
CHAPTER 2 MODULES

Dick Best, Russ Doane, John McNamara

Before applying the views of computer systems, technology, packaging, and

manufacturing, expressed in the previous chapters to the DEC computers

discussed in the following chapters, a brief review of printed circuit module

technology is in order. Module technology is important because modules were

DEC's first products, and because the progress in semiconductor technology
that has formed the major element of the technology push driving the computer

industry is evident in module technology in a scale convenient for close

examination and understanding.

The first modules produced by DEC were called "Digital Laboratory Modules" and

were intended to sit on an engineer's work bench and be interconnected with

simple cords equipped with banana plugs. As shown in Figure 1, the modules

were mounted in aluminum cases 1-3/4 by 4-1/2 by 7 inches in size, and all of

the logical signals were brought out to the front of the case, where they

appeared on miniature banana jacks mounted in a schematic diagram of the

logical function performed by the module. The modules were offered in three

speed ranges with compatible signal levels. The three speed ranges were 500

KHz, 5 MHz, and 10 MHz.

The Digital Laboratory Module product line was supplemented by the Digital

Systems Modules. These modules, samples of which are shown in Figure 2, were
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identical to the Laboratory Modules in circuitry, Signal levels, and speed
range, but had a different packaging scheme. The System Module packaging was

designed for rack mounting and used 22-pin Amphenol connectors at the backs of
the modules rather than banana plugs at the front. The System Module mounting
method was chosen for the PDP-1 computer.

The circuits used in both module series were based on the M.I.T. Lincoln
Laboratory TX-2 computer circuits. All of the TX-2 basic circuits were used,
except those gates which used emitter followers. The emitter follower gates
were not short circuit proof, and it was felt that misplaced patch cords in

Laboratory Module configurations or slipping scope probes in System Module

configurations would cause a high fatality rate for those circuits.

A brief review of some of the circuits follows to indicate how much present

day logic design differs from logic design of twenty years ago. Today

designers deal with ALUs and microprocessors as units, whereas twenty years

ago, Single gates were units.

In the early module designs, most logical operations were performed using

saturating PNP germanium transistors, as described in Chapter 3. While the use

of transistors in radios and television sets relies on the linear relationship
between base current and emitter/collector current to provide the

amplification of radio frequency and audio frequency signals, the use of

transistors in computer cirtuits (except those using ECL) relies primarily on

the behavior of transistors in either the saturated state or the cut-off
state. The use of transistors in such circuits can best be appreciated from

the simple example shown in Figure 3.
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Figure 3 is a schematic of an inverter. If the base lead is brought to a

sufficiently negative voltage, the resulting base current will saturate the

transistor, effectively connecting the emitter to the collector. If, on the
other hand, the base is grounded, no base current flows, no emitter/collector
current will flow, and the transistor will be in the cut-off state. The

collector would then assume the voltage of the negative voltage source, were

it not for the "clamp diode" which limits the voltage of the collector to -3
volts.
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To simplify the logic drawings, a symbolic drawing like that in Figure 4, was

customarily used to represent this circuit. Note that neither Figure 3 nor

Figure 4 shows the emitter directly connected to ground or the collector
directly connected to the negative supply. Rather, a dotted line is shown.

This is because Laboratory Modules and System Modules often used a series
connection of up to three inverter gates between the negative supply and

ground to accomplish various logical functions. This practice would seem

Strange by today's standards because today's transistors use silicon and each

saturated transistor has a 0.7 volt voltage drop across it. In Laboratory
Modules and System Modules, germanium transistors were used, and these had

only about a 0.1 volt voltage drop.

The Digital Laboratory Modules and the Digital System Modules used a dual

polarity logic system employing both levels and pulses. The logical voltage
levels were -3 volts and ground. Correspondence between the logic state, ONE

or ZERO, and the voltage levels of -3 and ground were indicated at each point
in the logic diagram by a diamond. The diamond defined the necessary voltage
level for the action desired. A solid diamond denoted that a -3 volt level was

an assertion and a hollow diamond indicated that a ground level was an

assertion.

Series arrangements of inverters, while useful, were not sufficient to provide

all logical functions. A more general arrangement was to add diodes to the

circuit of Figure 3 to form NAND gate or NOR gates, as shown in Figures 5 and

6.
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Except for very small amounts of delay, the inputs and outputs of these
circuits changed simultaneously, thus no information was stored. The storage
of information was accomplished by bi-stable devices called "flip-flops" whose

State was controlled by the application of pulses. Before discussing the

construction of flip-flops, therefore, it is necessary to briefly describe the

generation of pulses.

Pulses, which were used both in NAND/NOR circuits like those in Figures 5 and

6 and for controlling flip-flops, were generated by pulse amplifiers. Pulse

amplifiers were very powerful logical elements because they not only amplified
and standardized the shapes of pulses, but they also gated pulses. This latter
feature meant that when the same logical gating was to be done on a whole

register of flip-flops, it could often be done once, at the pulse amplifier
which drove the register. The pulse amplifier would typically be arranged to

operate in response to a pulse or level change and produce an output via a

pulse transformer. The pulse transformer had both terminals of its secondary

winding available so that either positive or negative pulses could be obtained

depending upon which terminal was grounded. A negative pulse (ground to -3

volts and back to ground) was represented in the logic drawings by a solid

triangle, and a positive pulse (-2 volts to ground and back to -3 volts) was

represented by a hollow triangle.

The use of pulses is emphasized a great deal in the following discussion

because the concept of gating a pulse at the source and using the gated pulse

to transfer data from register to register on a parallel basis used an

absolute minimum of logic. This method was referred to as "East Coast" logic,
while "West Coast" logic used gating at each bit position to do parallel
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tranfers. These distinctions seem strange in the 1970's when gates are much

cheaper than "a dime a dozen", but in the late 1950's and early 1960's much of
computer design involved this level of component reduction ingenuity.

Flé. 7

"Basie Flie- Flop

Returning to the discussion of gates and flip-flops, a primative flip-flop can

be obtained by interconnecting two grounded emitter inverters as shown in

Figure 7. When one inverter is cut-off, its output is negative. This holds the
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other inverter on, which in turn holds the first inverter off. If an

additional inverter circuit is added to the circuit of Figure 7, the circuit
of Figure 8 is obtained. The application of a negative pulse to the input of
the additional inverter changes the state of the flip-flop. In the actual
implementations of DEC Laboratory Module flip-flops, buffer amplifiers were
added to the outputs to permit a single flip-flop to drive the inputs of many
other gates. The buffer amplifiers also provided delays at the outputs of the

flip-flops such that the output did not change until after the activating
pulse was over. This permitted the state of the flip-flop to be sensed while
the flip-flop was being pulsed, a necessary feature for the simple
implementation of shift registers, counters, and adders.

a c
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Collections of the inverters, gates, and flip-flops just described were

packaged in appropriate quantities (i.e. as many as would fit within the size
Thereand pin contraints) and sold as Laboratory Modules and System Modules.

were a relatively small number of module types available in the Laboratory
Module Series. For example, in the first product line, the 100 Series:

103 6 Inverters
110 2 6-input negative diode NOR's
201 1 buffered flip-flop
302 1 one-shot
402 1 clock pulse generator
406 1 crystal clock
410. 1 Schmitt trigger circuit pulse generator
501 3 level standardizers
602 2 pulse amplifiers
650 1 tube. pulser (15 volt 100 nanosecond pulses)
667 4 level amplifiers (0 to -15 volts)
&01 1 relay

By contrast, there were many System Module types developed. With their higher

packing density, lower cost, and fixed backplane wiring, they were used for

computers, memory testers, and other complex systems of logic.

It is interesting to note that a large percentage of the modules on the above

list were used for the generation and conditioning of the pulses and levels
used in the relatively small number of logic circuits. Reference to a present

day IC catalog would reveal very few pulsing and clocking circuits and a great

many logic circuits. The emphasis on pulses was one of economy, as noted

previously.

In 1960 DEC began building modules with slightly different circuitry than that

described above. While transistor inverters, buffered delayed flip-flops, and

their associated pulse logic were the best choice for 5 and 10 MHz logic, C-D

(capacitor-diode) gates and unbuffered flip-flops were found preferable for
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low speed logic because greater logic density and lower cost could be

achieved.
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A negative capacitor-diode gate is illustrated in Figure 9. With both the

level input and the pulse input at ground for sufficent time to allow the

capacitor charge to reach three volts, a negative level change or a negative

pulse at the pulse input will.cause a positive pulse to appear at the output.

Such gates could drive the direct set input of any flip-flop which required a

positive pulse, and were built into some unbuffered flip-flop inputs to be

used for shifting and counting.
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A positive capacitor-diode gate is illustrated in Figure 10. With the level
input at -3 and the capacitor input at ground for a sufficient time to allow
the charge on the capacitor to become stable, a negative level change or a

negative pulse at the capacitor input will cause the transistor to conduct,
grounding the output for an amount of time determined by the gate time

constant or the input pulse width, whichever is shorter. Gates of this type
were not cross-coupled to form flip-flops, but could be used to set and clear
unbuffered flip-flops by momentarily grounding the correct flip-flop outputs
in a fashion similar to the inverter gate that was added to Figure 7 to obtain

Figure 8.

The principal advantages of the capacitor-diode gates were:

1) The level input to the gate was used to charge a capacitor and was isolated
from the rest of the circuit by a diode. Thus, no DC load was presented to

the circuit driving the level input of a C-D gate.

2) The resistor-capacitor time constant of the gate required that the

conditioning level be present a certain amount of time before the pulse

input occurred. This introduced a delay between the application of a new

gate level and the time the gate was conditioned, and allowed the sampling

of unbuffered flip-flop outputs at the same time that the flip-flop was

being changed.

3) The resistor-capacitor combination differentiated level changes, permitting

a level change to create a pulse.
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The use of saturating MADT transistors and toroidal pulse transformers

appeared to be nearing an operating limit at 10 MHz. The pulses needed to

operate the circuits shown in the previous diagrams were 40% of the cycle time
of 10 MHz logic, tightly constraining transformer recovery time and making it
difficult to design circuits that were not excessively sensitive to repetition
rate. Furthermore, gate delays were large enough to prevent some needed logic
configurations from propagating within the 100 nanosecond interval implied by

the 10 MHz rating.

A major break with previous circuit geometries appeared necessary. The use at

IBM of non-saturating logic encouraged an exploration in that direction. The

project was called the "VHF Logic" project because operation at 20 MHz or

better (the bottom end of the VHF radio band) was the goal.

The complex 30 mHz flip-flops were packaged one to a module, so @ great many

interconnections were needed to implement logical functions. In systems

designed for 30 MHz operation, the use of leads longer than a few centimeters

was expected to require special care, hence the availability of a satisfactory
transmission line hookup medium was felt to be an essential element for ease

of use. A new solid wall coaxial cable had just been introduce, the 50 ohm

impedance version of which was chosen to hook up the VHF modules. It appeared

to have a strong enough center conductor for practical hookup between modules

while not being too bulky for easy hand bending.

Due to the low impedance needed for the coaxial cable connections,

substantial driving current was necessary to achieve adequately high signal

voltages, and hence considerable power had to be dissipated. The ability to
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drive a load at any point along the transmission line was deemed necessary for
practical hookup, and 3 volt swings had to be available for compatibility with
existing modules. These needs were met by choosing a 60 milliampere output
current, producing a 1.5 volt swing on a double-terminated 50 ohm line and a 2

volt swing with a 50 ohm load when interfacing to existing slower logic. These

voltage and current levels required the addition of heat sinks to the output
transistors. This was accomplished by installing spring clips that fastened

the cases of the transistors directly to the connector pins, exploiting the

connectors as heatsinks and at the same time providing a minimum inductance

connection from the transistor collector (common to the case) out of the

module.

