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Transistorized Calculator

G, . BRUGE

The first fully operative trangistorized caleula-
tor complete with automatic input and oatput is
described. This compact “all-transistor™ wunit
requires 2% per cent less power than a vacuum-
tube unit of comparable capacity. Present
operating experience indicates the mmportant
role which transistors will piay in the computers
of the future.

HIS TRANSISTORIZED CALCULATOR iz the

first eompletcly trimmstorzed. caleclator with awio-

matie ipput-output. The experimental engineering
maodel, shoven in Figs 1, conains over 2,000 fransistors and
5 functionally identical o the International Business
Machines Corporation (IBM) Tvpe 604 clectronic caleulat-
ing punch, a vacuum tube maching of which over 2,000 are
inust, The Type 604 serves as an excellene basis for com-
paring a complete machine system using tubes, 1o a fune-
tionally identical system using only transistors and other
solid state devices. In the power supply and in all the
switching eircuits, each function of the model is performed
without the wse of any iubes.
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SYSTEM DESCRITTION

THE caLcunarTor las o decimal arvithmetic unit and
decimal storage. It operates in the 1, 2, 4, B hinary
codod decmal systern, with numbers transfereed in paralicl
ls decimal digit. The machine has a 13-digit decimal
nccwrmmlator which s used ta add and subeact,  An B-ligit
multiplicand ean be muliiplicd by o S-digic multiplier to
develop a 13.digit product, and a 12-digit dividend can be
divided by an B-digit divisor to develop a 5-digit quotient.
Provision is made for 32 digits of decimal storage,  Thege
are divided into 3-digit and 3-digit groups which may be
combined by “nsizament™ intu cither 6- op S-digiz anits.
The transfer of information and the amlhmelic operatinns
are under the control of progruning circuiti.

The programing cieenits provide an  automatic s
quence of &0 program steps to controt the mode ol oper-
ation. The machine is instructed to perform a desiced
computation by wiring a plugzable control panel.  Sixty
program step exit bubs control sequentially the execoiion
of arithmetic and logical functions which have been wired
on the control panel. Thess pancls can he interchanzad
te alter the calculations.  Another contral panel i ased to
direct the operation of the inputoncpig wnit.

The input-output is by punched cards. & card punch is
used for reading and punching at 100 cards per minute,
Cards are fed frst to 2 reading station, then o & punching
station, and finally past a second reading station before
heing stacked. A total of 37 digits plus signs can be read
inter the caleulator, and 29 digits plus sizns can be punched
out. Caleulations are performed at a basic pulse repeil-
tion rate of 50 ke,  The camputer eycle occurs between the
time a card iscompletely read at the first reading station and
before it arrives at the punching station. Thus, the caleu-
lated resuit is being punched in one card while the next is
being read,  As a service cheek, the caleularor should oper-
ate without failures ar 70 ke.

TRANIISTOR CIRCUIT DESCRIPTION

THE GERMANIUM JUNCTION TRANSISTORS nsed in this experi-
mental machine are  fairly Jow frequency  response
units. Some of the first transistors useed had a T00-ke mini-
mum alpha eutofl fregueney, hut later transistors were spec-
ified for a 1-me alpha cutoff frequency. The grounded
emitter current gain of the junction tranmistors was spoc-
ified as 40 minitmem and 90 maximum, <chough some of
the transietors wsed had grounded emitter eurrent gains as

Fig. 1. The experimental transistorized computer is poacd of
& high-speed punching wmit (fefit), and the teansistorized colenbat-
ing unit (right), The calenlating onit iz wocovered to show
the bank of prioted wiring panels on which the transistors are
maunted
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Junction transistors have characteristics that make them
very satisfactory for usc in switching circuits. One desir.
able characteristic is that they approach an ideal switch.
While they are more temperature sensitive than point-con-
tact trangistors, their cutofl collector current 3 two or three
orders of magnitude smaller than that which point-contace
transistors exhibit. This feature, plus their high current
gain in the grounded-emitter configuration, makes them
applicable to this type of machine, which uses an cssentially
d-¢ type of logic with a signal range of § volts. The de-
cision to use a signal with a 5-volt excursion, from —5 vaolts
to ground, was made for several reasons,  First and moet
important of these was the necessity for reliability.  Early
experience indicated that the cutoff current of a transistor
had a higher rate of increase with time at the higher col-
lector veltages than it did at the lower collector voltages.
This indicated that a low collector voltage, and hence a
low signal swing should be maintained,

