !f the rise 1ime i3 slow,

't may be Dmau:e the input puise
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resistance in the line isexcessive. Normally, a slight
slope is expected since the line resistance can never

be zero. Usually, the line resistance will also place a
slight tail on the pulse in short-circuited lines. Adding
additiongl sections willtend to sharpen the rise and fall
time, but will also make the deley time longer, Therefore,
in such case, the total inductance per section will
necessarily have to be reduced. In practice, a defective
delay line is usually replaced with @ new one. Otherwize
it will be necessary to accurately measure the individual
companents ininductance and capacitance bridges to
determine whether they credefective. While insertion or
removal of @ component ar section may temporarily restors
the line to proper operating condition, this will be no
assufance that other comnorents Pave net nesn Jomagod
Dy ihe couse of the previous imiure, and will themselves
soon fail ond cause o similar condition, [ailure of the
assoclated tube and circult 15 more common than delay
tinelailure. Tenlace the snspertad tobe with 3 known

good one and check the values of theres;storn in the cir-
cuit. Failure of the terminating resistor is usually indicated
by the presence of additional reflections or by an oscillatory
condition.