The VHF modules contained a novel delay line implementation which has

reappeared in recent days in the ECL boards of the KL10 processor. Flip-flop
feedback delay was provided by a 10 nanosecond stripline etched onto the

printed circuit board. A meander pattern was selected with a degree of local

coupling between the loops to achieve a seven to one delay to risetime ratio.
Both the delayed and undelayed ends of this 50 ohm stripline were made

available at the module pins. The undelayed outputs switched simultaneaously

with the flip-flop outputs, allowing a subsequent gate to subtract a delayed

flip-flop output from the undelayed complement output side of the flip-flop
and produce a 10 nanosecond pulse when the flip-flop changed state.

The performance of the VHF modules was rated at 20 HMz, which was the limit of

the module testers used on the production floor. Bench testing demonstrated 40

MHz capability with the promise of 50 MHz performance if adequate testing

apparatus could be found. Risetimes were better than 1.
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Modules delivered to customers were used to build satisfactory high
performance systems, but the need for such high performance was not

widespread. In addition, the product development cycle was by the standards of
the time quite long (two years) and the enthusiasm for the VHF modules amongst
the DEC engineers flagged, further attenuating product momentum. Despite their
failure as a product, the VHF modules eventually made a contribution to

computer progress. To produce timesharing systems, the PDP-6 needed a way of
comparing relocated addresses at very high speed. A high speed register
comparator was quickly designed using current mode logic similar to the VHF

modules.

As a series of general purpose products for engineers to use, the cost of the

VHF modules and the inconvenience of their wiring was too great. Further

developments in general purpose logic modules were to lie in the opposite
direction: cheaper, more compact, easier to use, and slower.

By 1964 the decreasing cost of semiconductors during the early 60's had caused

the cost of System Module mounting hardware to become a significant portion of

the total module cost. In response to this trend, a new type of module was

developed which was a 2.5 by 5 inch printed circuit card with a color coded

plastic handle. The printed circuit card provided its own mechanical support -

there was no metal frame around it as there had been in the System Module

design. The new modules, called Flip-Chip modules, plugged into connector

blocks that could support eight such modules.

The first series of the new modules was designated the "R-Series" and was

identified by using red handles. The R-Series circuits were a reaction to the
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rather complicated set of usage rules developed for the previous products. The

goal was to make these easy to use and inexpensive . Integrated circuits were

not used because they were more expensive than discrete components and the

computer industry had not yet decided on the type of integrated circuit to
use. The building block for R-Series logic was the diode gate, a sample of
which is shown in Figure 11. The other basic circuit was the DCD

(diode-capacitor-diode) circuit shown in Figure 12. The DCD gate was.used to

provide standardized levels to active devices such as flip-flops and to

produce the logical delay necessary to sense and change flip-flops at the same

time.
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A second series of the new modules was developed for the first PDP-8s. This
series was called the S-Series, although it also had red handles. The S-Series
modules used the same circuits as their. R-Series counterparts, but with
variations to the values of the load resistors and DCD gate storage capacitors
to obtain greater speed.

The B-Series with blue handles was essentially the same as the 6000 series of
10 MHz System Modules, but repackaged on the new 2.5 inch by 5 inch cards, and

used silicon transistors rather than germanium transistors. The new silicon
transistors were a mixed blessing. While they had temperature sensitivity
characteristics superior to those of the germanium transistors, and their
voltage drop characteristics permitted the elimination of the bias resistor to

+10 volts, they did not saturate as well as the germanium transistors. Because

they did not saturate well, the voltage between the collector and the emitter
in the saturated state was not as low as it was with germanium transistors.
This meant that the series arrangement of three inverters discussed in

conjunction with the dotted lines in Figure 4 could not be used. Instead, only
two of the silicon transistor inverters could be connected in series if the

output was intended to drive another inverter. The first computer to use the

B-Series modules was the PDP-7.

Analog applications were the target market for the A-Series modules, which had

amber handles. This series, still being manufactured today, includes analog

multiplexers, operational amplifiers, sample and hold circuits, comparators,

digital to analog converters, reference voltage supplies, analog to digital
converters, and various accessory modules. The peak development rate for

analog modules occurred in 1971 with 38 new types and declined to 5 new types
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in 1977.

While all of the preceding modules had been designed as user-arrangeable
building blocks, the green handled G-Series was intended for modules that
would only be sold as part of a system. For example, all of the DEC core

memory circuits have been in the G-Series because a core memory system is
sufficiently complex that a cookbook approach using a standard series of
modules is not appropriate. The G-Series is still actively used today for
circuits other than logic, generally in peripheral devices such as disks,
tapes, and terminals.

Like the A Series and G Series, the W (white handle) Series is still
manufactured, and is used to provide intput/output capability between

Flip-Chip modules and other devices. Lamp drivers, relay drivers, solenoids

drivers, level converters, and switch filters are included in this family, but

the only modules used widely today are the W900-W999 modules which include

cable termination modules and blank boards upon which the user can mount ICs

and wire wrap them together.

While the W-Series provided a variety of interface capabilities, the circuitry
used therein was still too fast for typical industrial applications.
Computer-oriented logic, by its very nature, is high speed and provides noise

immunity far below that required in small-scale industrial control systems

located physically close to the process they control.

Unfortunately, industrial electrical noise is not predictable to the nearest

order of magnitude. Thus, attempts to solve the problems with "high level
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logic" whose voltage thresholds were merely a few times greater than

computer-type logic levels did not work well.

A new series of modules, the K-Series (with blac(K) handles), was developed
which relied on a combination of voltage, current, and time thresholds to

protect storage elements such as flip-flops and timers from false triggering.
Since industrial controls typically interact with physically massive

equipment, time thresholds are particularly attractive. There are four ways of
exploiting these:

1) basic 100 Khz slow-down circuits everywhere

2) optional 5 KHz slow-down circuits available
2) transition-sensitive (edge-detecting) circuits provided with

hysteresis to allow additional discrete capacitor loading when

all else fails
4) replacement of the conventional monostable multivibrator or

"one-shot" circuit by a timing circuit having both a low

impedance and hysteresis at the input.

The hardware for the K-Series was specially designed to fit the NEMA (National

Electrical Manufacturers Association) enclosures traditionally used with relay
implemented industrial controls, but used the same connectors as the other

Flip-Chip modules. Sensing and output terminals were provided with screw

terminals and indicator lights, and appropriate arrangements were made to

interface with 120 VAC devices. Wire wrap terminals were protected from

external voltages but were available for oscilloscope probes. Magnetically

latched reed relays and diode arrays that could be programmed by snipping out

diodes were provided as memory elements that would retain data during power
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failures.

FIG. 13

K Series

Gating in early K-Series modules was accomplished with discrete
diode-transistor circuits such as that shown in Figure 13. Other K-Series

modules used integrated circuits for the logic functions. In these designs the

inputs to the ICs were protected with filter/trigger circuits which filtered

out the noise and then restored the fast rise-times required by the ICs.

Outputs were protected from output-induced noise and converted to standard
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K-Series signals by circuits similar to those used in the discrete logic
gates.

Unlike other DEC modules, the K-Series modules were not directly useful for
constructing computers or computer-like data processing subsystems due to
their low speed and high cost. They did play an important part in bringing
digital logic into industrial applications, and the noise protection
techniques developed for these modules were useful in the design of the PDP-14

Industrial Controller (Chapter 6).

By 1967 the electronics world had settled on transistor-transistor-logic (TTL)
as the technology of choice for integrated circuits and the cost for logic
functions implemented in TTL ICs had dropped below that of discrete circuit
implementations. With much more logic fitting into the same printed circuit
board area, a single Flip-Chip card could now accommodate much more

complicated functions. However, there were not enough connector pins available
to get the necessary signals on and off the card. The answer to the problem

was to keep the cards the same size, but to have etch and associated contacts
on both sides of the printed circuit board. This increased the number of
contacts from 18 to 36, and a new series with magenta handles (M-Series) was

born. Subsequently, some G-Series and W-Series modules were also designed with

ICs and double sided boards.

The advent of TTL brought the first power supply and signal level change in

DEC's history. The -15 volt and +10 volt supplies were no longer required.

Only a single +5 volt supply was needed to supply the logic signals which were

now 0 and +3 volts. The packaging was kept consistant, however, as the old
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single-sided modules could be plugged into the new connector blocks, and

careful attention to pinning arrangements allowed double-sided module to be

used in a single sided block at a sacrifice of some circuits.

The basic TTL circuit is the NAND gate shown in Figure 14.

Q
Qs
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put is
The input of the TTL gate is a multiple emitter transistor. If either in
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at or near ground (0 to 0.8 volts), Q1 becomes saturated, bringing the base

voltage of Q2 low, turning off Q3 and turning on Q4 making the output high
(42.4 to +2.6 volts). If both inputs are high (above 2.0 Volts), Q2 has base

current supplied to it through the collector diode of Q1, turning Q2 on. This
in turn provides base current to Q2, saturating it and cutting off QU, making
the output low (0 to 0.4 volts).

Like the transistor inverter circuits discussed in conjunctuion with System

Modules, TTL NAND gates can be cross-connected to form flip-flops.

The first generation of M-Series modules were used in a redesign of the PDP-8

called the PDP-8/I. The circuits used in these modules used TTL integrated
circuits which were called "7400 series" integrated circuits because of a

growing tendency in the semiconductor industry to standardize part numbers for

TTL circuits, calling a package of 4 NAND gates a 7400, a package of six
inverters a 7404, etc. The KI10 processor used in the PDP-10 was designed from

higher speed circuits using the 74HOO series of TTL integrated circuits. The

74HOO circuits were Similar to the earlier 74 series, but were faster and used

much more power. The first PDP-11 (the PDP-11/20) used both 7400 and 74HOO

series ICs, as did the PDP-8/E. Both of these latter machines used 8.5 inch by

10.4 inch "extended quad" modules.

In 1970 an M-Series 18-bit machine, the PDP-15, was constructed. It was the

last of a generation which started with the PDP-1 (System Modules), and grew

through the PDP-7 and PDP-9 (B-Series modules). The PDP-15 and the PDP-11/45

used Schottky TTL, a circuitry with such rapid switching speeds that

four-layer boards had to be used such that the inner layers of power and
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ground etch could provide shielding.

In 1972 work began on a new PDP-10 processor, the KL10. This used ECL

current switching non-saturating logic from several vendors including the MECL

(Motorola Emitter Coupled Logic) 10,000 series. This line of circuits is in

some ways an integrated circuit version of the VHF modules. The basic gate is
shown in Figure 15.
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Q6 has a temperature compensated internally generated reference voltage on its
base of -1.3 volts. The outputs drive 50 ohm terrminated transmission lines
returned to -2 volts. There is a complementary pair of outputs so that the
circuit is both an OR and a NOR gate. At 25 degrees Celsius the upper level
will between -0.81 and -0.96 volts, while the lower level will be between

-1.65 and -1.85 volts. The circuits, like the Schottky circuits, are so fast
that multi-layer boards are required. In addition, a great deal of care in

Signal line termination is required. As with the previous logic families
studied, flip-flops can be created. The ECL master-slave flip-flops are quite
complex, requiring 32 transistors and 7 diodes.

As the various module circuit technologies developed, not only could more

logic functionality fit in a given space, but also the space provided on

individual logic modules was increased. By 19732, the "hex" module (8.5 by 15.6

inches) was widely used, principally in the PDP-11 family. By 1977, DEC

computers were using 12 by 15.6 inch "extended hex" modules.

