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SUMMARY

A description is given of three pulse generators which produce related
waveforms used in the control of a direotly ooupled logic system. The directly
coupled transistor logic (DCTL) technique is first expounded in so far as it is
relevant to the material in the text.

Each generator is oconsidered first in general terms complete with the
associated loglio diagrama, and then a detailed desoription is given of the

practical interpretation illustrated with schematioc diagrams and waveforms,
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1 INTRODUCTION

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

In the timing organisation of a serially operated computer, it is common
practioce to divide the time allotted for a computation step into equal periods
to correspond to the number of arithmetic operations to be performed in that
steps The resulting periods, called word periods, are sub-divided according
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 logiocal and
timing restandardization cperations to be carried ocut within a digit period,
the latter is further sub-divided into a convenient number of phases.

S8ince the serial type computer is essentially synchronous, it is necessary
to define each and every word reriod described above by pulses of identical dura-
tion which ocour at the appropriate rates, The required pulse trains for the
word, digit and fractional-digit periods are given the designations A, P and p
respeotively., Thus the word periods are labelled At, A2.ss4+4n, the digit
periods Pi, P2...¢¢.Pn oto.

A brief specification for these waveforms is set out below:

A Waveforms

Repetition rate 10 Ko/sec

Pulse duration 25 mioroseconds
No. of waveforms per oomputation step &4

P Waveforms

Repetition rate 40 Ko/seo

Pulse duration 1 miorosecond
No, of waveforms per word period 25

p _YWaveforas

Repetition rate 1 Mo/sec

Pulse duration 0.25 mioroseconds
No. of waveforms per digit period 4

A dlagram 1llustrating the relationship detween these waveforms is given
in !‘is.1 .

It is the purpose of this Note to describe the means by which these wave-

forms are generated and tallored to the needs of the directly ooupled transistor
logic (DCTL) technique.

-“_-
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2 I Y COUP: UE

2.1 Choloe of transistor

In order to expose the requir?mznis of pulse generators which control a
system employing the DCTL technique'?<? "", the latter will be expounded to
the extent necessary. In any event, small parts of the generators themselves
employ the technique. The transistor type which was designed specifically to
realise relisble direct coupling of transistor amplifier stages is the surface
barrier or mioro-alloy type. The particular unit which is most readily avail-
able is the 3B 240 manufactured by Semiconductors Ltd. A summary of its
characteristios is set out below.

Maximus ratings

Colleotor voltage -6V
Colleoctor current 15 mA
Base ourrent 5 mA
Total dissipatioa at 25°C 30 oW
Switching parameters

Minimum Typical Maximum

Colleotor saturation voltage

(Io = 3mA Ib = 0.3 mA) 60 100 millivoits
Leakage ourrent (Voe = 4.5V Vbe = =100 mV) 70 150 miorocamps
Current gain Bo (Voe = 0,5V Ic = 3 mA) 15
Cut off frequency f, 25 50 No/sec
Hole storage factor 86 120 nanosecs

Inoluded also is a diagrem depioting the apread of the input characteris~
tic (Fige.2a) and another showing a typical output characteristic (Pig.2b)s The
information glven shows that this transistor is suitable for the direot coupling
of common emitter stages a3 illustrated in FPig.3, It can be seen that it is
capable of saturating to a level below 100 millivolts and that & reasonably
snall collector current flows when the tranaistor is supplied with a base-emitter
voltage of this value. It should be noted however that coupling the colleotor
Jmotion of one transistor directly to the base-emitter junction of the next,
aodifies the first transistor's output characteriastic, The effect on a typical
oharacteristic is shown in Pig.4 and due consideration should be given to it in

design.

A typical rise or fall time over a collector exoursion of 0.5V and when
operating under saturating oonditions, is 15 nanosecs. An exoursion of this
valus was chosen because this is a typical value encountered in practice. It
is limited by the constant voltaga form of the succeeding transistors input
characteristic, This means that the trensistor must be capable of an adequate

“«5a
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current gain at low voltage levels and at high frequencies. The poor performance
of most transistor types under these oconditions is an inherent weakness, but the
summary of parameters above shows that this defect is mitigated by the use of the
surface barrier transistor.

The turmm~on delay of a transistor is due to the finite transit time of
current carriers through the base material. Since the surfece barrier transistor
features an extremely thin base region, the delay time is very small, typically
5 nanosecs., The turm—off delay time however is mainly due to the pheromenon of
hole storage (p.n.p. transistors). This storage delay time is predictable’, a
hole storage factor being used to compare transistors working under the same
operating oconditiona. It varies with the degree of saturation and from trans-
istor to transistor, a 3 : 1 spread being typical, This effect is undesirable
in a synohronous logic system, becauss it oauses pulse elongation and displace~
ment in addition to overlap between adjacent pulses. These defects can be over—
ooms by use of the p pulses for timing restandardization, provided that the p
pulses themselves are relatively free from these same defects. The difference
between the maximum and minimum hole storege times likely to be encountered sets
the limit to the switoling speeld, since if it is comparable with the shortest
timing pulse, acourate timing reconstitution becomes difficult. For the SB 240
the manufacturers olaim a maximum switching speed of 5 Mo/s.

