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A deacription is given of three pulse generators which produce relate&

waveforms used in the control of a directly coupled logio system. The directly

coupled transistor logic (DCTL) technique is first e.ownded in so far as it is

relevant to the material in the text.

Each generator is considered first in general term. complete with the

associated logic diagrams, and then a detailed description is given of the

practical interpretation illustrated with sohematio diagrams and waveforms.
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I INTHDUCTION

The timing of operations in any synchronous logio system presupposes the
availability of suitable control waveforms. The timin pulse system to be
described was developed for a serial mode digital computer, although its applica-
tics is not confined to this and was adapted to the requirements of the directly
ooupled elements of which the computer is formulated.

In the timing organisation of a serially operated computer, it is omimon
practice to divide the time allotted for a oomputation step into equal periods
to correspond to the number of arithmetio operations to be performed in that
step. The resulting periods, called word periods, are sub-divided aooording
to the numerical length of the numbers to be processed at each arithmetio opera-
tion, each sub-division being named a digit period. To enable logical and
timing restandardisation operations to be carried out within a digit period,
the latter is further sub-divided into a convenient number of phases.

Since the serial type computer is essentially synchronous, it is neoessary
to define each and every word period described above by pulses of identical daura-
tion which occur at the appropriate rates. The required pulse trains for the
word, digit and fraotional-digit periods are given the designations A, P and p
respectively. Thus the word periods are labelled Ai, A2..,*An, the digit
periods P1, P2..•...Pn etc.

A brief specification for these waveforms is set out belowt

A Waveforms

Repetition rate 10 Kc/sec

Pulse duration 25 microseconds

No. of waveforms per computation step 4

P Waveforms

Repetition rate 40 Ic/seo

Pulse duration I microsecond

No. of waveforms per word period 25

Waveforma

Repetition rate I Mo/sec
Pulse duration 0,25 microseconds

No. of waveforms per digit period 4

A diagram illustrating the relationship between these waveforms is given
In ,ig.1.

It is the purpose of this Note to describe the means by which these wave-
forms are generated and tailored to the needs of the directly coupled transistor
logio (DCTL) technique.
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2 TE DIRICTLY COUPLED TSCMIOU

2.1 Choice of transistor

In order to expose the requir~mtn~s of pulse enerators whih control a

system employing the DCTL teohnique I P 1 1 the latter will be expounded to
the extent necessary. In any event, small parts of the generators themselves
employ the technique. The transistor type whioh was designed speoifioally to
realise reliable direct coupling of transistor amplifier staeps is the surface
barrier or mioro-alloy type. The particular unit which is most readily avail-
able is the 8B 240 manufactured by Semiconductors Ltd. A summary of its
characteristics is set out below.

maxima rating

Collector voltage -6V

Collector current 15 mA
Base current 5 mA

Total dissipation at 250C 30 mW

Switohing parameters
Mini mum Typical maximum

Collector saturation voltage

(Ic = 3 MA lb a0.3 mA) 60 100 millivolts

Leakage current (Voe a 4.5V Vbe = -100 mV) 70 150 microamps

Current ain Po (Voa a-O,5V Io a 3 mA) 15

Cut off frequency fl 25 50 Mo/sec

Hole storage factor 86 120 nanoseoa

Included also is a diagram depicting the spread of the input charateris-
tic (Fig,2a) and another showing a typical output oharaoteristio (Fig.2b)e The
information given shows that this transistor is suitable for the direct coupling
of common emitter stages a3 illustrated in Pig.-3. It an be seen that it is
capable of saturating to a level below 100 millivolts and that a reasonably
small collector current flows when the transistor is supplied with a base-emitter
voltage of this value. It should be noted however that coupling the collector
jimotion of one transistor directly to the base-emitter Junction of the next#
modifies the first transistor's output oharateriatico The effect on a typical
characteristic is shown in Fig*4 and due consideration should be given to it indesign.

A typical rise or fall time over a collector excursion of 0.5V and when
operating under saturating conditions, is 15 nanoseos. An excursion of this
value was chosen because this is a typical value encountered in practice. It
is limited by the constant voltage form of the succeeding transistors input
characteristic. This means that the transistor must be capable of an adequate
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current gain at low voltage levels and at high frequencies. The poor performance
of most transistor types under these conditions is an inherent weakness, but the
summary of parameters above shows that this defeat is mitigated by the use of the
surface barrier transistor.

The turn-on delay of a transistor is due to the finite transit time of
current carriers through the base material. Since the surface barrier transistor
features an extremely thin base region, the delay time is very small, typically
5 nenoseos. The turn-off delay time however is mainly due to the pheromengn of
hole storage (p.n.p. transistors). This storage delay time is prediotable-, a
hole storage factor being used to compare transistors working under the same
operating conditions. It varies with the degree of saturation and from trans-
istor to transistor, a 3 : i spread being typical. This effect is undesirable
in a synohronous logio system, because it causes pulse elongation and displace-
ment in addition to overlap between adjacent pulses. These defects can be over-
ome by use of the p pulses for timing restandardisation$ provided that the p

pulses themselves are relatively free from these same defects. The difference
between the maximum and minim hole storage times likely to be encountered sets
the 14.mit to the switoking spee., since if it is comparable with the shortest
timing pulse, accurate timing reconstitution becomes difficult. For the SB 240
the manufacturers claim a maximum switching speed of 5 Mc/so

It can be seen that within the limits discussed above, the SB 240 is

eminently suited for use in a system of DCTL.