The use of low signal levels introduces several problems,
one of these being in respect to the use of visual indicators.
The NE2 neon indicator is a rather efficient light producer
but requires a voltage change of at least 20 volts for oper-
ation. This voliage is obtained with separate voltage am-
plifiers, hence luwer signale can be used for the switch-
ing circuits. Another problem is that the signal level also
influences the speed of operation and energy required in a
transistor switching eireuit. The alpha cutoff frequency of
a transistor is directly related to the collector voltage, and
the collector capacitanee is inversely related to the collector
voltage. Both of these factors indicate that a high signal
level is best for high-speed operation.  However, the larger
the signal exeursion, the larger is the energy stored on stray
capacitance. A spstem with 20-volt signals has 16 times
#5 much energy stored on the stray capacitance as is stored
on the stray capacitance of a S-volt system, In addition,
the “punch-through” voltage which can limit the peak in-
verse voltage rating of a transistor, bears an inverse rela-
tionship to the alpha cutoff frequency. These factors
indicated that future high-speed machines would of necessity
operate with low signal swingse. In addition, a collector
supply veltage could be used which is three times the col-
= lector clamp voltage.  This would achieve reasonably short
recovery times without the use of excessively large supply
voltages. Another benefit derived from the wse of low
voltages is that the power supply voltages can be applied
or removed in a random sequence, and that cards.can be
removed without the necessity of removing power. As a
result of all these considerations, it was felt that a S-volt
signal swing should be reasonably close to optimum.

Various types of basic circuits are employed to accomplish
the necessary switching and control functions. Tncluded
among these circuits are inverters, emitter followers, trig-
gers, logical circuits, and output drivers.

Inverter.  The inverter is shown in Figs. 24 and 2B, using
both PNP and NPN types of junction transistors. This
gives the systern designer an advantage not realized with
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Fig. 2. Toverter .

vacuues tubes. The PAP inverter is capable of charging a
capacitive load rapidly when a positive output is required.
Conversely, the NPN inverter can be used when a capaci-
tive load must be driven rapidly in a negative direction.

The diode clamps, D, and Dy, are used for two reasons.
They reduce by a factor of two the turn-off time of the out-
put signal when the inverter is driving a capacitive load.
Also, the clamps firmly establish the oFF level, and make
this level less dependent on the type of load being driven,
Inverter circuits are particularly susceptible to minority
carrier storage effects, which can cause an excessive turn-off
delay. These effects can be controlled by means of resistor
Ry and capacitor €. Resistor &, iz chosen o that a tran.
sistor with & minimum acceptable grounded-emiteer cur-
rent gain will be just held in saturation, when the input i
at —4 volts for a PAP transistor.  This means that for the
same conditions, a transistor with a high grounded-emitter
current gain will be driven further into saturation, The
minority carrier storage delay time will be abnormally long
if a large transient current is not cavsed o flow into the
base terminal when the transistor i turned off.  The capac-
itor (7 causes this trangient current to flow into the base
when the input is returned 0 ground, thus supplying an
adequate charge with which to turn off the ransistor. It
was found that a 2.5 to 1 spread in grounded-emitter cur-
rent gain gave a reasonable turn-off time with a moderats

Fig. 3. Emitter follower
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Fig. 4. Ring counter

value of capacitance for capacitor Cy. The value of the
load resistor £, ts chosen 0 as to limit the maximum col-
lector current to 5 milliamperes.

Empiter Follower, The civcuit for the emitter follower is
shown in Figs. 34 and 35, It is desirable, as in the oase of
the inverter, to use both a PNP and an NPA type of emitter
follower. The characteristics of the emitter follower cause
the signal to suffer a loss in amplitude and a shift in level.
After the signal is lowered by several stages of emitter fol-
lowers or diode logic, the loss in amplitude s corrected Dy
passing the gignal through an inverter or level resetier.
The ghift in level, on the other hand, 1s compensated for at
cach emitter follower, This is achicved by means of re-
sistors R, and Ry, and the voltage to which Ry s returned.
One seriows difficulty encountered with an emitter follower
when driving a capacitive load is an overshoot in the output
waveform. 1T the resistor £y is not by-passed, this overshoot
can be quite objectionable, but by shunting &y with capac-
itor £ the overshoot can be minimized.