It cun be seen that within the limits disoussed above, the SB 240 is
eninently suited for use in a system of DCTL,

2.2 The directly coupled transistor 'or' zate

Surface barrier transistors may be connected in parallel to a common load
resiator to form an 'or' gate as shown in Pig,5a. The function of such a gate
is to combine signals originating on different paths and at the same time to
provids igolation between these paths. The operation of this element is as
follows:

If all the parallel connected transistors are out off, then ignoring
leakage ourrents, the potentlal et the common node will be that developed
across the base—emitter junction of the succeeding trensistor, typically =0.5V.
On the other hand, if one or more is caused to conduct by developing =0.5V
between base and emitter, the cutput potential will rise to the saturation
level, typically 60 mV. It is seen that signal inversion tekes plece end an
output inverter ampiifier is needed to restorc the signels to their original
polarity. Let the saturation and the output {-0.5V) levels be denoted by 0
and 4 respectively. Table 1 shows the outputs C whioh will be obtained for
the four possible combinations of two inputs A and B,

-

TABLE 1

bl = RN ~ 28 B 1
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Transistors are well suited for this funotion because of the high ratio
of non-oonduoting to condusting output resistances The number of trmilm
whioh may be placed in parallel is limited by leakage current oennidgut:l »
a typloal maximum being four for a maximum working temperature of 35 C.

243 ot led ¢ tor 'and'

Surface barrier transistors may be connected in series to a common load
resistor to form an 'and' gate as shown in Pig,5b. The function of this gate
is to provide an ocutput only for & coinoidence of all inputs.

This element operates in the following way:

If neither transistor or just one 1s supplied with a ~0,5V imput, then
ignoring leakages ocurrent, the signal current will be sero since one transistor
remaing cut off. Under these conditioms, the output potential will be the
~0.5V or so developed across the succeeding transistors input teraminals, I?
both transistora are provided with inputs however, the series chain becomes
effectively a low recistance and the output potential rises to the sum of the
two saturation voltages. As in the case of the 'or' gate, signal inversion
takes place and an output inverter is needed to restore polarity. Denoting
the two signal levels by O and 1 as before, Table 2 shows the outputs C for
the four possible combinations of inputs A and B.

ZABLE 2
A B c
0 0 0
1 0 0
0 1 0
1 1 1

The limit to the number of transistors which may be placed in series is
set by the saturation voltages of the transistors. The sum of these in a
series chain must be such as to maintain succeeding stages in an adequately
out off oonditign. Henov the maximum number is limited to two for reliable
operation at 35 C.

The funotiom of the series and parallel configurations may be inter-
ohanged if previcualy inverted signals available. The results may be
expressed in terms of switohing alged as follows:

For negative going imputs of A and B, the parallel oonfiguration forms

an output C = A + B, whioh becomes A + B on inversion. The series configura-
tion gives an output C = Ti, which after inversion becomes A.B. For positive

going inputs of A and B, the parallel configuration forms an output C = X + §,
and the series configurstion forms an output C = A5,
- 7 -
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8ince A + B = A,B, and A.B, = 4 + B, each configuration hu an equivalent in
terms of the other as shown in Mig.5¢.

2.4 L") ooupied bist

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

Inverters or gates as desoribed in the two previous subsections can be
utilised to provide the short-cirouit triggering functicn. The oollector
resistors normally associated with these elements become redundant, since
each triggering element and one half of the bistable can share a common load
resistor.

The treansition time will vary with the number of externally connected
transistors th.t,‘tho bistable is called upon to drive and deoreases as the
number inoreases . A worst case value, i.e. no external load, is 110 nanosecs.

2.5 Sumary of PCTL features

The simplicity of the DCTL technique and the resulting sconomy in torms
of development time, are its main advantages. A complete logic system can be
formulated using the elemen: t’ described in the foregoing and such systems have
proved 1relisdle in prectice The minimal use of components other than
transistors achieves a degree of compactness whioch approaches tho ideal for
this type of oonstructiom,

A figure of merit for a ocircuit element to be used in a losl.o systen 1s
its fan-out figure, i.,e, the number of other elements it is oepable of driving.
8inoce the transistors possess a relatively high gain at low levels, it might be
concluded that the fan-out figure approsches the current gain of the transistor,
as the load is composed of multi-base-emitter junctions. The spread of the
input characteristio however, prevents this ideal being realized. With reference
to Fige2a, it can be seen that disaimilar trensistors will drax different
ourrents at a given value of Vbe. Yor example at =0,3V a batoh of transistors in
parallel may draw ourrents ranging from 0.25 to 0,55 mA, Honoe the total ourrent
that & batoh of trensistors will drew is unprediotable. It is necessary there-
fore to cater for the worst oase, which is one transistor whose input characteris-
tic is that represented by the maximum ourve in Fig.2s, in parallel with n
transistors whose characteristios are represented by the minimum ourve, This
featurs of unequal base current sharing limits the fan-out figure to four and
is the moat unforhnutc aspect of the DCTL technique. It considerably inoreases
the required current demand capability of the timing pulse generator outputs,

sinoe these are also required to supply many transistor imputs in parallel.