2W2 The direotly coupled transistor 'or' Kate

Surface barrier transistors may be connected in parallel to a comon load
resistor to form an 'or' gate as shown in ligo5a. The function of such a g&te
is to combine signals originating an different paths and at the same time to
provide isolation between these paths. The operation of this element is as
follows:

If all the parallel connected transistors are out off, then ignoring
leakage currents, the potential at the comon node will be that developed
across the base-emitter Junction or the succeeding transistor, typically -0.5V.
On the other hand, if one or more is caused to conduct by developing -O,5V
between base and emitter, the output potential will rise to the saturation
level, typically 60 mV. It is seen that signal inversion takes place and an
output inverter aplifi r is needed to restore the signals to their original
polarity. Let the saturation and the output (-0.5V) levels be denoted by 0
and i respectively. Table i shows the outputs C which will be obtained for
the four possible combinations of two inputs A and Be

A B C

0 0 0
1 0 1

0 1 t

S 6-
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Transistors are well suited for this function beause of the hig ratio
of non-oonducting to conduoting output resistanoe The number of transistorg
which may be placed in parallel is limited by leakage current considerations-'
a typical maximum being four for a maximum working temperature of 35 0.

2.3 The direetly couled transistor 'and' ote

Surface barrier transistors may be oonnected in series to a common load
resistor to form an 'and' gate as shown in Pigs.b. The function of this gate
is to provide an output wily for a coincidence of all inputs.

This element operates in the following way:

If neither transistor or just one is supplied with a -0,5V input, then
ignoring leakage currents the signal current will be sar since one transistor
remains out off. Under thes conditions, the output potential will be the
-0.5V or so developed across the succeeding transistors input terminalse. f
both transistor& are provided with inputs however, the series chain becomes
effectively a low recistanoe and the output potential rises to the sum of the
two saturation voltages. As in the ease of the 'or' gate, signal inversion
takes place and an output inverter is needed to restore polarity. Denoting
the two signal levels by 0 and i as beforej Table 2 shows the outputs C for
the four possible combinations of inputs A and Be

A B C

0 0 0

1 0 0

0 1 0

The limit to the number of transistors which may be placed in series is
set by the saturation voltages of the transistors. The sun of these in a
series chain ust be such as to maintain succeeding stages in an adequately
out off oonditi8 n. Hen"t the maximum number is limited to two for reliable
operation at 35 C.

The function of the series and parallel configurations may be inter-
changed if previously inverted signals fre available. The results may be
expressed in terms of switching alpbrao as followas

For negative going inputs of A and B, the parallel onfiguration forms

an output C = A + #, which become A + B on inversion* The series configura-

tion gives an output C - A), which attr inversion become AeB, For positive

going inputs of A and is, the parallel configuration forms an output C u I + I
and the series configuration forms an output C u LI.

- 7-
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Since A + 3 a A.i. and A.B. = A . B, each configuration has an equivalent in
torm of the other as shown in 1ig05o.

2.4 The directly oouwl d bistable

If two inverter amplifiers are mutually coupled as illustrated in Pig.6,
an element known as the bistable is obtained. It is given this name because
of the fact that it possesses two stable states. If either transistor is
conducting, the other is maintained in the out-off condition and vice versa,
thus the outputs can be considered to be in opposite states. In order to
cause these states to interchange, it is neoessary to short-circuit the
transistor which is non-oanduoting. This need only be done for a period long
enough for the device to complete the transition. Having been triggered in
this way into we of its stable states, the element will remain thus indefinitely
and hence has the capability of Information storage.

Inverters or gates as described in the two previous subsections can be
utiUsd to provide the short-circuit triggeing functicn. The collector
resistors normally associated with these elements become redundant, since
each triggering element and one half of the bistable can share a oemon load
resistor.

The transition time will vary with the number of externally connected
transistors that4 the bistable is called upon to drive and decreases as the
number increases . A worst case value, ie. no external load, is 110 nnoseos.

2.5 Sumary of DCTL features

The simplicity of the DCTL technique and the resulting eoonocm in toms
of development timo, are Its main advantages. A complete logiO system can be
formulated using the elemeat described in the foregoing and such systems have
proved reliable in practical. The minimal use of components other than
transistors achieves a degree of compactness which approaches th6 ideal for
this type of construction.

A figure of merit for a circuit element to be used in a logic system is
its fan-out figure, ise. the number of other elements it is capable of driving.
Bine the transistors possess a relatively high gain at low levels, it might be
concluded that the fan-out figure approaches the current gain of the transistor,
as the load is composed of multi-base-emitter junctions. The spread of the
input characteristic however, prevents this ideal being realised. With reference
to Fig.2a, it can be soen that dissimilar transistors will draw different
ourrents at a given value of Vbo. Por example at -O.3V a batch of transistors in
parallel may draw currents ranging from 0.25 to 0.55 m". Hesse the total current
that a batch of transistors will draw is unpredictable. It is neoessa7 there-
fore to cater for the worst case, which is one transistor whose input oharaecteris-
tio is that represented by the maximum curve in Figs.2ap in parallel with n
transistors whose characteristics ar represented by the minimm curve, This
feature of unequal base current sharing limits the fan-out fiure to four A
is the moat unfortunate apect of the DCTL technique. It considerably increases
the required current demand capability of the timin pulse generator outputs,
since these are also required to Supply many transistor inputs in parallel.

- 8 -
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A further disadvantage is that of the limited maxim operating tamp-
erature. The transistors operating in a system of DCTL tend to have relatively
high leakags currents &n the rather nebulous out-oft condition. Since this
current doubles per 10 C temperature rise, a temperature is soon reached where
the leakage current in the assooated collector resistor begins to severely
limit the current flowing to suoceeding transistor bases. Hliso fr a fn-out
figure of four, the mnximum operating temperature is limited to 35 0. This
means that the timing pulse generators need not operate above this levels which
in turn increases their permitted fan-out tigure.