An evolution in circuits has continued as the technology has changed. As

integrated circuits have become more powerful by the reduction of the size of

their active elements, each new computer introduced is smaller, faster, and

generally lower cost than its predecessor. While only DEC examples have been

mentioned here, the trend toward smaller, faster, and less costly computers

has been true across all of the computer manufacturers.

The chart below shows the number of module types that were started each year

from 1957 through 1977.
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Figures:

1. Photograph of Digital Laboratory Module

2 - Photograph of Digital System Module

3 - Schematic of an Inverter Used in Digital System Modules

4. Symbolic Drawing of an Inverter
5 OR Gate

6. AND Gate

7. Flip-Flop
8. Flip-Flop With Inverter
9. Negative C-D Gate

10. Positive C-D Gate

11. Diode Gate

12. D-C-D Gate

12. K Series Circuit
14, TTL Circuit
15. ECL Circuit
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Before applying the views of computer systems, technology, packaging, and

manufacturing, expressed in the previous chapters to the DEC computers
discussed in the following chapters, a brief review of printed circuit module

technology is in order. Module technology is important because modules were

DEC's first products, and because the progress in semiconductor technology
that has formed the major element of the technology push driving the computer

industry is evident in module technology in a scale convenient for close

The first modules produced by DEC were called "Digital boratory Modules" and \
bench and be interconnected withwere intended to sit an engineerS wor

were mounted in aluminum case 1+3/4 by 4-1/2 by 7 inches
see

the logical signals were brought ews to the front of the cdse, where they

appeared on miniature banana jacks. mounted in a schemati diagram of the

compatible signal 500
a

Vielen tele mounts)
The Digital Laboratory Module product line was supplemented by the igital
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logical function performed by the module. The modules wefe offered in three

10 MHz addedKHz, 5 MH
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'stems Modules. These modules, semples of which are shown in Figur were
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ntical to the Laboratory Modules in circuitry, signal levels, and speed x

range, but had a different packaging scheme. The System Module packaging was

designed for rack mount ing and used 22-pin Amphenol connectors at the backs of o

the modules,rather than banane plugs at the front The System Module mount ng

3

2

8

Leder Monte, ports wire

method was chosen for thé PDP-1 computer Mat LS
Mork} Prem wired paral. Arter
The circuits used in both module series were based on the M.J.T. Lincoln

Laboratory TX-2 computer circuits. All of the TX-2 basic circuits were used,

except those gates which used emitter followers. The emitter follower gates
were not short circuit proof, and it was felt that misplaced patch cords in

Laboratory Module configurations or slipping scope probes in System Module

1

configurations would cause a high fatality rate for those circuits.

@ rier review of some of the circuits follows to indicate how much present

designers deal with ALUS and microprocessors as units, whereas veersmaki
day logic design differs from logic design of twenty years goday(96Os

ON § th diy Fig ftuas
age, single gates, were units.

In the early module designs, most logical operations were performed using

saturating PNP germanium transistors, as described in Chapter 3. While the use

of transistors in radios and television sets relies on the linear relationship

between base current and emitter/collector current to provide the

amplification of radio frequency and audio frequency signals, the use of

transistors in computer circuits (except those using ECL) relies primarily on

the behavior of transistors in either the saturated state or the cut-off
;

state. The use of transistors in such circuits can best be appreciated from

the simple example shown in Figure 3.
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Figure 3 is a schematic of an inverter. If the base lead is brought to a

fficiently negative voltage, the resulting base current will saturate the

transistor, effectively connecting the emitter to the collector. If, on the
other hand, the base is groundéd, no base current flows, no emitter/collector
current will flow, and. the transistor will be in the cut-off state. The
collector would then assume the voltage of the negative voltage source, were
it not for the "clamp diode" which limits the voltage of the collector to -3
volts,
Lin TT. ~ % volt soph wae Gensel or geek danteCheat

Js pede
td -13 poem,
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xcept for very small amounts of delay, the inputs and outputs of these
circuits changed simultaneously, thus no information was stored. The storage
of information was accomplished by bi-stable devices called "flip-flops" whose
state was controlled by the application of pulses. Pefore discussing the

3

2

construction of flip-flops, therefore, it is necessary to briefly describe the

bhje "hy Loca. & Signe .pulseswtb a >
7

6

Pulses, which were used both\in NAND/NOR circuits like those in Figures 5 and

erated by pulse amplifiers. Pulse6 and for controlling flip-fldps, were

amplifiers were very powerful logical lements because they not only amplified
but they also gated pulses. This latter.43and standardized the shapes of

4
feature meant that when t cal gating was to be done on a whole*same lo

3
register of flip-flops, it could often he done once, at the pulse amplifier
ich drove the egister. The pulse amplif er would typically be arranged

43

operate in_fesponse to a pulse or level change and produce an output via a

ab
bo

t

pulse. ransformer. The pulse transformer had both terminals of its secondary 3
winding available so that either positive or nes .tive puises could be obtained ?

?
depending upon which terminal was grounded. 4 negative pulse (ground to -3
volts and back to ground) was represented in the logic drawings by a solid

triangle, and a positive pulse (-2 volts to ground and back to -3 volts) was

The -use-of pulses is. emphasized

because the concept of gating a pulse at the source and using the gated pulse

e minimum of logic. ly

~

represented by a hollow triangle.
! N seat fa

nofun 6

2

to transfer data from register to register on a parallel basis used a 2

2

Taw ft. ps



clocks wind

aA +zbl, afA
2

Uys a Ler 34 4 WV

a 4

ete ote ' Cavin be Ow
x

A

Dudas tra ng

pore S

4

&

K souks , large dig lod

A 4 vole faye

lay

3 b Cec. a
Pf:

a

Ware.



Chapter 2 page 6

R. Best, R. Doane, J. McNamara Edited 3/17/78

These distinctions secm strange in the 1970's when gates are much

eaper than "a dime a dozen", but in the late 1950's and early 1960's much of
computer design involved this level of component reduction ingenuity.

raced Te minimisederi fe

8

th >
physi

DEC logue ) cha chy!
&lant.

hew bare
A ken clear

MEC's
Bast Coast

7 fue" » nile HH Aye

Use

Fl6. 7

Dasce ELIP- FLOP

Returning to the discussion of gates and flip-flops, a primative flip-flop can

be obtained by interconnecting two grounded emitter inverters as shown in

Ouure 7. When one inverter is cut-off, its output is negative. This holds the
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mp g symbolic drawing Figure 4. was

@stomerily used to represent this circuit. Note that neyther Figure 3 nor

Figure 4 shows the emitter "directly connected to grodnd or the collector
directly connected to the negative supply. Rather,"a dotted line is shown.

connection of up to three inverter gates between the negative supply and

ground to accomplish various logical functions. This practice would seem

strange by today's standards because today's transistors use silicon and each

saturated transistor has a 0.7 volt voltage drop across it. In Laboratory
Modules and fystem Modules, germanium transistors were used, and these had

va
r(A

AW
D

W
er

B)
ox

(n
or

A
AN

D
B)
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This is because Laboratory Modules atrd-System Modules often used a series

only about a 0.1 volt voltage drop.

Roth
The Digital Laboratory Modules and the Digital System Modules used dual

logic system employing both levels and pulses. The logical voltage
levels were -3 volts and ground. Correspondence between the logic state, ONE

or ZERO, and the voltage levels of -3 and ground were indicated at each point

level for the action desired. A solid diamond denoted that a -3 volt level was 3
in the logic diagram : .' a diamond. The diamond defined the necessary voltage

anassertion and a hollow diamond indicated that a ground level was an 8

e 5

assertion. The s
2

ver fr, sign
4 eth thy

diodes to th

circuit of Figure 3 to form NAND gate or NOR gates, as shown in Figures 5 and

6 e 3

o Figs S46 be
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other inverter en, which in turn holds the first inverter off. If an

inverter circuit is added to the circuit of Figure7, the circuit
of Figure 8 is obtained. The application of a negative pulse to the input of

go thet
the additional inverter changes the state of the flip-flop. In the actual
implementations of DEC Laboratory Module flip-flops, buffer amplifiers were/

added to the outputs to permit a Single flip-flop to drive the inputs of ma

other gates. The buffer amplifiers also provided delays at the outputs of
flip-flops such that the output did not change until after the activating
pulse was over. This permitted the state of the flip-flop to be sens while
the flip-flop was being pulsed, a necessary feature for the simple
implementation of shift registers, counters, and adders.

be

A e << e

Fis. §
Flip- Flap @ VER Te? »
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Collections of the inverters, gates, and flip-flops just described were

and"Adpin contraints) and sold as Laboratory Vodules and System Modules. There
were a relatively small number of odule types available in the Laboratory

packaged in appropriate quantities (i.e. as many aswould the size
A

Module Series. For example, the/first product line,the J00 Series}

103 6 Inverter
110 2 6-input negative diode NOR's
201 1 buffered flip-flop
302 1 one-shot
402 1 clock pulse gener
406 1 erystal clock
410. 1 Schmitt trigger circuit pulse generator
501 3 level standardizers
602 2 pulse emplifiers
650 1 tube. pulser (15 volt 100 nanosecond pulses)
667 4 level amplifiers (0 to -15 volts)
801 1 relay

By contrast, there were many System Module types developed. With their higher

@«irs density, lower cost, and fixed backplane wiring, they were used for

computers, memory testers, and other complex systems of logic.

It is interesting to note that a large percentar> of the modules on the above

list were used for the generation and conditicring of the pulses and levels
used in the relatively small number of logic circuits. Reference to a present

day IC catalog would reveal very few pulsing and clocking circuits and a great
many logic circuits. The emphasis on pulses was one of economy, as noted

previously.

In 1960 DEC began building modules with slightly different circuitry than that

described above. While transistor inverters, buffered delayed flip-flops, and

Coan

@,nacitor-diode) gates and unbuffered flip-flops were found preferable for
their associated pulse logic were the best choice for 5 and 10 MHz logic, C-D
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low speed logic because greater logic density amr lower cost could be

hieved.

Outre :

Fis. g
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A negative capacitor-diode gate is illustrated in Figure 9. With both the

level input and the pulse input at ground for sufficent time to allow the

capacitor charge to reach three volts, a negative level change or a negative

pulse at the pulse input will cause a positive pulse to appear at the output.
Such gates could drive the direct set input of any flip-flop which required a

positive pulse, and were built into some unbuffered flip-flop inputs be-

used for shifting and counting. Mot, hove (ogee

(wo
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A positive capacitor-diode gate is illustrated in Figure 10. With the level
@nu at -3 and the capacitor input at ground for a sufficient time to allow
the charge on the capacitor to become stable, a negative level change or a

negative pulse at the capacitor input will cause the transistor to conduct,
grounding the output for an amount of time determined by the gate time
constant or the input pulse width, whichever is shorter. Gates of this type
were not cross-coupled to form flip-flops, but could be used to set and clear
unbuffered flip-flops by momentarily grounding the correct flip-flop outputs
in a fashion similar to the inverter gate that was added to Figure 7 to obtain
Figure 8.

The principal advantages of the capacitor-diode gates were:

@ The level input to the gate was used to charge a capacitor and was isolated
from the rest of the circuit by a diode. Thus, no PC load was presented to

the circuit driving the level input of a C-D gate.

2) The resistor-capacitor time constant of the gate required that the

conditioning level be present a certain amount of time before the pulse

input occurred. This introduced a delay between the application of a new

gate -level and the time the gate was conditioned, and allowed the sampling

of unbuffered flip-flop outputs at the same time that the flip-flop was

being changed.

3) The resistor-capacitor combination differentiated level changes, permitting
a level change to create a pulse.