-8-‘
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A further disadvantage is that of the limited maximum operating temp-
erature. The transistors cperating in a system of DCTL tend to have relatively
high leakage ourrents 3n the rather nebulous cut-off condition., 8ince this
current doubles per 10°C temperature rise, a temperature is soon reached where
the leakage ourrent in the asscoliated collector resistor begins to severely
linit the ocurrent flowing to succeeding transistor bases. Hence f8r s fan=out
figure of four, the maximum operating tempersature is limited to 35 C. This
means that the timing pulse generators need not operate above this level, whioh
in turn inoreases their permitted fan-out figure,

3  IHE p FULSE SYSTEM

3.1 Ihe p pulge generstor

This generator has been dssigned to produce four interleaved pulse trains
all operating at the 1 Mo/s rate and having equiduration pulses (see Pigei).
It is composed of three main elements, the basic olock, oyclic binary counter
and pulse divider, which are desoribed in the ensuing subsections.

LIS Y !l‘_le bgio 01&

The function of the clock is to provide an accurate frequency standard
to serve as the basic waveform from which all others are dsrived. It is made
up of three stages, the first two using alloy junction transistors comnected
in the common collector configuration, ths remaining one using a surface
barrier transistor operating in the common emitter mode. A schematic diagranm
is shown in Pig.7. The first stage is a orystal controlled 2 Mo/s oscillator
whioh has & quarts crystal in the base oirculit and a resistive-capacitive load.
The device depends for its operation upon the faot that a grounded collector
saplifier with a sufficiently capacitive load, presents a negative resistance
component at its input terwinals. Thus cscillations can be maintained across
the load and if the voltage developed across the orystal stabilising capacitor
in the base oirouit is utilised, an ocutput waveform of exceptiomal purity and
stabllity is the result. The following stage acts as a buffer, protecting the
osoillator from the effects of a varying external load impedance.

The remaining stage converts the sinusoidal output waveform to a aquare
wave at the same frequency. The negative~going portion of the sine wave
switoches the transistor on, its base ourrent being supplied by the buffer
amplifier. The germanium OML7 diode simulates the base-emitter jumction of
the surface darrier transistor and draws a ourrent preotically equal in
magnitude to that of the base during the period of the positive-going portion
of 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
nark to space ratio.

3.1.2 The gvelio bipary oounter

Digital counting cen be performed using bistable elements in conjunotion
with 'and' gates. If a number of bistables are triggered in a cyclic sequence,
then by suitable gating of the resultant output waveforms, any periodic time or
'mark' period of the triggering waveform within the oyols can be defined.

-9-
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The duration of this cyocle is dependent upon the number of bistable
elementa, Since each bistable possesses two inputs, then n elements have
possible states. This means that a maximum of 2" interleaved pulse trains
having equiduration pulses can be generated within a oyocle period.

The bistables may be switched in any convenient order through their 2

states and in this cass they are switched acoording to the Gray code. 4An
example of the latter for two variables A and B is given in Table 3,

IABLE 5

- - 0o O0ol!l»

o - - O]lw

The salient feature of this code is that only one variable changes in going
from any one state to the next. This charsoteristic is useful in this epplica-
tion, since it means that the time delay between the applioation of a trigger
pulse to & biatable and the produotion of the corresponding output transient is
virtually constant for every change of state.

The desoription of the way in which the correct switching sequence was
obtained in this case is alded by reference to Fig.8s, which shows the logic
diagram of the oyolic binary counter. Since four output waveforms are required,
two bistables are needed. The asscoiated 'and' gates steer the inooming oloock
square wave in such a way as to cause one bistable to change state during the
'mark' period and the other during the 'space’' periocd. To achieve this end,
phase inversion of the oloock signal to cie of the bistcbles 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 clook signal to the other. Thus eaoh bistable controls the trigger—
ing of it's counterpart, suitable cross-conneotions ensuring that the ocutput
ssquence follows Table 3 above,.

The appropriate connection to any given steering gate oon be determined
by oonsidering the required triggering signals for its associated half-bistable.
The latter must be in the 'off' or 1 state immediately prior to switohing 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 oloock pulse.
The waveforms obtained at the four outputs are shown with that of the incoming
clock signal in Fig.8b,

The loglo desoribed above is implemented by the use of direotly ooupled

elements as shomn in Pig.80, In the interests of economy, each pair of gates
shares a transistor. This 1s permissible provided that the common trensistor

~1°-
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is placed at the bottom of the series chain., It can be seen that the olock
signal to the second bistable is phese inverted twice instead of being routed
directly to the gate. This was done to avoid the possidble instability whioch
would be brought about by tho effects of two varying loads on the olock
waveforn.

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

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

IRLE &
p‘-a.n.aln's Alals] B
- — 1 0 1 0
pz. LB-‘A*B
1 0 0 1
P, " AB. =4+ B 0 1 ! 0

& oirouit diagram showing imput end output variables is given in Fig.9.

3.2 The p pulge amplifiors

The outputs of the pulse divider are each oapable of driving four other
directly ooupled elements. To increase the effective fan-out figure, these
four elements ocould be made to be inverters each driving four others, The fan~
out figure is thus inoreased to 16 for each pulse, but the doudle inversion
involved allows the position in time of tho output leading edge to be influenced
by the effects of hole storage. Tho spread in the holo storage faotor for the
SB 20 is such that the displacement in timo botwecn the leading edges of the
outputs from trensistors amplifying the same pulse could be ca large as 25 nano=
secs. This is intolerablo since thia figure represents 10/ of tho output pulse
width. Honoe the need existed for a high frequenoy high gein pulse amplifice~
tion system. The tranaistor to be used in such a systom neods to eambody the
following charncteristios:

(1) High current gain at large ourrent levels.
(2) « high out=off frequency.
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(3) 4 low hole storage factor.
(4) A low collector saturation voltage.