3 TM ap PULS 6T

3.1 The a vulse anerator

This generator has been designed to produce four interleaved pulse trains
all operating at the i Mo/s rate and having equiduration pulses (se Figel).
It is composed of three main elements, the basic clock, cyclic binary counter
and pulse divider, which are described in the ensuing subsections.

3.1.1 The basic clock

The funotion of the clock is to provide an accurate frequenoy standard
to serve as the basic waveform from which all others are derived. It is made
up of three stes, the first two using alloy junction transistors connected
in the oomon coollector configurations the remaining one using a surface
barrier transistor operating in the common emitter mode. A schematic diagram
is shown in F1i.7, The firat stap is a orystal controlled 2 me/s oscillator
which has a quarts crystal in the base circuit and a resistive-capacitive load.
The device depends for its operation upon the fact that a grounded collector
amplifier with a sufficiently capacitive loadp presents a negative resistance
component at its input torminals. Thus oscillations can be maintained across
the load and if the voltage developed across the crystal stabilising capacitor
in the base circuit Is utilised, an output waveform of exceptional purity and
stability is the result. The following stage acts a a buffer$ proteoting the
oscillator from the effects of a varying external load impedance.

The remaining stage converts the sinusoidal output waveforn to a square
wave at the same frequency. The negative-going portion of the sine wave
switches the transistor on, its base current being supplied by the buffer
amplifier. The Sermanium OM.7 diode simulates the base-emitter Junction of
the surface barrier transistor and draws a current protically equal in
magnitude to that of the base during the period ot the positive-going portion
ot the wave. Thus currents equal in magnitude but opposite in direction flow
during the two halves of the periodic time, ensuring equality of the output
mark to pace ratio.

30.1.2 The cyclic bluari counter

Digital counting can be performed using bistable elements in conjunction
with 'and' gates. It a number of bistables anr triggered in a cyclic sequences,
then by suitable gating of the resultant output waveformas s periodic time or
'mark' period of the triggering waveform within the cycle can be defined.

- 9-
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The duration of this cycle is dependent upon the number of bistable
elements. 8ines each bistable possesses two inputs, then n elements have 2n

possible states. This means that a maximum of 2" interleaved pulse trains
having equiduration pulses can be generated within a cycle period.

The bistables my be switched in any convenient order through their 2"
states and in this case they are switched according to the Gray code. An
example of the latter for two variables A and B is given in Table 3.

A B

0 0
o 1

0

The salient feature of this code is that only one variable changes in ging
from any one state to the next. This characteristic is useful in this epplica-
tion, since it mens that the time delay between the application of a trigger
pulse to a bistable and the production of the corresponding output transient is
virtually oonstant for every change of state*

The description of the way in which the correct switching sequence was
obtained in this ease is aided by reference to Lig,8a, which shows the logic
diaam of the cyclic binar7 counter. Sine four output waveforms are required.,
two bistables are needed The associated 'and' gates steer the inoming clook
square wave in such a way as to cause one bistable to ohamp state during the
'mark' period and the other during the 'space' period. To achieve this end#
phase inversion of the clock signal to one of the bistbles must be performed
and this is provided by the inverter element.

The outputs of each bistable are used to provide reference states for
routing the clock signal to the other. Thus each bistable controls the trigger-
ing of it's counterpart, suitable cross-oonneotions ensuring that the output
sequence follows Table 3 above.

The appropriate connection to any given steering gate can be determined
by considering the required triggering signals for its associated half-bistable.
The latter must be in the 'off' or I state imediately prior to switching and
then it must be ensured that the polarity of the applied steering pulse is such
as to enable the gate to trigger the bistable on the arrival of the clock pulse.
The waveforms obtained at the four outputs are shown with that of the ioming
clock signal in Fig.8b.

The logio described above is implemented by the use of directly coupled
elements as shown in Pig. 8o In the interests of econope each pair of gates
shares a transistor. This is permissible provided that the common transistor

- 0
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is placed at the bottom o the series chain. It can be seen that the clock
sigmal to the second bistable is phase inverted twice instead of being routed
directly to the gate. This was done to avoid the possible instability which
would be brought about by the effects of two varying loads on the clock
waveform.

3. 3 The pulse divider

The pulses generated by the cyclic binary counter have the same repeti-
tion frequency, but have a duration which is double that required of the p
pulses. This can be remedied by gating suitable pairs of output waveforma,
this being the function of the pulse divider.

The gating is performed using directly coupled elements. Since both
input polarities are available, a choice exists between the series and
parallel type of configuration* As the latter provides a superior '0' or
'on' level, this type was chosen, Table 4 below shows both outputs of
bistables L and B over one cycle and the inputs to the gates for a given out-
put may be selected ty reference to it. They are:-

p1 . A.B. A + kA L B

- 1 0 1 0

P2 .AB 1 0 0 1

P3 B 0A* 0 1

0 1 t 0

, circuit diagram showing input and output variables is gven in Fig.9,

3.2 On 9 uulse enelifi

The outputs of the pulse divider are each capable of driving four other
directly coupled elements. To increase the effective fan-out figure, thes
four elements could be made to be inverters each driving four others. The fan-
out figure is thus increased to 16 for each pulse# but the double inversion
involved allows the position in time of the output leading edge to be influenced
by the effects of hole storae. The spread in the hole storage factor for the
SB 20 is such that the displacement in tiM between the leading edges of the
outputs from transistors asplifying the sae pulse could be as large as 25 nac-
seas. This is intolerable since this figure represents 105 of the output pulse
width. Hncoe the need existed for a high frequency high gain pulse aplific-
tion system. The transistor to be used in such a system neods to embody the
following oharateristios:

(i) High current gain at large current levels.