The eollector of the PANF emitter follower is returned to a
patential of —8 volts rather than —5 volts. This is done
to prevent minority carriers from being injected into the
base region from the collector, when the input to the emit-
ter follower i3 at —& volts,  This reduces the loading that
the emitter follower presents to its driving stage, and reduces
the rise time of the output. Because the NPN emitter fol-
lowers in this ealeolator are used to drive loads with long
time constants, the minority carrier effects are not appre-
cialle.

When fast visc and fal] times are required with capacitive
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loads, a complemented emitter follower (Fig. 3C) s used,
Positive-going input waveforms cause the PAP iransistor to
cut off and the NPN transistor to supply the load current.
If the input waveforms are negative-going, the NPN tran-
sistar cuts off and the PAP transistor digcharges the capaci-
tive load. ‘This circuit can drive 12 triggers in parailei at
a pulse repetition of 50 ke,

Trigger. The basic {Eccles-Jordan) trigeer 5 shown in
Figs. 44 and 54. The collectors are clamped at —5 volis
by means of diede Dy on the lelt side, and the emirtor o base
junction of the NPV indicator transistor on the right side.
Ag was meptioned previously, the signal swing s tog low
to iznite a neon indicator and, therefore, 8 larper siznal is de-
veloped by means of the VPN neon indicator transistor,
Thie collector of this transistor can achicve a voltage excur-
sion of 40 volts for operating the neons.

A total of five different types of triggers are used in the
machine, differing only in how they are dnven. Some are
reset on, while others are reset oFF,  The hasic drive eir-
cuits are shown in Figs, 48 and 58. Fir. 48 15 the wvpe of
input used when 2 trigger is operated in a ring ciréuit.
The trigger can he reget by means of a cam-driven contact
which opens the collector supply on one side of the rigger.
It can also be reset by means of dicde 03 when the input
is driven positive by a PNP inverter whick is normally off.
This input is at —5 volts until the inverter concucts amnd
resets the trigmer off.  Positive-going wavdforms on the
SET ON of SET oFF inputs set the teigmer in the ox {right
wransistor conducting) or oFF (left transistor conducting)

state, respeotively.
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volts and no cam reset is required,  The purpose of &,
Dy, Csand Ry, Dy, and €, is 1o act as gates or “steering”™ cir-
cuits. Capacitor Oy and diode 2y provide a reset off input.
These binary triggers sre cascaded, with blocking feed-
back from the fourth stage to the second stage, to form a
binary-coded decimal esunter.

Decimal Counter. The decimal counter is used for the
1-digit accumulater, a S-digit MQ, and the 32 digits of
storage, for a total of 50 decimal counter positions in the
machine. The timing conditions in this counter arc agera-
vated by the low frequency response of the early junction
transistors that were used.  One frequency limitation that
became apparent is the delay accumulated in the “carry™
" from a d-stage decimal ¢ounter,  This delay was avoided
by wsing a circuit (Fig. ) that detects if a 9 s contained in
the 1-2-4-8 counter,  The tenth input pulse is gated directly
through the counter to produce a “carev' with no delay
duoe to the transition time of the trigzees.  This “fast earry”
is accomplished by a three-way on circuit.  The inputs to
the om circuit are from the counter input and from the first
(1 TR) and fourth (8 TR) stages of the counter. The
autput of the or circuit can swing negativelv only if the
counter contains a 9 and the input is negative, When the
tenth input pulse goes positive, an immediate output nceurs
from the or circuit to indicate the prescnce of a earry.

Timing Ring. An application of the ring trigeer circuit
discussed previously is in a timing ring shown in Fig. 7.
This ring has its alternate stages driven by two scparate
“advance” lincs. The ring is arranged so that the “odd™
stages are driven oFF on onc “advance” signal and the
“even'' stages are driven oeF on the next successive signal.
Amy stage that i3 being driven oFr can be coupled to the
next stage to turn it on,  The two advence lines are each
coupled to alternate triggers by a commeon line driven by an
inverter; these lines clamp every other stage of the ring
in the oFF state, The outputs of each trigger are capaci-
tively coupled to the corresponding bases of the transistors
in the next stage.  Therefore, any trigzer in the ring that is
pulled orr will drive the next successive trigger on with a
fast regenerative action,