& transistor which well meets the first threes of these requirements and which
is readily available is the /SZ21. This is & germanium junction transistor of
the p.n.p. alloy diffused type monufactured by Mullard Ltd. It features a
typical ourrent gain at Voe = «1V, Io = 30 mi, of 75 and a minimua cut-off
frequency (f4) of 300 Mo/s. The manufacturers do not express the effect of
hole storages in terms of a hole storage factor, bui experiment indicates &
maximum value of 40 nanosecs. The only undesirable fenture of this transistor
is its relatively high collector saturation voltage (=0.7 typical, =1,2V max.
at Io = 50 mi, Ib = 3 mi). Hence if the effects of this can be eliminated the
transistor is suitable for use in the application outlined above.

The oircuit arrangement of a pulse amplifier designed around the .8z21
transistor is shown in Fig.10. It consists basically of two stages both
conneoted in the common emitter configuration. The first is coupled to the
pulse divider by the network C1 R2 and R3. The values of R2 and R} are
chosen so that the bose of VM is held positive with respect to the emitter
in the cut-off state, whilet allowing the relative values of R1, R2 and R}
to supply the minimum base current for ocollector saturation in the 'on' gtate.
C1 provides a path for input ourrent overdrive during both switching transients.
Considering the turn—on of VI, the initial input current is the sum of two
couponents, one through R2 which is constant, the other through C1 which is
initially high then decays exponentially. During the period of the pulse, Ci
is allowed to charge fully to the voltage drop across R2 and the dase current
falls to the minimum value for saturation. Hence at a time immsdiately prior
to turn-off, the charge stored in the base region is at s minimum, During
the turm-off transient, the charge stored in the oapacitor acts to neutrclise
that stored in the base, the positive current in R} assisting in this, Thus
the transistor is overdriven in both directions, this having the effect of
reducing both the turn-on and turm-off delay times. In general, a current

overdrive factor beyond 4 to 1 produces very little improvement in delay time.

Consider now the output stages. The maximum number of paralleled surface
barrier transiators which it can be called upon to drive is governed by the
effect of the hole storegs charge of these transistors, encountered when VT2
oomes into conduction. The turn-on timo of this transistor is considerably
lengthened by this effect, which is such as to cause current to be shunted
away from the transistor to nautralise the stored charge, thus delaying the
completion of switching., Henoe the transistor in the locd with the greateat
hole storage faotor will digtate the duration of the turn-on time, which in
the worst cese, oould be equal to the period of the pulse. .nother problem
is that of the relatively high collector saturation voltage of the ocutput
transistor. Unless the latter is saturated heavily thus forfeiting its high
ourrent gain, the load transistors will remain in oconduction for both switched
states, '

These two difficulties are overcome by placing a source of positive
current in the emitter leg of the cutput transistor. This source is controlled
by the components R7, A8 and C3. The values of R7 and R8 are chosen so cs to
linit the emitter potential to a convenient level during the cut-off state of VT2.
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At the same time however, the relative values of RS, R7 and R8 have to be such
as to allow & current to flow in VI2 4n its 'on' state of sufficient magnitude to
drop all of the colleotor supply voltage across RS, This can be taken a stage
further by inoreasing this current so es to allow RS to develop slightly more
than the supply voltage across it. This has the advantage of reducing the leak-
age current in the load transistors to Icoo (base~emitter reverse biased) which
in this case ias an almost negligible valus. The value of C3 is made such thet
the charge stored in it during the cut-off state of VT2, is sufficient to
neutralige the charge stored in the base regions of the load transistors when:
VI2 is turned on., The fan-out figure of the output stage with the supply
voltages available was found to be 15.

VT drives VI2 via a RC coupling network, VT2 is maintained in conduc-
tion during the cut~off period of VI by the current flowing in R5 from the
supply rail, When VI is caused to conduct, the positive going exoursion at
its oolleotor is transmitted wholly to the base of VI2, This is drought adbout
by selecting the values of Ri, RS and C2 so that their time constant is large
compared to the period of the pulse. This relatively large exoursion switches
VT2 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 reduoing the turn—on time.

The loss of ourrent gain and the inoreased turm off time associated with
the use of heavy saturation to reduce the inherently high bottoming voltage of
the transistor used, 1s avoided by the use of the couplings described above.
Thus the fan~out figures of both stages are kept to a maximum, The first stege
is capable of Adriving twelve output stages, whioch means that each p pulse
aaplifier is ocapable of supplying 180 surface barrier transistors. a block
diagram of the p pulse system is given in Hg.11,

In brief, the performance figures ares output rise and fall times over
0.5V = approximately 15 nanosecs, overall delay time 15 nanosecs, difference
between the leading edges of the pulses from twelve output stages in pu-allo].
not more than 5 nanoseos.

4  THRE PULSE GENERATOR

b Geperal desoripticn

The P pulses are generated using the same technique as for the p pulses.
8ince the Cray code is unwieldy to implement when the number of variables n is
greater than 2, an alternative switching sequence is used which gives riss to
a few differences. another departure from the previous case -arises ouuu
the faot that 25 P pulses are required, a number which lies between :

Thus five bistables must bo used and their switching sequence stopped attor 25 .
by resetting the counter instantancously to tho start condition.