(2) . high out-off frequency.

- 11 -
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(3) A low hole storage factor.

(4) A low collector saturation voltage.

A transistor which well mests the first three of these requirements and which
is readily available is the JaZ21 * This is a germanium Junction transistor of
the p.n.p. alloy diffused type manufactured by Mullard Ltd. It features a
typical current gain at Vee a -IV, Io = 30 mA, of 75 and a minimum out-off
frequency (f) of 300 o/s. The manufacturers do not express the effect of
hole storage in terms of a hole storage factor, but experiment indicates a
maximum valu, of 40 nanoseos. The only undesirable feature of this transistor
is its relatively high collector saturation voltage (-0.7 typical, -1 02V max.
at Io a 50 mA, lb a 3 u). Hones if the effects of this can be eliminated the
transistor is suitable for use in the application outlined above.

The circuit arrangement of a pulse amplifier designed around the 4S21
transistor is shown in Fig.lOs It consists basically of two stges both
connected in the camon emitter configuration. The first is coupled to the
pulse divider by the network C1 R2 and R3. The values of R2 and R3 a r
chosen so that the base of VT1 is hold positive with respect to the emitter
in the out-off state, whilst allowing the relative values of R1, R2 and R3
to supply the minimum base current for collector saturation in the 'on' state.
C1 provides a path for input current overdrive during both switching transients.
Considering the turn-on of V1, the initial input current is the sum of two
odponents, one through R2 which is constant, the other through Cq which is
initially high then decays expontiallyo During the period of the pulse, Ci
is allowed to charg fully to the voltage drop across R2 and the base current
falls to the mininm value for saturation. Honce at a tim inediately prior
to turn-off, the charge stored in the base region is at a minimum. During
the turn-off transient, the chares stored in the capacitor sts to noutralise
that stored in the bae, the positive current in R3 assisting in this. Thu
the transistor is overdriven in both directions, this having the effect of
reducing both the turn-on and turn-off delay times. In goneral, a current
overdrive factor beyond 4 to i produces very little improvement in delay time.

Consider now the output stage. The maximum number of paralleled surface
barrier transistors which it can be called upon to drive is governed by the
effect of the hole storage charge of those transistors, encountered when VT2
ocmes into conduction. The turn-on time of this transistor is considerably
lengthened by this effect, which is such as to oause current to be shunted
away from the transistor to neutralise the stored charp thus delaying the
completion of switching. Hone* the transistor in the load with the greatest
hole storage factor wil dictate the duration of the turn-an time, which in
the worst ase, could be oqual to the period of the pulse. nother problem
is that of the relatively high collector saturation voltage of the output
transistor. Unless the latter is saturated heavily thus forfeiting its high
current gain, the load transistors will remain in conduction for both switched
states.

These two difficulties a r overcome by placing a source of positive
current in the eitter l g of the output transistor. This source is controlled
by the omponents R7, JS and C. The values of R7 and R8 are chosen so as to
limit the emitter potential to a convenient level during the out-off state of M2

-12-
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At the same time however, the relative values of R , R7 and R8 have to be such
as to allow a current to flow in VT2 in its *on' state of sufficient magnitude to
drop all of the collector supply voltage aoross R. This can be taken a step
further by increasing this current so as to allow R6 to develop slightly sore
than the supply voltap across it. This has the advantage of reducing the leak-
age current in the load transistors to looo (base-emitter reverse biased) which
in this case is an almost negligible.value. The value.of C3 is made such that
the charge stored in it during the .out-off state of VT29 is sufficient to
neutralise the charge stored in the base regions of the load transistors when-
VT2 is turned on. The fan-out figure of the output stage with the supply
voltages available was found to be 15.

TI drives VT2 via a RO coupling network, VT2 is maintained in conduo-
tion during the out-off period of VTI by the current flowing in R5 from the
supply rail. Mn VIt is caused to conduct, the positive going excursiom at
its oollector is transmitted wholly to the base of Me20 This is brought about
by seleoting the values of W, R5 and C2 so that their time constant is large
compared to the period of the pulse. This relatively large excursion switches
1T2 off and allows the emitter potential of VT2 also to rise to a comparatively
high level. This sets the level to which C3 can charge in readiness to fulfil
its function of reducing the turn-on time.

The loss of current gain and the increased turn oft time associated with
the use of heavy saturation to reduce the inherently high bottoming voltage of
the transistor used, is avoided by the use of the couplings described above.
Thus the fan-out figures of both stages are kept to a maimm. The first stage
is capable of driving twelve output staps, which means that each p pulse
amplifier is capable of supplying 180 surface barrier transistors. A block
diagra of the p pulse system is given in Figo.1.

In brief, the performance figures are output rise and fall times over
0o5V - approximately 15 nanoseos, overall delay time 15 nanoseos, difference
between the leading edges of the pulses from twelve output stages in parallel
not more than 5 nanoseos,

4 TO P PULM hR

4.1 General dosoription

The P pulses are generated usin the sme technique as for the p pulses.
Since the Gray code is unwieldy to implement when the number of variables n is
greater then 2, an alternative switching sequence is used which gives rise to
a few differences. another departure trom the , previous oase .Ases because
the fact that 25 P pulses are required, a number which lies between 2 and 27,
Thus five bistables mAst be used and -their switching sequenoe stoppe4 after 25
by resetting the counter instantanoously to the start condition.