4)

Tupper Fer fre.
Cart wo
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The use of saturating MADT transistors and toroidal pulse transformers
ppeared to. be nearing an operating limit at 10 MHz. The pulses needed to

operate the circuits shown in the previous diagrams were 40% of the cycle time
of 10 MHz logic, tightly constraining transformer recovery time and making it
difficult to design circuits that were not excessively sensitive to repetition
rate. Furthermore, gate delays were large enough to prevent some needed logic

(FO nameWendy )

configurations from propagating within the 100 nanosecond interval implied by
the 10 MHz rating.

A major break with previous circuit geometries appeared necessary. The use at
IBM of non-saturating logic encouraged an exploration in that direction. The

project was called the "VHF Logic" project because operation at 20 MHz or
better (the bottom end of the VHF radio band) was the goal.

The complex 30 mHz flip-flops were packaged one to a module, so a great many
interconnections were needed to implement logical functions. In systems
designed for 30 MHz op. ation, *he use of leads longer than a few centimeters
was expected to require special care, hence the availability of a satisfactory
transmission line hookup medium was felt to be an essential element for ease

of use. A new solid wall coaxial cable had just been introduce, the 50 ohm

impedance version of which was chosen to hook up the VHF modules. It appeared

w ?

to have a strong enough center conductor for practical hookup between modules

while not being too bulky for easy hand bending.

Due to the low impedance needed for the coaxial cable connections,
substantial driving current was necessary to achieve adequately high signal
@ tages, and hence considerable power had to be dissipated. The ability to
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drive a load at any point along the transmission line was deemed necessary for
ractical hookup, and 3 volt swings had to be available for compatibility with
existing modules. These needs were met by choosing@ 60 milliampere output
current, producing a 1.5 volt swing on a double-termineted 50 ohm line and a 2

volt swing with a 50 ohm load when interfacing to existing slower logic. These
voltage and current levels required the addition of heat sinks to the output
transistors. This was accomplished by installing spring clips that fastened
the cases of the transistors directly to the connector pins, exploiting the
connectors as heatsinks and at the same time providing a minimum inductance

page 12

connection from the transistor collector (common to the case) out of the
module.

The VHF modules contained é novel delay line implementation which has

@Prreered
in recent days in the ECL boards of the KL10 processor. Flip-flop

feedback delay was provided by a 10 nanosecond stripline etched onto the
printed circuit board. A meander pattern was selected with a degree of local
coupling between the luops to athieve a seven to one delay to risetime ratio.
Foth the delayed and undelayed ends of this 50 ohm stripline were made
available at the module pins. The undelayed outputs switched simultaneaously
with the flip-flop outputs, allowing a subsequent gate to subtract a delayed
flip-flop output from the undelayed complement output side of the flip-flop
and produce a 10 nanosecond pulse when the flip-flop changed state.

The performance of the VHF modules was rated at 20 HMz, which was the limit of
the module testers used on the production floor. Pench testing demonstrated 40

MHz capability with the promise of 50 MHz performance if adequate testing
9@,.ratus could be found. Risetimes were better than 1.
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Modules delivered to customers were used to build satisfactory high }erformance systems, but the need for such high performance was not :
widespread. In addition, the product development cycle'was by the standards of;3the time quite long (two years) and the enthusiasm for the VHF modules amongst &

the DEC engineers flagged, further attenuating product morentum. Despite their
failure as a product, the VHF modules eventually made a contribution to

Ber

computer progress. To produce timesharing systems, the PDP-6 needed a way of
comparing relocated addresses at very high speed. A high speed register
comparator : was quickly designed using current mode logic similar to the VHF
modules.

As a series of general purpose products for engineers to use, the cost of the
VHF modules and the inconvenience of their wiring was too great. Further

cropments in general purpose logic modules were to lie in the opposite
direction: cheaper, more compact, easier to use, and slower.

Eh P

By 1964 the decreasing cost of semiconductors during the early 60's had causednodes
the cost of System Modu. e mounting hardware, to become a significant portion of
the total cost. In response to this trend, a new type of module was 4

fo dhe

developed which was a 2.5 by 5 inch printed circuit card'with a color coded
Corr Peg. 102)plastic handle. The printed circuit card provided its own mechanical support -

there was no metal frame around it as there. had been in the System Module .3

Con
design. The new modules, called Flip-Chip module, plugged into, connector
blocks that could support eight such m [int ad FR

3

Vier -wan fiat wire Dewees p
er intr anu > \

The first series of the new modules was designated the Series" /and was

vy using red handles. The R-Series circuits were a reaction to the

0)Coat Dery
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ther complicated set of usage rules developed for the previous products. The
was to make these easy to use and inexpensive . Integrated circuits were

not used because they were more expensive than discrete components and the
computer industry had not yet decided on the type of integrated circuit to
use. The building block for R-Series logic was the diode gate, a sample of
which is shown in Figure 11. The other basic circuit was the DCD

(diode-capacitor-diode) circuit shown in Figure 12. The DCD gate was used to

provide standardized levels to active devices such as flip-flops and to

produce the logical delay necessary to sense and change flip-flops at the same
700-F
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second series of the new modules was developed for the first PDP-8s. This
series was called the S-Series, although it also had red handles. The S-Series
modules used the same circuits as their. R-Series counterparts, but with
variations to the values of the load resistors and DCD gate storage capacitors
to obtain greater speedtha a IMby R-see0er.

The B-Series with blue handles was essentially the same as the 6000 series of
10 MHz System Modules, but repackaged on the new 2.5 inch by 5 inch cards, and

used silicon transistors rather than germanium transistors. The new silicon
transistors were a mixed blessing. While they had temperature sensitivity
characteristics Superior to those of the germanium transistors, and their
voltage drop characteristics permitted the elimination of the bias resistor to
+10 volts, they did not saturate as wel] as the germanium transistors. Pecause

did not saturate well, the voltage between the collector and the emitter
in the Saturated state was not as low as it was with germanium transistors.
This meant that the series arrangement of three inverters discussed in

conjunction with the dotted lines in Figure 4 could not be used. Instead. only
two of the silicon transistor inverters could be connected in series if the

output was intended to drive another inverter. The first computer to use the

B-Series modules was the PDP-7 bared m

Analog epplications were the target market for the A-Series modules, which had

amber handles. This series, still being manufactured today, includes analog

multiplexers, operational amplifiers, sample and hold circuits, comparators,

digital to analog converters, reference voltage supplies, analog to digital
converters, and various accessory modules. The peak development rate for

m1alog modules occurred in 1971 with 38 new types and declined to 5 new types
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é 1977.

While all of the preceding modules had been designed as user-arrangeable
building blocks, the green handled G-Series was intended for modules that
would only be sold as 'part of a system. For example, all of the DEC core

memory circuits have been in the G-Series because a core memory system is
sufficiently complex that a cookbook approach using a standard. series of

not appropriate. The G-Series is still actively used today for
: *other than logic, generally in peripheral devices such as disks,eireu

tapes, and terminals.

Like the A Series and G Series, the W (white handle) Series is still
manufactured, and is used to provide in{put/output capability between

@ ip-chip modules and other devices. Lamp drivers, relay drivers, solenoids

drivers, level converters, and switch filters are included in this family, but

the only modules used widely today are the W900-W999 modules which include

cable termination modules and blank boards upo. which the user can mount ICs

and wire wrap them together.

While the W-Series provided .a variety of interface capabilities, the circuitry
used therein was still too fast for typical industrial applications.
Computer-oriented logic, by its very nature, is high speed and provides noise

immunity far below that required in small-scale industrial control systems

located physically close to the process they control.

Unfortunately, industrial electrical noise is not predictable to the nearest

order of magnitude. Thus, attempts to solve the problems with "high level
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logic" whose voltage thresholds were merely a few times greater than
@ )mputer-type logic levels did not work well.

A new series of modules, the K-Series (with blac(K) handles), was developed
which relied on a combination of voltage, current, and time thresholds to
protect storage elements such as flip-flops and timers from false triggering.
Since industrial controls typically interact with physically massive

equipment, time thresholds are particularly attractive. There are four ways of
exploiting these:

1) basic 100 Khz slow-down circuits everywhere
2) optional 5 KHz slow-down circuits available
3) transition-sensitive (edge-detecting) circuits provided with

hysteresis to allow additional discrete capacitor loading when

@ all else fails
4) replacement of the conventional monostable multivibrator or

"one-shot" circuit by a timing circuit having both a low

impedan.> and hysteresis at the input.

The hardware for the K-Series was specially designed to fit the NEMA (National

Electrical Manufacturers Association) enclosures traditionally used with relay
implemented industrial controls, but used the same connectors as the other

Flip-Chip modules. Sensing and output terminals were provided with screw

terminals and indicator lights, and appropriate arrangements were made to

interface with 120 VAC devices. Wire wrap terminals were protected from

external voltages but were available for oscilloscope probes. Magnetically

latched reed relays and diode arrays that could be programmed by snipping out

were provided as memory elements that would retain data during power
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failures.
®
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Fig. 13

K- Series

Gating in early K-Series modules was accomplished with discrete
diode-transistor circuits such as that shown in Figure 13. Other K-Series -

modules used integrated circuits for the logic functions. In these designs the

inputs to the ICs were protected with filter/trigger circuits which filtered

out the noise and then restored the fast rise-times required by the ICs.

puts were protected from output-induced noise and converted to standard
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K-Series signals by circuits similar to those used in the discrete logic
tes.

Unlike other DEC modules, the K-Series modules were not directly useful for
constructing computers or computer-like data processing subsystems due to.
their low speed and high cost. They did play an important part in bringing
digital logic into industrial applications, and the noise protection
techniques developed for these modules were useful in the design of the PDP-14
Industrial Controller (Chapter 6).

By 1967 the electronics world ha settled on transistor-transistor-logic (TTL)tons CDIP
as the technology of choice for integrated circuits and the cost for logic
functions implemented in TTL ICs had dropped below that of discrete circuit

@icnentetions.
With much more logic fitting into the same printed circuit

board area, a Single Flip-Chip card could now accommodate much more

complicated functions. However, there were not enough connector pins available
to get the necessary signals on and off the card. The answer to the p,«blem
was to keep the cards the same size, but to have etch and associated convacts
on both sides of the printed circuit board. This increased the number of
contacts from 18 to 36, and a new series with magenta handles (M-Series) was

born. Subsequently, some G-Series and W-Series modules were also designed with
ICs and double sided boards.

The advent of TTL brought the first power supply and signal level change in

DEC's history. The -15 volt and +10 volt supplies were no longer required.
Only a single +5 volt supply was needed to supply the logic signals which were

@ 0 and +3 volts. The packaging was kept consistant, however, as the old
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Single-sided modules could be plugged into the new connector blocks, and

@reful attention to pinning arrangements allowed double-sided module to be

used in a single sided block at a sacrifice of some circuits.

The basic TTL circuit is the NAND gate shown in Figure 14.

@ .vs Q
Qs

FIG. TTR NAND

@ €input of the TTL gate is a multiple emitter transistor. If either input is
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@. r ground (0 to .0.8 volts) Q1 becomes saturated bringing the base
voltage of Q2 low, turning off 023 and turning on C4 making the output high
(+2.4 to +2.6 volts). If both inputs are high (above 2.0 Volts), Q2 has base
current supplied to it through the collector diode of Q1, turning Q2 on. This
in turn provides base current to Q?, saturating it and cutting off Q4, making
the output low (0 to 0.4 volts).

Like the transistor inverter circuits discussed in conjunctuion with System
Modules, TTL NAND gates can be cross-connected to form flip-flops.