The sequence which is niqlent to implement is thet of tho binary ocode,
because by using complementing bistables, the triggor pulse for each bistable
after the first can be derived directly from its predecessor. By triggering
the first bistable w:lth , the resulting output waveforms are synchronised
with the p pulses. i.nary saquence for five variesbles &, B, C, D, and B
where A is the least nigniﬁ.oant is shown in Table 5.



Technical Note No, IEB.33

:

bbb bl ddddr a2 0000000000000000 | W

-0+ 0+*0+020+20*0*0*0*0*0*0+0*0+0+>0|»
-~ 200 L0044+ 002 200>+ 00*+00++00++00 | W
- AL 2000022220000+ 2+ 20000 >2=+20000] 0O
Db b2 b a2 OO0O0O0CO0OOO+ 2 ruaaassas00000000 | Y

It can be seen from this that whenever a bistable is to change its state, its
predecessor must 2180 change its atate from 1 to O. This featurs of the code
oan be exploited to generate the required trigger pulse. issuming that the
latter is generated in this way and that the sequence begins at 00000, a
diffioulty is encountered when the counter is reset. If any bistable is reset
from 1 to 0, it will propagate a trigger pulse to its sucoessor. This situs=
tion is prevented from arising by starting the sequence at 11111.

It can be seen by further examination of Table 5, that the number of
bistables which change state at each transition varies from 1 to 5. Morecver,
the trigger pulse propagation is serial, i,e. each bistable must changs its
state defore it can propagats a trigger pulse to the next. Thus the time
required for the completion of each transition is not oonstant and this gives
rise to P pulses of insufficient and differing durations,
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The problem of the differing pulse durations can be solved if the bistables
oan be mads to change state simultaneously at each transition. Referring to
Table 5, 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 transitionel time

delay.

This delay, although constent, is also undesirable since the output P
pulses will be deficient in duration bty the same 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 s the transitional time delay, The
P pulses generated in this way are thus accurately aligned at their leading
edges with that of pjs Their trailing edges will be similarly aligned with
that “Pk if the turn-on time of the tramsistors used is small,

The P pulse generator is thus seen to oconsist 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 ASZ2¢ transistor and are desoribed
in the following sub-sections.

42 The binary counter

The binary ocunter conaists of five complementing bistables, so called
because after each trigger pulse to an input line common to both sides, either
output signal represents a '1's complement of its previous valus, The common
input line is mads poasible by altermate routing of the input pulse by sach
half of the bistable to the other, This is accomplished by commgoting o
resistor-capacitor—-diode gate to each half of & resistonce coupled bdiastable
in the manner described below.

4e2.1 The resistance-coupled bigtable

This type of biatable utilises potential divider networks as a means of
cross ocoupling the two transistors as showmn in Fig.12a. The value of Ri must
be such as to supply the current required by the externmal loed in the ocut off
state of its assooiated transistor, plus the minimua bdase current for satura-
tion of the other. vhen either transistor is conducting, the associated values
of R2 and R3 must be such as to reverse dblas the emitter-base junotion of the
other transistor (suffix a when VM conduots, b for VI2) 01 provides for input
ourrent overdrive in both direotions in the manner described in section 3,2,
AS221 transistors are used for three reasons (a) they exhibit very little hole
storage in this oirouit, (b) their fest switohing speed and (o) they are cepable
of switohing a ourrent large enocugh to drive the ensuing pulse dividing gates
directly.

The bisteble as it stands however has one drawback. Although the '0!
level is suffiociently well defined by the saturation voltage of the transistors,
the '1' level depends upon the value of the external load, This dramback is
eliminated by suitably inoreasing the collactor supply voltage and comneoting

“15 =
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a diode, which is referred to a supply voltags equal to that of the desired

4% level, to sach ocollector, The additional ocomponents are shown in dotted
form, Now when either transistor is driven towards out=off, its collector
potential falls towards V1 bdut is clamped at V2 by the diode ooming into oconduc-
tion at this level. The load current is thus shunted into the diode and the
latter acts 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.

4,242 The resistor-capacitor—diode gate

The funotion of this element is to produce an output at the coincidence
of a pulse type signal with a steady state signal, Consider the circuit of
¥ige12b, The steady state signal oan be in either of two states O amd 1 at
voltage levels By and By respectively and 1s applied to the resistor. The
positive-going pulse signal is applied to the capacitor. If the load oirocuit
is such as to maintain the output level ut By, then when the lnput lime to the
resistor is at a level B (negative with respect to Bo) the diode is reverse
biased. Then if a positive-goiag pulse having an amplitude equal to that
between the limits 3o and By is applied to the capacitor it will have no effect.
If the input to the resistor is made B, however, the diode is unblesed and a
positive-going pulse applied to the capacitor will appear at the output line,

A complementing bistable can be formed using & resistance-coupled
bistable in conjunction with two resistor cspacitor diode gates in the manner
showmn in Pig.s120. The diodes of the two gates are conneoted to the bases of
the transistors, the resiators to the collectors and the capacitors are linked
to form a ocommon input line, Assume initially that VM is oonduoting amd that
VT2 is out off. Both colleotor and base of VI will be at small negative
potentials such that Ma is alightly forward biased. Cta ia charged to a
potential practically equal to the difference between the two colleotor
potentials, this being almost equal to the input signal amplituds. The collector
of VI2 will be at =~V2 and the base at a slightly positive potential. Thus Db is
reverse biased to an extent practically equal to the difference between the two
colleotor potentials and C1b is uncharged.