The sequenoe which is simplest to implement is that of the bingaq code,
because by using complementing bistables, the trigger pulse for each bissable
after the first can be derived directly from its prodooessor. By triggering
the first bistable with pl, the resulting output wavefoms are synohronised
with the p pulse. The binary sequence for five variables At B, C, D, and I
where A is the least significant is shown in Table 5.
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A B C D 3

0 0 0 0 0
1 0 0 0 0
0 1 0 0 0
1 1 0 0 0
0 0 1 0 0
1 0 1 0 0
0 1 1 0 0
1 1 1 0 0
0 0 0 1 0
1 0 0 1 0
0 1 0 1 0
1 1 0 1 0
0 0 1 1 0
1 0 1 1 0
0 1 1 1 0
i 1 1 1 0
0 0 0 0 1
1 0 0 0 1
0 1 0 0 1
I 1 0 0 1
0 0 1 0 1
1 0 1 0 1
0 1 1 0 1
t 1 1 0 1
0 0 0 1 1
1 0 0 1 1
0 1 0 1 1
1 1 0 1 1
o 0 1 1 1
1 0 1 1 V
0 1 1 1 1

It oan be men from this that whenever a bistable is to chanp its state# its
predeoessor must rlso change its state from I to 0. This feature of the code
can be exploited to gnerats the required trigger puls. Assuming that the
latter is generated in this way and that the sequence begins at 00000, a
difficulty is encountered when the ounter is reset. It mny bistable is reset
from i to 0, it will propagate a trigger pulse to its suooessor. This situa-
tion is prevented from arising by starting the sequenooat 11111.

It oan be son by further examination of Table 5, that the number of
bistables which change state at each transition varies from I to 5, Moreover$
the trigger pulse propagation is serials i9. each bistable must ohanp its
state before it oan propagate a trigger pulse to the next. Thus the time
required for the completion of each transition is not constant and this gives
rise to P pulses of Insufficient ant differing durations.
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The problem of the differing pulse durations coan be solved if the bistables
can be made to change state simultaneously at each transition. Referring to
Table 50, It can be seen that whenever any bistable except the first in a row is
to change its state in either direction at the next transition# all its pre-
decessors are in the '1' state. This fact is the basis of the design of a
parallel trigger pulse transfer network, which equalises the transitional time
delay.

This delay, although constant, is also undesirable since the output P
pulses will be deficient in duration by the saw amount. It can be eliminated
by triggering the first bistable with p via a delay network, which has a delay
time equal to the period of a p pulse minus the transitional time delays The
P pulses generated in this way are thus accurately aligned at their leading
edges with that of pis Their trailing edges will be similarly aligned with
that of p4 if the turn-on time of the transistors used is small.

The P pulse generator is thus seen to consist of four main elements; a
binary counter, a pulse dividing gate matrix with its associated output
amplifiers and a parallel trigger pulse transfer network. The design of the
reset network is such as to incorporate that of the transitional delay elimina-
tion, which gives rise to the fourth main element. These elements, apart from
the reset network, were designed around the ASZ2I transistor and are described
in the following sub-sections.

4.2 The binary counter

The binary counter consists of five complementing bistables, so called
because after each trigger pulse to an input line omo to both sides, either
output signal represents a '1 's oaplement of its previous value. he oooamo
input line is made possible by alternate routing of the input pulse by each
half of the bistable to the others This is asccplished by onnacting a
resistor-oapacitor-diode gate to each half of a resistanoe coupled bistable
in the manner described below.

142.1 The retstanoe-oougled bistable

This type of bistable utilises potential divider networks as a means of
cross ooupling the two transistors as shown in Fig,12a. The value of R1 mast
be such as to supply the current required by the external load in the out off
state of its associated transistor# plus the minima base current for satura-
tion of the other. when either transistor is cooduting, the associated values
of R2 and R3 mut be such as to reverse bias the emitter-base junotion of the
other transistor (suffix a when VI conduots, b for WT2) 01 provides for irput
current overdrive in both directions in the manner described in section 3.2.
AS= transistors are used for three reasons (a) they exhibit very little hoMl
storage in this oruit, (b) their fst switching speed and (o) they ar apable
of switching a current large enough to drive the ensuing pulse dividing gates
directly.

The bistable as it stands however has one drawback. Although the '01
level is sufficiently well defined by the saturation voltage of the transistors,
the 'l' level depends upon the value of the extermal load. This drembackis
eliminated by suitably increasing the collector supply voltage and connecting
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a diode, which is referred to a supply voltage equal to that of the desired
'I level, to each collector, The additional coponents ane shown in dotted
form. Now when either transistor is driven towards out-off, its ollector
potential falls towards VI but is clamped at V2 by the diode coming into oonduo-
tion at this level. The load current is thus shunted into the diode and the
latter aots as a current reservoir, whilst maintaining constant voltage. Thus
the outputs are made to present a low impedance in both states at well defined
levels.

*.2.2 The resistor-oaaoitor-diode xate

The function of this element is to produce an output at the coincidence
of a pulse type signal with a steady state sigal. Consider the circuit of
ligol 2b. The steady state signal can be in either of two states 0 ani '1 at
voltage levels 2o and 14 respectively and is appliel to the resistor. The
positive-going pulse signal is applied to the oapacitor. If the, load oircuit
is such as to maintain the output level at Eo, then when the Input Uine to the
resistor is at a level A (negative with respect to 1o) the diode is reverse
biased. Then if a positive-goiAg pulse having an amplitude equal to that
between the limits 3o and I is applied to the capacitor it will have no effect*
If the input to the resistor is made 30 however, the diode is unbiased and a
positive-going pulse applied to the capacitor will appear at the output line.