The first generation of M-Series modules were used in a redesign of the PDP-&

called the PDP-8/T. The circuits used in these modules used TTL integrated

growing tendency in the semiconductor industry to standardize part numbers for
TTL circuits, calling a package of 4 NAND gates a 7400, a package of six

higher speed circuits using the 74HOO series of TTL integrated circuits. The 4
74HOO circuits were similar to the earlier 74 series, but were faster and used

5

es euits which were called "7400 series" integrated circuits because of a

inverters a 7404, etc. The KI10 processor used in the PDP-10 was designe: from

much more power. The first PDP- 11 (the PDP-11/20) used both 7400 and 74HOO .
series ICs, as did the PDP-8/E 8.5Both of these latter used inch by

10.4 inch "extended quad" modules. carla, DEC

Ic (Le, B/T, B/E PO? 1S) had

dhe 2
was nstru wa the

&

th o th a Pe Sé i he PDP-11/45ARB

@ d Schottky TTL, a circuitry with such rapid switching speeds that

four-layer boards hed to be used such that the inner layers of power and
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und etch could provide shielding.

In 1972 work began on a new PDP-10 processor, the KL10. This used ECL

current switching non-saturating logic from several vendors including the MECL

(Motorola Emitter Coupled Logic) 10,000 series. This line of circuits is in
some ways an integrated circuit version of the VHF modules. The basic gate is
shown in Figure 15.

2
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Q6 has a temperature compensated internally generated reference voltage on its
ese of -1.2 volts. The outputs drive 50 ohm terrminated transmission lines

returned to -2 volts. There is a complementary pair of outputs so that the
circuit is both an OR and a NOR gate. At 25 degrees Ceisius the upper level
will between -0.81 and -0.96 volts, while the lower level will be between
-1.65 and -1.85 volts. The circuits, like the Schottky circuits, are so fast
that multi-layer boards are required. In addition, a great deal of care in
signal line termination is required. As with the previous logic families 4

>

Studied, flip-flops can be created. The ECL master-slave flip-flops are quite 3
complex, requiring 32 transistors and 7 diodes.

49 3
As the various module circuit technologies developed, not nly cou re 2

logic modules was increased. By 1972, the "hex" modu e/(8/5 by 15.6
VAX-LYinches) was widely used, principally in the PDP-11 family 1977 BEC J

>logic functionality fit in ace but also the sp ce pr ed on

by 15 6computer using 12 inch xtendd hex" modules

f p Rolo band om ox

An evolution in has continued as the technology has changed. As

integrated circuits have become more powerful by the reduction of the size of
4.

their active elements, each new computer introduced is smaller, faster, and

generally lower cost than its predecessor. While only DEC examples have been

mentioned here, the trend toward smaller, faster, and less costly computers

has been true across all of the computer manufacturers.

The chart below shows the number of module types that were started each year(eg. )
from 1957 through 1977.
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1 Photograph of Digital Laboratory Module Uv

FR

2. Photograph of Digital System Module

3. Schematic of an Inverter Used in Digital System Modules

4,
Symbolic Drawing of an Inverter

reo lank,5. OR Gate

6. AND Gate

7. Flip-Flop 4\ tv 7),
? DP- |

AC
Flip-Flop With Inverter

9. Negative C-D Gate 4M
Lash dingrove A POP-1

10. Positive
Diode Gate11

Leip flap

COP 7_ POP-Z
12. K Series Circuit

2D-C-D Gate

14, TTL Circuit
15 ECL Cireuit ISA VAK-11/990
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The adder illustrated below is built from nedative gates
and unbuffered flir-flors.

Ore Accumulator
Ove 1] Pe

Carry
Propagete

m

4

"J

Carry
initiate

Ore 1

Figure6 2 >
Parailel binary adder

(DEC Flip-Flop Type 4215 for accumulator)

Figure 23Farsllel binary adder
(DEC Flir-Flop Tyre 4215 for accumulator)

This is also a two ster addi a half add is followed by a

VHF (See Russ Lloane's insert.)

FLIF-CHIPS
1944

STRATEGY AND PACKAGES?

Each year the cost of semiconductors decreased» causing the cost
of the hardware used to house the semiconductors to be more
significant. The answer was 2 2.5 x 5 inch ecard with 3 labelled
and color-coded Flastic handle to be pluased into a connector

after assembly.

THE CIRCUITS

R SERIES

The R-series (red handles) circuits were a reaction to the
rather complicated set of usade rules develored for the

Haif
Add

incident
Register

block that can hold such modules with sufficient insertion
derth to surrort them. An added production gain was made by

makings modules at oncey and cutting the avad" into singles"

f -

ake thse easy to use
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VHF MODULES

USING EMITTER-COUPLED LOGIC (E C L)

The use of saturating MADT transistors with toroidal pulse transformers
appeared to be near its limit at 10MHz in the 6008 Series. The pulses already
needed to be 40% of the minimum time interval to achieve adequate "on" times,
tightly constraining transformer recovery and inaking it difficult to design
circuits that were not excesSively sensitive to repetition rate. Series
gating stacks had to be limited to two transistors for many purposes. €
delays were large enough to prevent some needed logic configurations from
propagating within the 19@ns interval implied by the 19MHz rating.
A major break with previous circuit geometries appeared necessary. The use at
IBM of non-saturating logic encouraged an exploration in that direction. The
project was dubbed "VHF Logic" because Operation at 3#MHz or better (the
bottom end of the VHF radio band) was a goal.
Solid-wall co-ax had just been introduced, and the 58 ohm version of this
prodact appeared to have a strong enough center conductor for practical hookup
between modules while not being too bulky for easy hand bending. Since leads
longer than a few centimeters were expected to require special care, the
availability of a satisfactory transmission-line hookup medium was felt to be
an essential element for ease of use, and the 5@ ohm impedance level was
therefore adopted. (Remember that in those days, each flip-flop was going to
need its own separate module, imposing about lom of intermodule leadlength in

addition to connector pins and any printed wiring length.)
POWER DISSIPATION
Due to the low impedance needed for practical co-ax hookup, considerable power
had to be dissipated. Moreover, 3 volt swings had to be available for
compatibility with existing modules. The ability to drive at any point along
a co-axial transmission line appeared necessary for practical hookup. These
needs were met by choosing a 68 milliampere output current, producing a 1.5
volt swing ona double-terminated 5@ ohm line and a 3 volt swing with a 50 ohm

load when interfacing to existing slower logic.
These voltage and current levels required heatsinking of the output

directly to the connector pins, exploiting the connector as a heatsink and at
the same time providing a minimum-inductance connection from the transistor
transistors. Spring clips were designed to fasten the transistor T018 cans

collector (common to the case) out of the module.

Flip-flop feedback delay was provided by 16ns stripline etched onto the pc
board. A meander pattern was selected with a degree of local coupling between
LOGIC DELAY LINES.

loops to achieve around a 7:1 delay-to-risetime ratio. Both the delayed and

the undelayed ends of this 58 ohm stripline were made available at the module

pins. The undelayed outputs switched simultaneously, allowing a subsequent

gate to subtract a delayed flip-flop output signal from 1ts complement

undelayed, to produce l@ns pulses when needed.

PERFORMANCE
Rated performance was 30MHz, limited by the capabilities of the production



isters. Bench testing demonstrated 4@MHz capability, with every
yat 5OMHz performance could have been promised if the testing problem had
'en sOlved. Risetimes were better than 1.5ns, despite the need for I0@ ohm @sistors at transistor bases to damp the self-oscillation of the
'ffectively) common-collector circuit geometry.
\dules delivered to customers were used to build satisfactory high
irformance systems. However, the need for this level of performance was not
despread, being limited to advanced laboratory instrumentation. The
1o~year> product development cycle wore out the initial enthusiasm of most

GITAL'people, futher attenuating product momentum.

'LATION TO OTHER PRODUCTS
spite their failure as a product, the VHF modules eventually made a
mtribution to computer progress. To produce the first commercial
mesharing systems, the PDP-6 group needed.

desi ydresses at high speed.--- The PDP-6 relocatiod-compara
ickly using-current-mode-legic.
t aS a series of general-purpose products for engineers to use, the cost of
e VHF modules and the inconvenience of their wiring was too great. Further
velopments in general-purpose logic modules were to lie in the opposite
rection: cheaper, more compact, easier to use, and slower.

ved



Cand inexrensive), Intesdrated circuits were not used
because (1) they were more exrensive than discrete
components and (2) the world had rot es vet decided on the
ture of IC to use.

DIOUVE GATE

The buildings block was 3 diode date (see Figure 24), The
transistor emitters were always at ground. The loadresistor was a 2 ma (instead of 10 ma load in Frrevious
designs) and the inreut load was 1 ma with a fan-out of 18,
The node inruts allowed expansion of the sate with the
addition of one diode rer inrute

UTPUT

4

CLAMPED LOADDIODE GATE SYMBOL

Diede-Gateand Clampedtoad Resistor-Symbols--- -

INPUTS
3

NODE

RESISTOR SYMBOL

-Figure

Liode-Gate Symbol Clamred Load Resistor Symbol

-15 VOLTS
-3 VOLTS

1§ VOLTS

OUTPUT

INPUTS

+10 VOLTS

NODE

at
Figure Muttiple Input Diode Gate-

Figure 24 ~ Basic Diode Gate Circuit

NOR and NAND losic can be created as shown in Figure 25.

A AND B AORB
A A

8 = 8 =

Figure B the Vottage tevels- / >



Fisure 25 - NOR And NAND Exameles

DCD GATE

The other basic building block is the diode-caracitor-diodegate illustrated in Fisure 26.
OuTPU T

PULSE
INPUT

LEVEL
INPUT

-15VOLTS
Figures Diode-Capacitor-Diode Gate Circuit

Figure 26 ~ Diode-Caracitor-Diode Gate Circuit

The DCD sate standardizes inruts to active devices such asflip-flors and produces the lodical delay needed to sense
and change flie-flors at the same time. The eulse inrut is
@ positive-soind level change from -3V to ground. If the
Pulse input has been at -3V and the level input at sroundfor a set-ur time and the pulse inrut soes to sround arositive rulse will arrear at the outrut. If the level
input had been at -3V alsor no Pulse would have arresred at
the outeut. If the level inrut had gone to ~3V at the same
time as the Pulse inrut went to ground a Pulse would still
be denerated. The capacitor rrovides the logical delay.
The DCD sate symbol is shown in Figure 27,

OUTPUT
PULSE
INPUT

LEVEL
INPUT

Figure/ Diode-Capacitor-Diode Gate Symbol
-_

Fidure 27 - Diode-Caracitor-Liode Gate Symbol

flip-flop
A flir-flor is made from a pair of diode sates connected
hack-to-back as shown in Fisure 28. The flir-flor can be
set and cleared by drounding the aprrorriate output with the
outrut of a diode gate.
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CLEAR

-15V

3V

SET
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OIRECT

x 1

OUTPUT OUTPUT
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1

FF

OIRECT CLEAR OIRECT SET

Figure Flip-Flop Schematic and Symbol

28

Figure 28 - Flip-Flor Schematic and Sumbol

It can also be set and cleared by using the rositive outrut
Fulses from a DCO gate. Figure 29 shows a flir-flor withbuilt-in DCD gates.

0 {
OuTPUT OUTPUT

9

1

CLEAR SET
FFDIRECT OIRECT

PULSE 4 PULSE
INPUTINPUT
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O LEVEL 41 LEVEL
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0 1

OUTPUT OUTPUT

FE
DIRECT CLEAR O RECT SET

O PULSE 1 PUL SE



Figure 28 ~ Flip-Flor Schematic and Symbol

It can also be set and cleared by using the rositive output
Pulses from a DCD gate. Figure 29 shows a flir-flor with
built-in DCD sates.