& positive-going pulse epplied to the input line will be routed through
Ma since it is forward blased. Cla rapidly discharges to the difference in
potential aoross it via the base-emitter Junction of VI1 at one end and a
bottomed transistor at the other. Cib begina to charge, but the time constant
C1b Rib is too large for thia to be of any consequence. The pulse routed to
VM base causes VI to switch off, resulting in a change of state. Dia becomes
reverse biased and C1a begins to re-charge slowly with a time constant Cia Rie,
The two ends of the branch formed by C1b and Rib in series are now at the same
potential and C1b loses the small charge aocquired prior to and during the change
of state, This however is too small to effect re~triggering of the bistable
whilst the input pulse is present. When the latter is removed, Cla returns the
small charge acquired during tha period of the imput pulse, Cib now has to
become charged to a potential equal to the input pulse amplitude and will do
80 in approximately 3C1b Rib seconds. Henoe no further imput signals oan be

-16-
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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 same way as before, the above
desoription being valid if suffix a and b are interchanged.

4e3  The perellel trixger pulse propagation petwork

The need for the appliocation of a trigger pulse to a bistable at any
transition can be dstected by inspection of the states of its predecessors
immediately prior to the transition. These states will all be 1's as desoribed
in seotion 4,1, Therefore the atates of the bistables preceding any given
bistable are applied to an 'and' gate and compared to the incoming trigger
pulss. If this is done for each bistable, then the elements which are required
to change state at each transition will do so simultanecusly. 8ince the
bistables change state immediately upon the receipt of a pulse, the states
applied to the gates must be delayed for the period of this pulse. The logical
diagrems of the resulting parallel transfer binary oounter is shown in Pig.43a.

The circuit arrangsment for the logic between bistables 4 and B only is
shown in Pig.13b, the others being sigilar. The required delay is obtained
using lumped paremeter delay networks®, ocomprising ten pi network LC sections
to obtain the required bandwidth. The gates used are of the resistance
rectifier type an example of whioch is shown in Pig.14a. This shows a circuit
olo?oﬁ comprising two diodes and a resistor and ita action can be described
as owss

In the quiescent state, both inmput levels are equal and the current that
flows in R maintains the output level equal to that of the imput minus the
negligible voltage drop ssross the dlodes. If & positive-going signal is
applied to cme diode only, it becomes reverse-biased. This ocours because
the other diode ias able to maintain the output line at prectically the same
level as before, provided that its source impedance and its forward resistance
are both low. If positive~going signals are applied to both diodes simulte~
neously the output level must rise ocorrespondingly. Henoe this element is
seen to be an 'and' gate for positive-going signals. The oconditions for
optimum response from this type of gate are that the signal exoursion should
be small compared to the supply voltage and that the source impedances should
low in both states. In addition, the value of R should be high compared
to the forward resistance of the diocde used and low compared to the diodes
inverse resistance. The ‘and' gate components in Fig.13b are those represented
by D2, D3 and Rk. The gate inputs are driven by common emitter stages centred
around VM and VT2, 4 common oollector stage designed around VT3 matches the
output resistance of the gate to that of the following bistable input,

In the quiesocent condition VM is out—off and the base potential of VT3
is limited by its collector-base diode which ia conduoting in the forward
direction. 8inoce the output of VM supplies an input to all the gates, they
are thus held closed regardless of the states of the bistables. VT3 is thus
ocaused to oomduot, its output line assuming a potential practically equal to
the ocollector supply voltage and diode D5 is thus reversa biased. If the
input from distable a 1s in the quiescent or '0' state, VT2 must be held in
the non-omducting states This is emsured by the current flowing in R2, Rt
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and D1, whioch maintains the base potential more positive than that at the
emitter. D.C. isolation between the bistable and VI2 is necessary beocsuse of
the dissimilar levels at which they operate and is effected by capscitor C1.

If bistable A output is in the '1! sgtate however, VT2 wust be made to
oconduots The coupling between these stages is of the RC type, the resistive
component being the input resistance of the VT2 stage. In this state, diode
D1 1is reverse biased and since R2 is large compared to Ri, the input resist~
ance is determined mainly by the sum of R! and the dynamic slope resistance
of VT2 base-emitter junction. The delay line is inserted between the bistable
and VT2 stage and to obtain correct matching, its characteristic impedance
which is almost purely resistive, is made equal to an approximate valus for
this input resistance. Consider now a point in time where a trigger pulse
arrives when biatable A 1s in the '1' state and is about to chango states.
Refesrence to Table 5 shows that whenever these conditions exist, bistabls B
must also change its state. The delay network will maintain VT2 in the conduot-
ing state for the period of the trigger pulse. Thus both VM and VI2 oconduct
and the gate is opened. The current flowing in R4, D&, D2 and D3 establishes
s potantial at VT3 base which ic more positive than that at the emitter, dus
to the ocurrent flowing in R5 and D5, The voltage drop aoross diode D4 is
needed to establish the sbove oondition, this being the dlode's only function.
Thus VIJ is cut-off for the period of the trigger pulse and the resulting
positive~going output is applied to bistable B input, causing it to ochangs its
state. A dlagram showing the phase relationship betwsen the relevant waveforms
for the oircuit action desoribed above is shown in Pig.ikd. All the
dalay network and gate circuits function in the same way and thus all bistables
which are required to change state at any transition 4o so simultaneously upon
the arrival of the trigger pulse. '