4..2.3 The golementina bistable

A oplementing bistable can be formed using a resistance-ooupled
bistable in conjunotion with two resistor capacitor diode gates in the manner
shown in ligo 2o. The diodes of the two gates are connected to the bases af
the transistor&, the resistor* to the collectors and the capacitors we linhd.
to form a comon input line Assume initially that VT1 is conducting wA that
VT2 is out off* Both collector and base of will be at small negative
potentials such that DI a is slightly forward biased. Cia is charged to a
potential practically equal to the difference between the two oollootor
potentials, this being almost equal to the input signal amplitude. The collector
of VT2 will be at -V2 and the base at a lightly positive potentials Thus DO is
reverse biased to an extent practically equal to the difference between the two
collector potentials and Cib is uncharged.

A positive-going pulse applied to the input line will be routed +Iough
Dia since it is forward biased. i a rapidly discharges to the difference in
potential across it via the base-emitter junation of VTI at one end and a
bottomed transistor at the other. CIb begins. to charge, but the time constant
Clb Rib is too large for this to be of any consequence. The pulse routed to
VT1 base causes VT to switch offs resulting in a chane of state. Di a becomes
reverse biased and Ci a begins to re-charge slowly with a timo constant CIa Ria.
The two ends of the brenoh formed by Cib and Rib in seris are now at the s
potential and Cib loses the small charge acquired prior to and 6uring the ohange
of state. This however is too small to effect re-triggering of the bistable
whilst the input pulse is present. Mhen the latter is removed, Cla retas the
small charge acquired during the period of the input pulse. Cib now has to
become charged to a potential equal to the input pulse amplitude and will do
so in approximately 3Clb Rib secondso Henoe no further Input signals can be
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applied until this process is complete. This sets the upper limit to the
repetition rate at which the bistable may operate. The next input pulse will
reset the bistable to its initial state in the ea way as before, the above
description being valid if suffix a and b are Interchanged.

4. The parallel triaxr pulse prognaton network

The med for the application of a trigger pulse to a bistable at any
transition can be detected by inspection of the states of its predecessors
imediately prior to the transition. These states will all be I I as desoribed
in section 41 . Therefore the states of the bistables preceding any given
bistable ar applied to an land' gate and compared to the inooming trigger
pulse. If this is done for each bistab)j, then the elements whioh are required
to change state at each transition will do so simultaneously. Since the
bistalee change state ismmdiately upon the receipt of a pulse, the states
applied to the gates msut be delayed for the period of this pulse. The logical
diagram of the resulting parallel transfer binary counter is shown in lig*13a,

The oircuit arrangement for the logic between bistables A and B only is
shown in Figel.3b, the others being si lar. The required delay is obtained
using lumped parameter delay networks0 , comprising ten pi network LC sections
to obtain the required bandwidth. The gates used are of the resistance
reotifier tppe an exmple of which is shown in ig t4a. This shows a circuit
element comprising two diodes and a resistor and its action can be described
as fallowen

In the quiesoent state, both input levels are equal and the current that
flows in I maintains the output level equal to that of the input minus the
negligtble voltage drop saross t diodes. If a positive-oing simal is
applied to e diods only, it become reverse-biased. 2ds ocours because
the other diode is able to maintain the output Lim at practically the "m
level as before, provided that its source impedance and its forward resistance
are both lows If positive-going snals are applied to both diodes simulta-
neously the output level must rise correspondingly. Bncs, thi element is
seen to be an 'and' gate for positive-going signals. The conditions for
optimn response from this type of gate are that the signal excursion should
be small compared to the supply voltage and that the source impedanoes should
be low in both states. In aition, the value of should be high ompared
to the forward resistance of the diode used and low compared to the diodes
inverse resistance, The land' gate omponents in FPig.13b are those represented
by D2, D3 and Rks The gate inputs are driven by comon emitter steps centred
around W2 eand 2 A cosen collector ste designed around VT3 matches the
output resistance of the gate to that of the following bistable input.

In the quiesoent conaition VI is out-ovf and the base potential of VT3
is limited by its oollector-base diode which is conducting in the forward
direction. ince the output of WI supplies an input to all the gates, they
are thus held closed regar4less of the states of the bistables. VT3 is thus
caused to conduct, its output line assumng a potential practically equal to
the collector supply voltage and diode D5 is thus reverse bisaed. If the
input from bistable A is in the quiescent or '01 state, VT2 mst be held in
the no-conducting state. This is asured by the current flowing in R2, R1
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and D, which maintains the base potential more positive than that at the
emitter. D.C. isolation between the bistable and VT2 is necessary because of
the dissimilar levels at which they operate and is effected by capacitor Ci.

If bistable A output is in the '1' state however, VT2 must be made to
conduct. The coupling between these stages is of the RO type, the resistive
component being the input resistance of the VT2 step. In this state, diode
D1 is reverse biased and since R2 is lare compared to Ri, the input resist-
anes is determined mainly by the sun of RI and the dynamic slope resistance
of YT2 base-emitter Junctions The delay line is inserted between the bistable
and VT2 step and to obtain correct matching, its characteristic impedanc
which is almost purely resistive, is made equal to an approximate value for
this input resistance. Consider now a point in time where a trigger pulse
arrives when bistable A is in the '4' state and is about to chane states.
Reference to Table 5 shows that whenever thes conditions exist, bistable B
must also change its state. The delay etwo will maintain YT2 in the conduct-
ing state for the period of the trigger pulse. Thus both VT1 and VT2 conduct
and the gate is opened. The current flowing in W, D# D2 and D3 estaWshes
a potential at VT3 base which ir more positive than that at the emitter, due
to the current flowing in R5 and D5*. The voltage drop across diode D is
needed to establish the above condition, this being the diode's only function.
Thus VT3 is out-off for the period of the trigger pulse and the resulting
positive-going output is aplied to bistable B Input, causing it to change its
state. A diagre showing the phase relationship between the relevant waveforas
for the circuit action described above is shown in Yiga.e All the reaining
delay netw and gate circuits function in the sam mw and thus all bistables
which are required to change state at any transition do so aiwiltaneoualy upon
the arrival of the trigesr pulse.