4

ouTPUT OUTPUT
9 9

3
(NPUT

-15 VOLTS ~15 VOLTS -15 VOLTS

4

OIRECT FF OIRECT
SETCLEAR

O PULSE 1 PULSE
INPUT

LEVEL 4 LEVEL
INPUT tNPUT

OUTPUT OUTPUT

FF
*

DIRECT CLEAR OJRECT SET

O PULSE 1 PULSE
INPUT INPUT

O LEVEL INPUT { LEVEL INPUT

Figure Flip-Flop with DCD Gates, Schematic and Symbol
29

Each DCD gate is conditioned by the orrosite
outrut as well as an external inrut. Thereforey the "set®
inreut DCD sate can only be enabled if the flir-flor 15 in
the ZERO state. Complementing flip-flor with such sates



15 Cagu, 35 shuwn ifn Figure 30,

1

FF

COMPLEMENT
PULSES

Figure Complementing30

Figure 30 - Complementing

The clock has an outrut pulse that goes from ~3V to sround
for 100 nanosecondss returnind to -3V. Its maximum erf is 2
MHz. The delay was trissered by 3 D-C-D date and rroduced
an outrut that was at -3V for the duration of the delay.
The trailing edde of its outrut could drive the repulse input
of a DCD sate.

ADDERS

Figure 31 shows an adder using R-series circuits.

1 ACCUMULATOR -

{RESIDENT NUMBER)+ ae HALF

(2)
13)

CARRY
IntTIATE

QUFFER REGISTER
(INCIDENT NUMBER)

ZS/
Figure.26 Parallel Adder

(R201 Flip-Flops in Accumulator and
Any Flip-Flops in Incident Register)

Fisture 31 - Parallel Adder

Addition is rerformed in two sters. The first ster is half
add and the second ster is the carrs-.

COMPLEMENT

PA PA

ENO AROUND CARRY

OPTIONAL
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THE S SERIES
The first PIFB8 was constructed from modified R-seriesCircuits called the S series. The load resistor and the DCDgate storage caracitor were changed to achieve higher
rFerformance.

THE B SERIES
The B series with the blue handles was essentially the 6000series of 10 MHz circuits rerackaged om Flie Chip cardsy andusing silicon FNF transistors instead of dermanium. Thediode dror of silicon is sufficiently dreater than that of
germanium that the base inrut network does not need abiasing resistor from the base to +10V. The inverter isillustrated in Figure 32,

-3 1S

TRANSISTOR !
BASE COLLECTOR

BASE BASE
EMITTER

EMITTER 1L SYMBOL

CIRCUIT

COLLECTOR
weuT. o... INVERTER

A

32
Figure.4 Inverter Circuit and Symbol

The silicon allowed the elimination of the bias anmeut
resistor to +10V but it does not saturate as well as the
Frevious germanium transistors. Thereforer only 2 inverters
could be Fut in series if the outrut was to drive another
inverter. If the outeut is to drive a rulsed device such as
a pulse amplifier three inverters may be put in series with
the rulse going to the inverter whose emitter was at ground,

Buffered flir-flors were used as in the 6000 series so that
the delay in the buffer would allow sensing and changing a
flir-flor with the same Pulses

The B series was used in the PDP7» the rerackased PDP4
(which was built with 1000 and 4000 series System Modules).

THE A SERIES

The A series with the amber colored handles were Flir Chir
modules for analogs use. A100 series is for analog
multiplexers, A200 series for operational amplifiers, A400
series for sample and hold» ASOO series for comparatorsy
A600 series for disital-to-analos convertersr A700 series
for reference voltade supplies, A800 series for
agnalod-to-digital converters and A900 for accessors analog
modules, The Feak develorment rate of analos modules
occured in 1971 with 38 new tyres, reducing to im 1977.
The more recent analos modules are auads or hexes in the :

A000 series» and are combinations of all the other circuits



THE G SERIES

The G series with the green handles were intended to be onlysold as rart of 23 systems For Ox all of the core
memory circuits were in the G series} @ core memory issufficiently complex that a cook book arrroach using a
standard series of modules could not be used. G series isstill actively being used for circuits other than logicSenerally in rerirheral devices such as disks, taressterminals, etc.

THE W SERIES
The W white handled series rrovided inrut-outeut carability
between Flir Chir and other devices. Since 311 early Flie
Chir circuits used the same logic levels of 0 and -3V all
System Modules were compatible.
Ineuts of R series circuits only draw current when the inrutis at sround, Many inruts of B series and System Modules
draw current at BY. In order for R series to drive suchcircuits a higher current clamred load was necessary.
Several W series modules made clamped loads of various sizes
aveilable,.
W series cable connector modules terminated cables to a
module to make the cable ends available to the back ranel.
Types WOSO and WOS1 rrovided hish current for lights»
relays» solenoids, etc. The W501 was a comrarator used to
convert low freauency or noisy sidnals to standard 0 and -3V
levels. The W510 converted rositive losic (0 and +3V)
signals to negative (0 and -3V) levels. The W600 series
rrovided low rower outputs for drivind devices needing
signal levels between +20V and ~15V, Inter-series
converters were mot necessary for levels a1] circuits used
0 and -3V. Pulses did need to be converted and could be
done with the existin# Pulse amplifiers and a table of
rules. The W700 contains switch filters to remove cortact
bounce from relays and other switches.

INDUSTRIAL K-SERIES, 19483 (See Russ Doare's

INTEGRATED CIRCUITS AND DOUBLE DENSITYy 1968

By 1967 the world had settled om TTL IC devices and the cost had
finally become lower than discrete components. With much more
lodic fitting into the same card area there weren't enough
connector pins available. The answer was to keer the same size
cards and commectors excert to rut contacts on both sides of the
cards,» increasing the rmumber of Pins on @ sinsle card from 18 to
34. The M series (magenta handles) resulted. Some new G series
and ty series modules also were double sided and bedan to use TTL
intedrated circuits.

M SERIES» INTEGRATED CIRCUITS

For the fire time in TIEC's history the sismal levels and
Tee 4 :
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K SERIES 2.

t

m pv CONTROL MODULES
é

NOISE IMMUNITY
Computer-oriented logic, by its very nature, is high speed andprovides noise immunity far below that required in small-scaleindustrial control systems located physically close to the processthey control.

Unfortunately, industrial electrical noise is not predictable tothe nearest order of magnitude. Thus attempts to solve the
problem with "high level logic" whose voltage thresholds were
merely a few times greater than computer-type logic levels were
only marginally rewarding.

K Series circuits rely on a combination of voltage, current, and
time thresholds to protect storage elements (flip-flops, timers)
from false triggering. Since industrial controls typicallyinteract with physically massive equipment, time thresholds in
particular are attractive. There are four ways of
exploiting these:

1 basic 10@ KHz slow-down circuits everywhere
2 optional 5 KHz slow-down circuits available
3 transition-sensitive (edge-detecting) circuits
provided with hysteresis to allow additional discrete
capacitor loading "when all else fails".

4 replacement of the conventional monostable
.multivibrator or "one~snot" ciruit by a timing circuit having
both a low impedance and hysteresis at the internal analog
voltage-sensing node,

SPECIAL PRODUCTS INCLUDED

The hardware for this series is specifically designed for NEMA
enclosures such as those traditionally used with relay logic,

CLOGE Le LHAT vas wbey >
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motor starters, etc in heavy industry. However, K Series modules
also fit standard 19 inch rack connectors as used with other FLIP
CHIP modules,

Sensing and output circuits are provided with screw terminals and
indicator lights, and are available with 120VAC ratings for full
compatibility with industrial elecromecnanical devices. Inputs
from limit switches and the like see a moderate inductive load to
assure normal contact arcing, required to break down adsorbed
films which would otherwise reduce contact reliability. Solid
State AC switches are fully protected against false triggering.
Voltages present in the external environment are excluded from the
wire-wrap connections within the logic.

Every wire-wrap post is accessible for probing either by
general-purpose test equipment (meters, osscolloscopes) or by the
Special K Series test probe that shows logic states and
stretched-for-visibility pulses on two indicator lights, and has a

built-in illuminator for use in dimly-lit environments.

Magnetically-latched reed relay memory elements are provided for
non-volatile storage of control system state in the event of a

power failure.

PROMS (as they were later called) are included, using discrete
diodes physically clipped out of the circuit for storing control
sequences, etc.

Lights, thumbwheel and toggle switches, and calibrated timer
controls are mounted directly on printed circuit boards to avoid
the wiring and soldering as well as the custom-made bracketry
otherwise needed for internal controls and maintenance aids.

Binary and binary-coded decimal counters as well as shift
registers, comparators, and bit rate multipliers are all 4 bits
wide and are all assigned the same pinouts for the 4-bit data

€:



paths, All discrete gating elements are grouped three to a
module, and again pinouts for similar functions are standardized.
The avoidance of randomly-assigned Pinouts is a help when
designing, wiring, and debugging a K Series system,

Numbers assigned to K Series products are similar to the
conventions adopted for earlier module series:

KOxx Gate expanders
K1xx Gates
K2xx Memory (flip-flops, counters, etc.)
K3xx Timing
K4xx Controls (lights, switches, etc.)
K5xx Input voltage converters
K6xx Output drivers
K7xx Power supplies

x Mounting hardware, etc.

CIRCUITS

Gating is accomplished with discrete diode-transistor circuits.
Every output transistor has a Miller-effect capacitor of 689
picofarads for establishing a noise inhibiting time threshold.

The basic gates have pin connections to both the anode node for
the input diodes, and also the cathode of the diode that connects
that node to the transistor Output circuit. These connections are
used with a variety of diode-resistor gate expanders to provide
complex gating structures at low cost.
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Kotz «003 EXPANSION

OA EXPANSION

| UP 10 100 Inputs
KOO}

LOGIC FUNCTIONS WITH GATE EXPANSION

Most K2xx products used integrated circuits for the logic
functions. Inputs were protected by filter/trigger circuits to
first strip off noise and then restore fast risetimes required by
the i cs. Outputs were protected from output-induced noise and
converted to standard K Series signals by circuits similar to
those used within discrete gates. RTL integrated circuits were
found to be significantly easier to combine with these
discrete-component noise isolating circuits than either TTL or DTL
I Cs.

1

The most troublesome circuits in noisy environments had
traditionally been the monostable multivibrators used for time
delay. There were three reasons for this:

1 A high value of charging resistance is necessary to
provide long delays with small inexpensive
capacitors, and

2 Traditional circuit geometries obtained circuit
simplicity by placing the timing capacitor in a

series path with both its terminals ungrounded, so
the charging resistor had to be a significant part of
the noise-inhibiting shunt conductance. Morover,

3 As the switching point was approached during timeout,
a diminishing voltage threshold remained to be



Overcome to switch the circuit, resulting in a

particular type of noise effect called "time jitter". :
To make matters worse, the timing resistance in many control
systems needs to be placed on the control panel some distance from
the logic system, creating a long antenna for noise pickup at the
most vulnerable circuit node.

All K Series timing circuits were designed to avoid these problems
two ways. First, all timing capacitors have one end grounded.
This converts the analog-voltage node to a very low impedance
point, with the timing capacitor itself acting as a large filter
capacitor. Second, the voltage-sensing circuit is provided with a

small but finite hysteresis, so a small voltage modulation near
the switching threshold cannot produce multiple threshold
detections.

:

FOR K174, ETC.
RO WETWORKS

K303 TIMER SIMPLIFIED SCHEMATIC

7
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AC input circuits use small steo-down transformers to achieve two
essential funcions:

* Isolation of logic ground from AC neutral potential,
to prevent ground loops

:

:

* Magnetizing-current inductive loading of line-voltageSilver contacts, to prevent dry-circuit failure of
the contacts by accumulation of an insulating film;
the energy stored in the magnetizing inductance forms
a contact-cleaning arc at each switching event.