4ok The pulse dividing and esplificetion network

It is the funotion of this network to seleot and amplify 25 conssoutive
oombinations of 5 variables out of the possible 32 as illustrated in Mg.15,
The ocutput amplifiers are required to drive surface barrier transistors and
have a specification similar to that of the p pulse amplifiers (seotion 3.2).

babat  The diode matrix

The selection of the P pulses can be carried out using ‘end' gates of
the reslistance rectifier type in the form of a matrix, an example of whioh is
shown in Pig.16a. This matrix seleots the four possiblo pair combinations of
two variables A and B, An examination of the matrix circuit will roveal that
it is nothing more than four two-input 'and' getes. This arrangemont is easily
extended so0 as to onable it to select from 5 variables. In this case 25 outputs
are required, therefore the number of diodes requirsd would dbe 125,

It is possible however, to carry out this function whilst effecting an
econony in the number of diodes used. This is achiovcd in the following msmner.
Tho numbor of input varicbles n are grouped in pairs if n is even or in twos
and a three if n 13 0d4d, Tho fcur possible pair ocombinations of each two vari-
able group are selected using 'and' gates as are the eight possidle oombinations
of threo from the three variable group., The groups are then combined using sets
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of two-input 'and' gates. In this case subdivision of the variables results
in one group of two and ome 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 dlodes. Having made
these selections, a seven X 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 circuit arrangement required to
select a P pulse 1s given in Pig.16b. 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,

kebo2 The ocutput egplifiery

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 oirouit diagram for a P pulse amplifier is given in Fig.17 and an exanina-
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 gate of Pig.16b, except for the fact that the gate resistor is split into
two parts Rl and R2. This facilitates the setting up of the reguired d.c. bias
oconditions for VM. The rest of the amplifier is a facsimile of that of the p
pulses exoept for tho diodes D8 and D9, whose function will be described later.

In the steady state, at leoast one of the bistables comnected to the gate
diodes D1 to D5 will Le in the '1' state. Hence each bistable must be capadble
of maintalning V1 in comduotion. The output level will be held at & few
hundred millivolts above earth in the same way as before.

When all gate inputs are at the '0' level the gate is opened. The
ourrent which then flows in R2, R! and the gate dlodes to the bistables
establishes a potential at the base more positive than that at the emitter
due to the current in R4 and R5. C1 provides for transient ovordrive in
both directions in the manner desoribed in seotion 3.2, Thus VM is main-
tained in the cut-off state for the period c¢f the sclected pulse and in the
absence of a load the output level falls to that of the collector supply

voltage.

Owing to the nature of the loglc system for which these pulses are
gonerated, the load on any P pulae is different, in general, for each of
its four subdivisions py top,. The load ocan vary from one to fifteen
transistors and in the cases where ome or two only are supplied, the combina~
tion of VT1 aollector supply and R3 is oapable of supplying an excessively
high base ourrent to thom. A means of ocurrent regulation is therefore required
and is provided by the diodes D8 and D9, At the lowest voltage that can de
developed at the base of an 8B 240 with the maximum permissible base ourrunt,
the two series germanium diodes conduct to the extent where the excess ourrent
is supplied by them to R3, thus protecting the load transistors. At ths
ainizum base voltage needed to ensure saturation, i.e. minimus full load
voltago, the diodes conduot to a negligible extent. Thus any load from one
to fifteen transistors may ve safely connected to the amplifier. The hole
storages charaotoristic of the diode used is such as to produce negligible
distortion of the output waveform.
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L5 The reset and delay elimination network

The purpose of this element is to reset ths binary counter after 25
transitions of its component bistsbles and to eliminate the overall delay.
The required count is achieved by establishing two oyclioc sources of input
pulses. One of these, starting at a time when the counter is in the state
11411, puts out a succession of 24 trigger pulses to the first bistable and
to the inputs of the parallel transfer gates (Fig.13a). During the 25th
period, this source is inhibited and a single pulse is generated by the other
source, which 1s used to reset all bistables then in the '0' state. Thus the
counter is reset to ita initial condition and the oycle repeats ocontimuously.
The counter transitioral delay is eliminated by generating the pulses c¢f both
sources with Py and delaying them by the period of P, minus the overall delay.

The logic dlagram for the network is shown in Fig.18a. It consists
basically of two 'and' gates G4 and G3 which are ocontrolled by a bistable
called a steering bistable, the setting of which is controlled by arother
'and' gate G2 and an inverter. The logioc cycle is composed of the following
sequance of events. Commencing at Pipy time, the inverter sets the steering
bistable to provide an imput to Gi. At Pip, time, @ opens and supplies an
input to the delay network. The latter delays this input by an amount such
that the final output from the inverter ooccurs prior to P2p,; by an amount
squal to the counter's transitional delay. The output is applied to the first
bistable and to the inputs of the parallel trigger pulse transfer gates
(Fig.13a). This causes the counter to change its state and P2 is selected
and amplified. The network functions in this way for 2l digit periods and
thus puts out 24 trigger pulses. The last of these enables P25 to be selected
and the reset pulse must be applied in the next period to reset the counter to
its starting oondition. If Table 5 is examined it is seen that starting from
11114, the 25th state i3 11101, This means that the fourth most significant
bistable only needs to be triggered. It is seen by an inspection of Fig.20s,
that P25 1s fed back as an input to G2. Henoce at P25p, time, G2 opens and
resets the steering bistadle, thus steering an imput to 63. At P25p, time,

G3 cpens and the resulting output is applied to the ensuing delay network amd
buffer amplifier. The delay network performs the same function for the reset
pulse as the other delay network does for the trigger pulses. The reset pulse
is applied direot to the appropriate base oirouit of bistadle D whioh then
triggers enabling P! to be selected. At Pip, time the steering bdistadle is
set and the oyocle repeats.