4.4 The nulse dividina and amlfiloation network

It is the function of this network to select and amplify 25 consecutive
combinations of 5 variables out of the possible 32 as illustrated in Jla.15.
The output asmplifier are required to drive surface barrier transistors and
have a specification similar to that of the p pulse amplifiers (section 3.2).

4..t The diode 1trz

The selection of the P pulses can be carried out using 'and' gates of
the resistance rectifier type in the form of a matrix, an example of which is
shown in FiLg16a. This matrix seleots the four possible pair combinations of
two variables A and B. An examination of the matrix circuit will reveal that
it is nothing more than four two-input 'and' gntes. This arrangement is easily
extended so as to enable it to seleot fro n vaixables. In this case 25 outputs
aro required, therefore the number of diodes required would be 125.

It is possible however, to carry out this function whilst effecting an
economy in the nusber of diodes used. This is aohiovod in the following mner.
The number of input variables n are grouped in pairs if n Is even or in twos
and a three if n is odd, The four possible pair combinations of each two vari-
able group are selected using 'and' gates as ar the eight possible combinations
of three from the three variable group. The groups ar then combined using sets
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of two-input 'and' gates. In this case subdivision of the variables results
in one grop of two and one of three. Selecting the maximum number of combina-
tions from the two variable group needs eight diodes, but since only 25 final
outputs are required, only seven out of the eight possible combinations are
needed from the three variable group, this requiring 21 diodes. Having made
these selections, a seven I four array of output lines remain to be combined.
Gating 25 pairs of these needs 50 diodes resulting in a total of only 79. This
technique suffers from the minor disadvantage that two series diodes appear
between each input and output line. The oirouit arrangement required to
select a P pulse is given in Fige16b. It is seen that the '0' states of the
bistables are seleoted by the gates, inversion to the negative-going polarity
being provided by the output amplifier.

4.192 The output mltiers

These amplifiers are similar in form to and supply the same number of
surface barrier transistors as the p pulse amplifiers described in section 3.2.
The circuit diagram for a P pulse amplifier is given in Fi8 *1 7 and an examina-
tion of it shows that the main difference lies in the method by which it is
coupled to the pulse dividing gates. The base circuit is similar to that of
the sate of li&o16b, except for the fact that the gate resistor is split into
two parts R1 and R2. This facilitates the setting up of the required d.c. bias
conditions for VT. e The rest of the amplifier is a facsimile of that of the p
pulses except for the diodes D8 and D9, whose function will be described later.

In the steady state, at least one of the bistables connected to the gate
diodes D1 to D5 will 'e in the I 1I state. Heoo each bistable must be capable
of maintainin V in conduction. The output level will be hold at a few
hundred millivolts above earth in the same war as before.

Oien all gate inputs are at the -'0' level the gate is opened. The
current which then flows in 12, R1 and the gate diodes to the bistables
establishes a potential at the base more positive than that at the emitter
due to the current in PR+ and R5. Cl provides for transient overdrive in
both directions in the manner described in section 3.2, Thus VTI is main-
tained in the out-off state for the period of the soleoted pulse and in the
absence of a load the output level falls to that of the colloctor supply
voltage.

Owing to the nature of the logic system for which those pulses are
generated, the load on any P pulse is different, in general, for each of
its four subdivisions pt to p+. The load can ary from one to fifteen
transistors and in the oases where one or two only are supplied, the oombina-
t.on of VTI collector supply and 23 is capable of supplying an excessively
high base current to them. A ma of current regulation is therefore required
and is provided by the diodes D8 and D9. At the lowest voltage that can be
developed at the base of an 85 240 with the maximum permissible base ourrent,
the two series germanium diodes conduct to the extent where the excess current
is supplied by then to R3, thus protecting the load transistors. At the
minimum base voltage needed to ensure saturation, i.e. minium ful load
voltae, the diodes conduct to a negligible extent. Thus any load from one
to fifteen transistors may be safely connected to the amplifier. The hole
storage characteristic of the diode used is such as to produce negligible
distortion of the output waveform.
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4.5 The reset and delay elimination network

The purpose of this element is to reset the binary counter after 25
transitions of its component bistables and to eliminate the overall delay.
The required count is achieved by establishing two cyclic sources of input
pulses. One of these, starting at a time when the counter is in the state
11111, puts out a succession of 24. trigger pulses to the first bistable and
to the inputs of the parallel transfer gates ('igo13a). During the 25th
periods this source is inhibited and a single pulse is generated by the other
source, which is used to reset all bistables then in the '0' state. Thus the
counter is reset to its initial condition and the cycle repeats continuously.
The counter transtiorn. delay is eliminated by generating the pulses of both
sources with p4, and delaying them by the period of p . minus the overall delay.