Legical Circwits. Logic is performed both with diodes
and with transistors.  Transistor logic is used wherever the
requirements of speed dictate. The axp operation is per-
formed by means of PNP emitter followers paralleled with a
common load resistor as shown in Fig. B4, The output
i at ground if X and ¥ and Z arc each at ground level,
The on operation is performed by the circuit shown in Fig,
BB, with the output at ground level if either X or ¥ or Z
is at ground,

Ouipnt Driver. The relays and other electromagnetic
devices in the calculator are driven by a power transistor
developed and fabricated by IBM,!  This transistor exhibits
a negative resistance characterizstic and 5 vsed in 2 manner
very similar to the use of a thyratron tube,  The relay driver
circuit is shown in Fig, 9. The thyratron-like transistor
will “latch on™ with a short duration input pulse and the
collector circuit is opened mechanically in order to return
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the transistor to its state of low conduction.  The average
emitter-to-cnllector current gain of the power transistor is
four and indicates the current multiplying property of the
device. The average collector voltage drop at 100 milli-
amperes is 2 volts, and the transistor can be riggered on
with a pulse duration of about 1 microsecond.  This deviee
is wsed for all the output circuitry to the card punch.

Packagirg,  The transistorized model occuples less than
one hall the volume of the vacuum tube 504, although the
packaging was not directed toward extreme miniaturiza-
tion. Printed wiring techniques are used for assembly of
the transgistor circuitry. A pluggable unit arrangement is
used to facilitate asembly and scrvicing of the machine.
The basic circuit package consists of cireuit components
soldered on a printed wiring card, 3 by 5/, inches, with 18
terminals. The 595 cardz in the caleulator are composed
of a total of 40 different types.

The supply voltages used are 15, =5, —8§, and —15 volis
for the transistor circuits.  In addition, 45 and —45 volis
are supplied for the neon indicators. The power supply
has a tuned transformer input which enables the circuits to
operate satisfactorily with a line voltage variation of [ram
0 e 125 wolts at 60 cycles per second.

The total power consumption of the transistorized calou-
lator is only 310 watts. This iz a power reduction of 93
per cent feom the vacuum-tube machine,

Operating Experience.  The transistorized calewlator hag
undergone tests to study machine operation at elevated
termperatures and it has been displaved and operated under
adverse conditions in several different cities. A total of 5
per cent of the transistors have been replaced. Four per
cent were caused by: (1) initial wiring errors; (2) acci-
dental short circuits when servicing; {3) improper insertion
of cards; (4) card at wrong location: or (5) errors on the
cards, such a3z incorrect resistor values. Of the additional
1 per cent, half of these failures were due to either increased
FEVENSE CUITENt or current Fain oul af specifications, The
others were due to miscellancous troubles, such as a high
noisc figure or instability. Probably most of these were
damaged during testing periods,® but were not detected
immediately.

Although quite Iow signal levels are used, no difficulty
is expericneed with “pickup” and related troubles, even
with 40-volt relay circuitey physically located near some of
the electronic circuits.  Since carcful consideration was
given to relay and electronic ground return isolation, no
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Special precantiond ave i taken whes transinees or
prineed wiring eards g removed o isertod wddh all vole-
nges on the mochine,  Also, noy voltage can be removed
from the clectronic cirouitz without damaginge wransistors,
and the voltages con be removed or applusd in any sequence.
The transistor machine can be reaeliiy sorviced, snd the
ciccuttry 15 castly undecstoord by enoineers Gombare with
vacuum tube machines. [t even oflers a tew sdditionad
scrvicing rdvantages bocause the lower voltiges are some-
what safer and no filiment warme-op time s reguired.

COMOLUSION

Tit: ExperimunTaL  transstorized  caloulacor  contans
2,165 transistors and 3,600 permaniun diodes, with 1o
vacuum tehee  Operating expenence bas proved vesy
satisfactory and indicares that the transisior will pliy ad im.
portent part in the compiters of fomarraw.

The wse of transistors in hehere COEMDIILTS PrOISes mEny
advantazes. In addinan to the olevicus dvantages of
trangistors in providing sze o power recluetioe, the mose
important factor iz the expected Jong Hie of sransistorms,
which should provide a much higher dieeres ol systom reli-
abxlity,
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