AC output circuits use a triac thyristor driven by an isolating
transformer, again to prevent ground loops.

Power regulators in the same plug-in printed board format are
included to facilitate the construction of small, low-power
control systems.

SUMMARY SPECIFICATIONS

Frequency range: DC to 108 KHz. Control points on some modules
allow reduction to 5 KHz when building RS flip-flops or
multi-state control sequence storage elements out of gates.
(Gates themselves don't really need to be slow if all storage
devices are noise-resistant)

Signal levels: 6 V and +5 V, regardless of fanout used.

Fan-out: 15ma available from all outputs; typical inputs 1-4 ma.

Wired-OR and Wired-AND capability provided for.

No fast transients to cause cross-talkWaveforms: Trapezoidal.



my,

where wiring is bundled (though computer-type point-to-point
wiring is recommended for ease of Signal tracing). External
capacitive loading (as for noise filtering of long logic wires
inadvertently placed in a high noise field) affects speed only;
no risetime dependence for correct circuit operation.

Be

Temperature range: -28 C to +65 C for Simple logic gates and
intervace circuits. Complex modules employing integrated circuits
limited to 9 C minimum.

Noise immunity: False "1": 30ma at 1.6V for 1.5usec typical.
False "6": 3ma at 3V for 1.5usec typical. Time thresholds can be
increased by a factor of 20 for RS flip-flops and multi-state
control sequence storage elements constructed from simple gates.

Power requirements: +5V, 10% tolerance. Dissipation typically
208mw per counting or shifting flip-flop, 38mw per control
flip-flop, 10 mw per two-stage diode gate.

Compatibility: M Series TTL outputs can drive K Series logic
gates and output interface drivers directly. Other K Series
inputs may be driven from M Series modules after passing through a
K Series gate, provided they meet certain timing requirements
defined in an application note. M Series inputs can be driven by
K Series outputs, subject to precautions against multiple
responses due to the slow transitions a t K Series outputs: also

€

covered in an application note.

RELATIONSHIP OF K SERIES TO OTHER PRODUCTS

Unlike other DIGITAL module series, the K Series is not directly
useful for constructing computers or computer-like data processing
subsystems due to its slow speed and higher cost per logic
function.

@

®



K Series interface modules, however, played an important part in
the introduction of powerful digital logic into industrial
applications. With the knowledge of noise protection gained and
the K Series interface modules, the PDP-14 Industrial Programmed
Controller and other industry-oriented systems could be designed
and applied with confidence.

1
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O Dies Surely of +40V there wes a rrinciral
of +5V, The lodic levels went from rrevious 0 and

~3V levels to 0 and +3y, Wer at least, Lert the rackastingconsistent - 2 sinsle-sided module could be eludged into a

Burr Ly

double-sided connector block and a double-sided module could
be used in a sinsle-sided connector. The first M series
modules were rartitioned in such way that half of thecircuits were available to a single-sided connector back.ranel,

MOOO series: sisnal converters
M100 series? sate circuits
M200 series! flir-flors
M300 series! delays
M400 series! clocks
M500 series! inrut converters
M600 series? high rower lodic drives

and outrut converters
M700 series: complex lodic modules
M900 series? cable connectors and terminators

CIRCUITS:

The basic TTL circuit is the NAND sate shown in Fidure 33.
Fae!

*Vec

a O
INPUTS

8
OuTPuT

Fidure 33 - TTL NAND

The input of the TTL gate is a multirle-emitter transistor.
If either inreut is at sround (0 to +0.8V) Q1 becomes
saturated, bringing the base voltase of Q2 lows turning off
Q3 and turning on Q4 making the outrut high (+2.4 to +3.6V)-
If both ineuts are high (above +2.0V) Q2 has hase current

to it through the collector diode of Qly turning Q2
one This in turn Provides base current to Qs» saturating it
and cutting off Q4 making the outrut low (0 to 0,4V),
The MIL symbology used for this gate is shown in Figure 34.
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Figure 34 - NANI! Gate Logic Symbol and Truth Table

The uPrer symbol is the NAND (Nedated AND) and the lower
symbol is the NOR (Nesated OR). In the NANI date the inreutsare true when high. In the NOR gate the inreut circlesindicate that those inruts are true when low,
The D type flir~flop is shown in Figure 35. The flir-flor
assumes the state of the "D" inreut at the leading (positivedoing) edge of a clock input.

Figure 35 - D Flip-Flop

With the clock inrut at its normal low voltage G2 and G3
will have high outruts. With the set and reset inputs high
the output gates G5 and Gé can remain as they were that is
G5 on and Gé off or vice versa. A low set inrut will force
GS off and its outrut will bring G6 on, Similarly» 2 low
reset inrut will make the 0 outrut hidh and the 1 outrut
low. The dotted lines allow low set and clear inputs to
override the clock input if it should be high. Normally, S
and R inruts are highs C is low and D can be either.
The clock and data circuit works as follows: With the C
ineut low the outeuts of G2 and G3 are high. A high D inrut
will cause a low input to Gi and G3. The outeut of Gl will
be high. If then the C ineut does high the outrut of G2
goes lows setting the flip-flor. It also holds an inrut to
G3 low so that if the D input should change while C is high
the flir-flor output will not change. Similarly» with @ low
C and 2 low D input the outrut of G4 will be high causing
the G1 outrut to be low. If then the C inrut goes hidh the
outeut of G3 does lows resetting the flir-flor. It also
holds an ineut to G4 low so that if the ineut should
change while C is high the flir-flor will not change.

Thus» the D flip-flor has characteristics like the R-series
flip-flops with D-C-D dates. Both resrond to the leading
edge of a clock and are insensitive to further data inruts
until the clock returns to its auiescent state.
The J-K flir-flor has clock gated ineuts J and Ke aif the J
ineut is high at clock time the flip-flor will be sety and
if the K input is high it will be reset. If both J and K
inputs are high or are not connected at clock time the
flir-flop will be comrlemented. The schematic and losic
sumbol are shown in Figure 36.
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Figure 36

AFFLICATIONS$

The first deneration M-series modules were used in 2
redesign of the PDFS called the PDF8/I. The KI10 rrocessor
used in the FPIFIO was then designed from higher sreed
circuits using the 74HOO series of IC's (the first M-series
modules used the 7400 series). 74H00 IC's are similar to
the 7400 excerpt that they use more Power and are faster.
The first FDPil was built using 7400 series IC's (PDP11/20).
To achieve higher density, extended lensth auad modules were
used. Modules had been made in auads before and separated
into A singles or 2 doubles after assembly and had a derth
of 5 inches. The PDP11 modules had a derth of 8.5 inches
and were Quads as one moduler measuring 8.5" x 10.4". The
hack elane had an array of connectors so that 4 auad modules
could be Plugged into 2 aligned connector blocks.

In 1970 the PDPIS was built, a seneration that started with
the PDP4 (Sustem Modules) the PDF7 and PDP? (B-series).
The Schottky IC's were used. The switchina speed of
Schottky circuits are go fast that 4-layer boards had to be
used' inner layers of power and ground rrovided shielding.

:

In 1972 @ new PDP10 processor, the KL10» was built using
Motorola MECL 107000 series current switchins non-saturating
lodic. This line of circuits is like an integrated circuit
version of the earlier DEC VHF 8000 series circuits. The
basic date is»shown in Figure 37+

4

Figure 37 - MECL 10,000 Basic Gate

Q6 has a temperature comrensated internally denerated
reference voltade on its base of -1.3 volts. The outruts
drive 50 ohm terminated transmission lines. returned to
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volts. There is a complementary rair of outruts so that thecircuit is both an OR and a NOR gate. At 25 desrees Celsius
the wrreer level will be between -0.81 and -0.96 volts while
the lower level will be between -1,.65 and ~1.85 volts. Thecircuits sare so fast that multilayer circuit boards werenecessary with rower and ground on the inner layers.
More complex gate structures can be built as shown inFisures 38 and 39, A master-slave tyre D flir-flor
contained a total of 32 transistors and 7 diodes.

5

4

Figure 38 ~ Series Gating

Figure 39 - Collector Dotting

15.4 inches) was heirs wusedyBy 1973 the hex module (8,5 x
:
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Plussed into three rrorerly aligned connector blocks. In
1977 the first VAX comeputerys the 11780» used 12" deer hexes,.All of the above develorments were in the M-series.

An evolution in circuits has continued ss technology drew, As
integrated circuits became more rowerful by reduction of the size
of their active elements each re-desidn of an old computer became
smaller, faster and generally lower cost than its predecessor,
The FDF11 family used LSI (Larse Scale Intedrated) circuits in
the LSIily where the Processor and some memory sll fit on one
auad 10.5" x 8.5") board,
The chart below shows the number of circuit tyres that were
started each year from 1957 through 1977,



IN THE BEGINNING
1957-1959

THE PACKAGES?

DIGITAL TEST EQUIPMENT (LAR MODULES)

Digital Laboratory Modules are fully coordinated solid state
computer circuits used to develor and test digital circuits,
Components and sustems. All losical signals are available
om the graphic front and lodical interconnections
are made with stacking banana-Jack patch cords. Units in
gall three sreed lines are directly comratible. The circuits
are mounted in aluminum cases measuring 1-3/4 by 4-1/2 be 7
inches.

100 Series! ur to S MHz

|
a3000 Series: ur to 500 KHz

5000 Series! ur to 10 MHz

SYSTEM BUILDING BLOCKS (SYSTEM MODULES)
5

Digital System Modules are solid state computer circuits
used in the desidn and construction of digital sustems. A
wide variety of fully coordinated units is available in
three directly compatible sreed lines. Each module is
mounted in an aluminum frame measuring 1/2 by 4-1/2 by &

inches. Up to 25 modules can be inserted in a standard
19-inch mounting Panel. All connections are made through
29-rin Amrhenol Plugs.

1000 Series: ur to S&S MHz
4000 Series: ur to 500 KHz
6000 Series: up to 10 MHz

THE CIRCUITS:
he point of derarture for the circuits was the Lincoln Lab TX-2

emitter follower gates which were not short circuit proof. Short

interconnected circuits (Lab Modules) and are desirable features
in System Modules where @ slirring score rrobe or clir lead can

comruterk. All of those basic circuits were used excert the

ircuit rroof circuits are essential with Fateh cord

accidentally short out circuits during debussting.

Xsee Pade

THE TRANSISTOR INVERTER

Most logical orerations are performed with saturating PNF
germanium transistor inverters. When a transistor is turned
completely on or the collector is rractically a



short circul o the emitter of the trans1stor. e
emitter is at ground in this conditions the outrut from the
collector will also be at sround.
When a transistor is turned completely off or "'oreneds" the
collector-to-emitter rath is an oren circuit. If the
collector is connected to clamred load resistory the
collector will be at 3 volts.

Binary
4 910 110

Bane1410110
Sane

ter

Symbol

Figure 1 Figure 2
:

:

Figure 1 is a schematic drawing of an Inverter and Clamred
Load Resistor. The caracitor shunting the inrut resistor is
used to rrovide overdriving current to the transistor during
input level changes» thus switching the transistor much more
raridly. The resistor to +10 volts biases off the
transistor to Protect adainst moise voltade. The load
resistor is clamred to -3 volts with a diode so thats when
the transistor is off, the outeut signal is always at -3
volts regardless of the loading on the inverter outrut,

To simrlify logic drawings» the symbology of Figure 2 is
used. When the ineut is negativer the outeut is "shorted"
to dround. When the input is positive or at ground levels
the transistor is oren circuited and the outrute if
cornmected to a clamred load resistors is at -3 volts,

DEC LOGIC

Dual-rolarity level logic is used. The *lodical" voltage
levels are ~3 volts and ground. Correspondence between the
lodic states ONE or ZERO, and the voltage levels of -3 and
dround is indicated et each roint in the logic" drawing by

diamond. This diamond defines the necessary voltase level
for the action desired. A solid > diamond denotes a ~3
volt level for assertion and a hollow <> diamond
denotes a s#round level for assertion.