The basic ountrol logic is implemented using directly coupled clements
and the delay networks are again of the lumped pareseter type. The trigger
line inverter operates in the same way as the inverter amplifiers of the
parallel trigger pulse propagation network, Thus the inputs to the parallel
tranafer gates are all derived from identiocal stages. The cirouit diagrem of
the network is given in Fig.18v.

The buffer amplifier of Pig.18a is simply a common colleotor stage, this
being the most sultable type of drive for the reset line, In the quiescent
state, V112 is held in oonduotion by the 12V supply via RS, the voltage at the
base being limited by the olamping action of the colleotor-base diods which is
conduoting in the forward direction. Diodes D2 and D3 are reverse biased, as
is D4 whioh is inoluded to isolate the bias conditions of distable D base
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oircult from those of the buffer amplifier output. Under signal oconditions,
VM0 and VM1 are caused to conduct and the resultant positive-going excursion
is transmitted by the delay network to VIM2 base, D2, D3 and D4 are biased into
conduction. D3 thus defines VI12 emitter potential and a more positive potential
is developed at the base by adding the voltage drop across D2 to that aoross D3.
VM2 is thus maintained in the cut-off state. 8ince the input resistance of the
buffer amplifier is much higher than the characteristio impedance of the delay
network, a reflection is generated. This is of no consequence however since at
the time of its arrival at VMO collector, no other pulse is being generated and
the reflected emergy iz absorbed in RS, The positive excursion transmitted by
D switches bistable D. Relevant waveforms for the funotion desoribed above
along with those of the binary oounter are shown in Fige19. This completas the
delineation of the P pulse generator and the cowplote logio diagram of it is
glven in PFig,20,

5  IHE A PULJE GENERATOR

The design of this generator is based upon the samo technique as for the
P pulse generator and uses similar circuitry. A logic diagram of the unit is
given in Pig,21. This shows that the counter is of the serial trigger pulse
propagation type and lmplements a switching sequence identical with that of
the binary code. The first bistable is triggercd by P25 delayed by the period
of a P pulse minus the countor's overall delay time. Thus tho output leading
odges sppear coinoident with those of py and P4, The second bistable is
triggered direotly from the first,

An inspection of the binary code sequonce for two variablos shows that
the number of variables which change state at cach transition is altormately
ono and two, Hence the trensitionsal dolay time varies. However the delay ocan
be approximately equalised for ssch transition when omnly two bistables are
involved, by making the speed of response of the second greater than the first.
This is achieved by using oross-coupling cspacitors (C1 Fig.12a) of a larger
value for the second bistadle. In this way, the neod for a parallcl trigger
pulse transfer gate is avoided.

The oircuit arrangement of the genorator is shown in PFig.22 and since it
is formulated of tho same basic elements used in the P pulse generator, needs
no explanation.

6  CCMPARIZON OF COUNTRR TECHNIQUES

At the time that design studies for the pulse genorators wore begun two
other methods of frequenoy division were considered. One of theso used
tistables to provide the basioc waveforms, but switohed them in a sequence
identical with that of the Gray code. For reasons stated oarlier, the counter
transitional delays would all be mado equal without the use of parallel
transfer gates if this method oould be mechenised. The pattorn formed by the
variables which change state in & progression through the sequonce is
irregular when the number of variadles is large howover. In consequence, the
amount of logio required to seleot the particular bistablo to be triggered at
oach transition is much greater than that required for the parallel transfer
gateas This is quite spart from the consideration of resetting a counter
before the end of its natural count, whiol is made more diffiocult by the
adoption of this technique.
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The other method considered was that of using a ring counter. This ocon-
sists basioally of cascaded stages equal in number to the faotor by which the
input frequency is to be divided, the final output being connected back to the
first stage input, Only one stage is in the signal state at any time and when
it is switohed to the steady state, propagates a trigger pulse to saotivate 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 method
oonsidered, the amount of equipment required when the division factor is large
is greater than that required for the method which was adopted,

7 CONCLUSIONS

The ocunters and pulse dividars desoribed in this note have boen constructed
in the laboratory and their performance has been found to be sdequate for the
requirements of the system in which they are to be used. The device is now
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 prinociples
involved are consequently capable of a wide variety of applications in which a
precise source of control pulses is required for digital arithmetic operations.

Bach ocutput is capable of providing control p pulses to a maximum of
180 locations, but for the partioular application envisaged it has not deen
found necessary to provide such a larges "famning 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 rete of changs of ocurrent.
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FI1G. 6. DIRECTLY COUPLED BISTABLE AND
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FIG. 10. p PULSE AMPLIFIER.
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FIG.12.(a) RESISTANCE COUPLED BISTABLE.
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