The logic diagram for the network is shown in Fig.8la. It consists
basically of two and' gates Gi and G3 which are controlled by a bistable
called a steering bistable, the setting of which is controlled by orother
'and' gate G2 and an inverter. The logic cycle is composed of the following
sequence of events. Comenoing at Pip time the inverter sets the steering
bistable to provide an input to Gt . At Plp 4 times, G opens and supplies an
input to the delay network. The latter delays this input by an amount such
that the final output trom the inverter occurs prior to Ptp1 by an amount
equal to the oounter's transitional delay. The output is applied to the first
bistable and to the inputs of the parallel trigger pulse transfer gates
(Fige13a). This causes the counter to change its state and P2 is selected
and aplified. The network functions in this way for 21 digit periods and
thus puts out 21 trigger pulses. The last of these enables P25 to be sleoted
and the reset pulse mst be applied in the next period to reset the ecwter to
its starting condition. If Table 5 is examined it i seen that starting fram
1 11, the 25th state is 1 I101. This means that the fourth most significant
bistable day needs to be triggered. It is seen by an inspection of Fg.L20
that P25 is fed back as an input to G2. Hance at P25p2 time, G2 opens and
resets the steering bistable, thus steering an input to 43. At P25M time ,
G3 opens and the resulting output is applied to the ensuing delay network and
buffer amplifier. The delay network performs the sae funotion for the reset
pulse a the other delay network doe for the trigger pulses. The reset pulse
is applied direct to the appropriate bas circuit of bistable D whioh then
triggers enabling P to be selected. At Pip, time the steering bistable is
set and the cycle repeats.

The basic control logic is implemented using directly coupled olements
and the delay networks are again of the led parameter lype. The trigger
line inverter operates in the sam way as the inverter amplifiers of the
parallel trigger pulse propagation network. Thus the inputs to the paral1
transfer ates are all derived from identical stages. The circuit diagram of
the network is given in Fig.18b.

The buffer amplifier of lige18a is simply a common collector stage, this
being the mt suitable type of drive for the reset line. In the quiescent
state#, T12 is held in conduction by the 12V supply via PB, the voltage at the
base being limited by the clamping action of the collector-base diode which is
conducting in the forward direction. Diodes D2 and D3 are reverse biasd, as
is D4 which is included to isolate the bias conditions of bistable D base
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circuit from those of the buffer aplifier output. Under sign oonditions,
VT10 and VTII are caused to conduct and the resultant positive-going excursion
is transmitted by the delay network to VTI 2 base. D2, D3 and V. are biased into
oonduction. D3 thus defines VT 2 emitter potential and a more positive potential
is developed at the base by adding the voltage drop across D2 to that across D30
VTI2 is thus maintained in the out-off state. Since the input resistance of the
buffer amplifier is much higher than the characteristic impedanoc of the delay
network, a reflection is generated. This is of no consequence however since at
the tim of its arrival at VTI 0 collector, no other pulse is being generated and
the reflected energ is absorbed in R8. The positive excursion transmitted by
D4 switches bistable Do Relevant waveforms for the function described above
along with those of the binary counter are shown in Fig*t9. This ocompletes the
delineation of the P pulse generator and the oomplote logic diagram of it is
given in Fig.20.

5 TO A PM GBOA o

The design of this generator is based upon the same technique as for the
P pulse generator and uses similar cirouitry. A logic diagram of the unit is
given in Fig*21 * This shows that the counter is of the serial trigger pulse
propagation type and implements a switching sequence identical with that of
the binary code. The first bistable is triggered by P25 delayed by the period
of a P pulse minus the counter's overall delay time. Thus the output leading
edges appear coincident with those of P1 and Pe The second bistable is
triggered directly from the first.

An inspection of the binary code sequence for two variables shows that
the number of variables which change state at cach transition is altornately
oe and two. Hence the transitional delay time varies. However the delay can
be approximately equalised for each transition when only two bistables are
involved, by making the speed of response of the second p'.ater than the firsts
This is achieved by using cross-ooupling capacitors (Ci Fig.12a) of a larger
value for the second bistable. In this way, the need for a parallel triger
pulse transfer gate is avoided.

The circuit arrangement of the generattor is shown in Fig.22 and since it
is formulated of the aem basic elements used in the P pulse generatorp needs
no explanation.

6 CO PAION OF COU-NR TSCEQO

At the time that design studies for the pulse generators wore begun two
other methods of frequency division were considered. One of these used
bistablea to provide the basio waveorms, but switched then in a sequence
identical with that of the Cray cods For reasons stated oarlier, the counter
transitional delays would all be made equal without the uso of parallel
transfer gates if this method could be mechanised. The pattern formed by the
variables which chang state in a progression through the sequence is
irregular when the number of variables is large however. In consequence, the
amount of logic required to seleot the particular bistablo to be triggered at
each transition is much greater than that required for the parallel transfer
gates. This is quite apart from the consideration of resetting a counter
before the end of its natural count, which is made more difficult by the
adoption of this technique.
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The other method considered wae that of using a ring counter. This con-
sists basically of casoaded stages equal in number to the factor by which the
input frequency is to be divided, the final output being oOnmeted back to the
first sta input. Only ome stage is in the signal state at any time and when
it is switched to the steady state, propagates a trigger pulse to activate the
next. This method has a disadvantage when used for this application in that an
output from an activated stage is not obtained until the trigger pulse has been
removed. As a result of this, the output pulse duration is deficient by an
amount equal to the duration of the trigger pulse. As for the other rethod
considered, the mount of equipment required when the division factor is large
is greater than that required for the method which was adopted.

7 CORCLUSIONS

The counters and pulse dividers described in this note have been constructed
in the laboratory and their performance has been found to be adequate for the
requirements of the system in which they are to be used. The device is aom
undergoing tests and, to date about 500 hours reliable performance has been
achieved.

The choice of transistors used has enabled very fast switching times to
be achieved (of the order of 15 nanoseconds on full load). The design principles
involved are consequently capable of a wide variety of applications in which a
precise source of control pulses is required for digital arithmetic operations.

Bash output is oapable of providing control p pulses to a maxim of
180 locations, but for the particular application envisaged it has not been
found necessary to provide such a large Ofaming out' factor. It is felt,
however, that the only consideration which might prevent this figure being
achieved in practice, is that of a suitable earth return path to cope with
the high rate of change of current.
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