With these symbols» the logical designer is able to produce

implemented with DEC Modules. This method also allows 2

combination of amplification and sating without added
inversions» usually necessary if a single losic state is
alweys associated with a single lodic voltase level.

onein step a losic drawing which can be directly

The illustrations below show how this method is used to form
an AND sate or an OR sate from single inverters. The
inverter serves as an AND date when the definitions are$ Z



A= 1, if nedative (-3V)

ly if sround
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C = 1» if ground a

AB =C

The same inverter serves as an OR gate if the definitionsare'

sa i

A= 1» if sround

B= i, if negative A

cc

si

to
ga

AB recA
dic
re:
log

Th

pri
un

H=C+(B+A-D)(E! F)*G H c (B+ (A + D) &-F ! G)

Figure 3 Common AND and OR gate possibilities
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H C+(BtAD)CE+F)G H CORCAtD)+EF+G)

Fidure 33: Common AND and OR sate examrles

After the desired lodic has been rerformed with level gates
in series and rarallel combinations, the results can be
sampled and read into a flir-flor or other active element
with a DEC Standard Pulse. This mays be accomrlished by
applying the conditioning level to the emitter of an
inverter and the samrlind rulse to the base of the same
inverter. The collector of this inverter (or the collector
of a diode sate used in the same manner) can be used to
drive one flir-flor or other active element. The samrlins
rulse must be nerrower than the delay of a buffered
flip-flor (see flir-flors below).

DIODE LOGIC

Diodes may be added to the inverter inrut in order to form
an AND or an OR gate. The circuit in Figure 4 illustrates @

diode date which can serve as a NOR gate for nedative
sidnals or @ NAND gate for ground signals. When both A and

are at grounds the rositive bias on the base assures that
the transistor will be cut off and that the collector of the
inverter will be at a negative voltase. If either A or B is
unconnected» the circuit will act as a simple inverter,

4

:

+10
Cercuit

Figure 4
" Fidure 4

-

Figure 5 shows a similar diode date with the diodes in the
reverse direction and a negative bias voltade. This circuit
will operate as 3 NANI gate for nesative signals and a NOR

gate for levels.: rh
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Figure 5

Figure 6 shows a group of two input nedative AND circuits
which are NORed together.

a15

Figure 6

All Diode Gates sre rermanently connected to transistor
inverter which re-establishes the voltase level after every
Sate. Thusy Diode Gates may be cascaded indefinitely.

PULSE AMPLIFIERS

Pulse Amelifiers are a rowerful logical element because they
not anly amplify and standardize the share of pulses, but
also date rulses. When the same logical gating is to be
done on a whole resister of it often can be done
once before the rulse amrlifier drives the resister.

Fisure

The outrut of the Fulse amelifier comes from a Fulse
transformers which has both terminals available so that
either roaitive or nesetive Fulses may be obtained
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are used to direct set and clear withou
inverters. Negative rulses gre used for setting, clearing
and complementing with inverters, A negative rulse is

flie-flors

indicated by a solid triangle, a rositive pulse is indicated
by a hollow traingle.

FI.TP-FLOFS

If two drounded inverters are interconnectedy as in Figure
8» 23 bi-stable is obtained. Wher one side is
cut offs its Owteut is negative. This holds the other side
ony whichy im turns holds the first side off,

t

Figure 9 Figure0
g 4

If a drounded inverter A is connected to the off side B of
the flir-flop in Figure 9» the state of the flir-flor can be
changed by rulsing the base of transistor A with a negative
sidnel.
It is desirable to have flip-flops with very low outrut
imeedance so that they can drive many other circuits. For
this reasons many DEC Flip-Flors have buffer amplifier& on
each side of the flir-flor. A simple network is Placed
between the flir-flor in Figure 10 and the outeut
amplifiers» which delays the change in the output. When the
flir-flor is changed with a standard rulser this delay is
long enough so that the outrput does not change until after
the pulse is done. This allows flir-flors to be sensed
while they are being changed» which makes shift resisters
counters and adders relatively simple.
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to set the flir-flor to the aesired state, the at thebottom are "shorted" through inverters to ground. When theinput om the ZERO side has been shorted to the ZEROoutrut is set to the ~3 volt level and the ONE outrut is ataround. This is defined as the ZERO state. Similarlyws whenthe flir-flor is in the ONE state, the ONE outeut is at -3volts and the ZERO outeut is at ground.

4
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Pulse
input

Level
input

O ope 12

Pulse
Input

Figure 3 ut Figure Figure

Figure 11 Fisure 12 Figure 13

Flir-flors are changed by momentarily shorting an input to
drounds as shown in Figure 12. The ineut to the inverter is

DEC Standard Negative Pulse of 2.5 volts ame lituderelative to sround.
To date information into a two inverters can be
connected in seriess as in Figure 13. If the level ineut is
at ground when the urrer inverter is Pulsed» the flir-flor
terminal will not be shorted to drounds but if the levelis at -3 when the nedative rulse arrivesy the inrut is
shorted and the flir-flor is cleared,
When the Flir-Flor has buffer amplifiers, it is rermissible
to use the buffer as the level gate. This added flexibility
is useful since it allows gating into a with only
one inverter.
Fidure 14 is 2 "Jam transfer" date employing Buffered
Flire-Flors, The contents of flir-flop A can be * jammed"
imto flir-flor B with a single pulse inderendent of the
previous state of flir-flor B.
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Pulse

Figure15

Fisure 14
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Pulse

Compiement
input

Figure Figure

Figure 135

When the inverters of Fidure 15 are pulseds the state of the
flir-flor will be chansed or 'complemented." On someFlir-Flors this gating is done internally and & comrlement
terminal is brought outs as im Fisure 16. There is also a
complement outrut terminal P which will deliver 3 DEC
Standard Negative Fulse every time the flir-flor comrlement
input is repulsed. This rulse outrut is useful in counters
and adders.

OFF

Orr Bt

2

input
Pulse

Figure 7

A tyrical counter arrangement usina Complementing Flir-Flors
is shown in Figure 17. The rulses being counted enter on
the right. They always complement flir-flor C and generate
a standard pulse at P. This P Pulse complements flir-flor &

through the date and actually complements By at will
Generate a P Pulse out of B. The Frocess is continued down
the length of the counter. Only one inverter and one
flip-flor are needed for each bit in the counter e

when flir-flor C holds a ONE. When this F Fulse sets

Sustem Module buffered flip-flops also have direct clear and
set terminals which allow flir-flor redisters to be set or
cleared without the use of rulse dates on each flir-flor.
The inreut to these terminals is a DEC Standard Fositive
Pulse of 2.5 volts amplitude relative to sround,. These
pulses can be Produced by DEC Delaysy Pulse Amplifiers
Clocks, and Fulse Generators.

DELAYS



Delay Units are flir-flors which have onls one stable scate.
When the input terminal is "shorted® to ground by a sated
standard Pulser the level outrut terminal will switch from
its mormsl ground level to the -3 volt level for an
adjustable fixed period of time. A standard pulse will be
Froduced at the rulse output when the level outrut returns
to its normal 0 volt condition. The Pulse outrut comes from
@ Pulse transformer which has both terminals available so
that either rositive or nedative rulses may be obtained,
derendinss on which terminal is grounded. Typical waveforms
for a delay unit sre shown in Figure 18,
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Fisure 18

There were a relatively small number of tyres of modules
available in each of the Lab Module Series. For examrler in
the first product liner the 100 series:

1033 4 inverters
1103 2 6-inreut negative diode NOR's
201! 1 buffered flir-flor
302: 1 one-shot
402: 1 clock rulse denerator
406: 1 erystal clock
410: 1 Schmitt circuit Pulse denerator
501: 3 level standardizers
602! 2 rulse amrlifiers
650% 1 tube rulser (15 volt 100 nsec Pulses)
667! 4 level amplifiers (0 to -15 volts)
801: 1 relay

By contrast there were many System Module tures develored.
With their higher racking density, lower cost and fixed back.
panel wiring they were used for comeutersrs memory testers,
anc) other complex systems of logic. Core memory designs
required high pulse current driving modules and sense
amrlifiers. The srowth of the number of tyres of various
module lines cam be seen in fisure

CAPACITOR-DIODE GATE AND UNBUFFERED FLIP-FLOPS
1940 -

The transistor inverters buffered delayed flir-flors and Pulse
logic were the best choice for 5 and 10 MHz logic. For low-sreed
logicy howevers the C-D (caracitor-diode) sates and unbuffered
flir-flors were attractive due to the sreater density amd lower

rid ha BE med im



System Modulesy Frincirally in tne 40 Series.
A negative caracitor-diode gate is illustrated in Figure 19,
With both inruts at ground for several time constants to allow
the caracitor charde to be 3 volts negative level chanse or
nesative pulse at the base ineut will cause a rositive pulse to
arrear at the outrut. Such gates could drive the direct set of
anys flir-flor that reauired a rositive Pulses and were built into
some unbuffered flip-flop inruts to be used for shiftineys
counting, ete.
A rositive caracitor-diode gate is illustrated in Figure 20,
With the level inrut at -3V and the rulse ineut at ground forseveral time constants to allow the caracitor chardes to become
stable a negative level change or a negative pulse, at the
carscitor inreut will cause the transistor to conducts sroundinaits outreut for an amount of time determined by the sate time
constant or inrut repulse widths whichever is shorter. Such sates
were not built into flir-flors but could be used to set and clear
unbuffered flir-flors by momentarily grounding the correct
flir-flor outruts.
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Circuit Symbol Circuit Symbol

Nedative caracitor-diode date Positive caracitor-diode date

Figure 19 Figure 20

The principal advantages of the C-D gates are:

i. The level sate inruty the resistors Presents no BC load,

ae The RC time constant of the sate reauires that the
conditioning level be rresent a certain amount of time before

application of a new aete level and the time the date isthe pulse occurs. This introduces a delay hetweern the

conditioned» and allows the samplings of unbuffered flir-flors
at the same time the flir-flor is being chansed.

3. The caracitor-resistor combination differentiates level

change to trigser a unit which mormally oreretes from 2

rulse.
DEC Standard 0.4 microsecond Pulse be

change « This is useful when it is desired to use @ level

A full durati earn
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by Nedative Caracitor-Tiode Gate when a feedback loor isa standardizer. The Tyre 4605 may be used f the gneut s dr

connected as shown in Figure 21.
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Fidure 24 Ase
AUDER APPLICATIONS: asd
The adder illustrated below is built with inv

Carry
(Step 2)

Carty to Neat
Stage of End
Around Carry

2

Accumulator1FRC (Resident Number)A

Adda

Figure 38°
Parallel adder

(Accumulator Flip-Flops DEC Type 1201 or 4201)

Parallel adder
(Accumulator Flir-Flops DEC Tere 1201 or 4201)

The first ster is half-add, Each digit of the accumulator
is comrlemented if the corresronding digit of the incident
number is a ONE.

The second ster is a carry. A carry will be generated if a
digit ain the accumulator is ZERO and the corresronding
incident mumber digit is a ONE, The carry will be
Froradated an accumulator disit is a ONE and it also
receives ~ carry Pulse from the next less sisnificant
accumule... digit. /
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