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 2ll 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 1logic design differs from 1logic 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 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 2 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

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 1logical 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 2a 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 -2 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 a2 -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. PBRefore 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 -2
volts and back to ground) was represented in the logic drawings by a solid
triangle, and a positive pulse (-3 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.

Fle. 7

“Basie Elir-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 2 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.

o
<
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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
and pin contraints) and sold as Laboratory Modules and System Modules. There
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

4o2 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.

Tt 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 1logic because greater 1logic density and 1lower 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 2allow the
capacitor charge to reach three volts, 2 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 1level
input at -3 and the capacitor input at ground for a sufficient time to allow
the charge on the capacitor to become stable, a2 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.

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

a level change to create a pulse.
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The wuse of saturating MADT transistors and toroidal pulse transformers
appeared to be nearing an operating limit a2t 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 a great many
interconnections were needed to implement 1logical 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 a2 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 & 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 a2 seven to one delay to risetime ratio.
RBoth 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
performence 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 2a 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 a2 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-T7.

Analog applications were the target maerket for the A-Series modules, which had
amber handles. This series, still being manufactured today, includes analog
multiplexers, operational emplifiers, 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 &2 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 a2llow additional discrete capacitor loading when
all else fails

y) 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 1lights, 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.
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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 1logic

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 1logic 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 erea, 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 caerd. 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 O 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,
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The input of the TTL gate is a multiple emitter transistor. If either input is
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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 QY 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 Q2, 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 & 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 U4 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 TUHOO series of TTL integrated circuits. The
74HO0 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




Chapter 3 B page 22

R. Best, R. Doane, J. McNamara Edited 2/17/78

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 -1.2 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 a2 NOR gate. At 25 degrees Celsius the upper 1level
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 1line termination is required. As with the previous 1logic 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 21so the space provided on
individual logic modules was increased. By 1972, 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

2. 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, peckaging, 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 covnvenient’ for/g}oss

."amination and understanding. Lde B

The first modules produced by DEC were called "Digital Laboratory Mcdules" and
or bu mom‘lu in o Scaewtis ;ts Chad 1o A

were intended to sit ~n an enplneer/§ work bench and be mterconnected with
\

simple cord< equipped w1th banana/ plugs. As-,-shewn-—a-p—-%ape

W k\;h Y % a (",V(L F e
were meﬁﬂged in aluminum case/}i 1L3/u by 4-1/2 by 7 inches 4 ‘

' %he ‘modules

- and~a~}:—}——e~f‘~.
the logical signals were brought out to the front of the cdse, where they
appeared on miniature banana jacks mounted in a schematie¢’ diagram of the

Lot ,
logical function performed by the module. The modules/we e offered in three
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The Digital Laboratory Module product line was supp]emented by the bigltal

.,,-'stems Modules. These modules, samples of which are shown in Figurg 2, werc
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.ntical 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 mountlng and used 22-pin Amphenol connectors at the backs of

3 slte
v s
e Gato 2 wiae oviadall, i ‘r(t

Lo )
the modules/rather than bsnane plugs at the front. The sttem Vodule mounting

3 £

method was chosen for thé PDP-1 computer .o fCet opd S murtules el bae

[ , -
o Shyx 197 Wreeud pAred Mokt

, v aned . TrHes

|
| ¢
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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.

‘)t‘ief‘ review of some of the circuits follows to indicate how much present

day logic design differs from loglc design of twenty years ago,. Ioday
Ah mate =.~. . CALWe 2, reanl S 660
designers deal with AtUS and m:croprocessors as units, whereas twenty—years
0  indwrcia [‘f“ Hun-

—ago, single gates,were units.

In the early module designs, most logical operations were per formed using
saturating PNP germanium transistors, as described in Chapter 2. 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 |

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

the simple example shown in Figure 3.
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Figure 2 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" wgich limits the voltage of the collector to -3
volts. ] 10wl beas viltece cnndd lor vanid {" ‘
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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 f
of information was accomplished by bi-stable devices called "flip-flops" whose

state was controlled by the ‘application of pulses. Pefore discussing the

. W
construction of flip-flops, therefore, it is necessary to briefly describe the- >
~generation—of pulses ., ' | s iz o ﬂ-=~¢. e, ‘mpntoat %4,«;/U~,~ & sucnd, ©

L—‘ ?\)\yl/\* g» / _:7 \;

Pulses, which were used both' in NAND/NOR circu}tﬁdlike those in Figures 5 and

‘ Atz TO

6 and for controlling flip-fio s, were gﬁﬁe}ated by pulse amplifiers. Pulse

amplifiers were very powerful log’ca;/eﬁements because they not only amplified [

e,

, but they also gated pulses. This 1at:ter'}_“‘G

-

cal gating was to be done on a whole :a

e done once, at the pulse amplifier -
4‘."\‘
.ich drove the/r/egister. The pulse amplifier would typically be arranged to i+

,‘

and standardized the shapes of/pufe

NnLion

feature meant that when ;hefsame lo

register of flip-flops, it could often

operate ig/fesponse to a pulse or level change and produce an output via a;m

Ul ©

pulse fransformer. The pulse transformer had both terminals of its secondary 3

e ——— R ————.

( e e r—

winding available so that either positive or nev .tive pulises could be obtained

“Wing

depending upon which terminal was grounded. & 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 .~

e s ———————

T+ A ‘ <
| N Sead N\ h

,,. e DN T o s ————————————————— ]

represented by a hollow triangle.

Mol o1

The use—of pulses is emphasized a—greet—deal—in—the—following—diseussion—
because the concept of gating a pulse at the source and using the gated pulse
to transfer data from register to register on 2 parallel basis used z?(}ﬁ_

a&s&%ﬁte minimum of logic. This-method was referred to—as—"East—Cozst"—Yogic,
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tranfers. These distinctions seem strange in the 1970's when gates are much
geaper 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.
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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

‘gure 7. When one inverter is cut-off, its output is negative. This holds the
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To simplify the Yogic drawings, (9 symbolic drawing H—k-e—t-ha-t—f—i-n— Figure U, was

(4‘, a Lo P
stomerily used to represent this circu1t Note thét neither Figure 3 nor

Figure l! shows the emitter directly connected to g-r:p/und or the collector
directly connected to the negative supply. Ratheﬂrj,f*"'g dotted line is shown.
This 1is because Laboratofy Modules and Sys‘tén;vfﬁodules 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 L.aboratory

Modules and Sfystem Modules, germanium transistors\were used, and these had

e -
only about a 0.1 volt voltage drop. o o T TN T
1’1-’ ‘7(\/\{—,‘!1(&,&( N l./‘_t. 2 ‘.!/\_,o,( s IU(/J(‘(J ﬁﬂ//{
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The Digital Laboratory Modules and the Dlgital ‘sttéurﬂ‘ Modules used =2 dual
‘larity logic system employing both levels and pulses. The logicsl voltage
levels were -3 volts and ground. Correspondence between the logic state, ONE
or 2ERO, and the voltage .levels of -3 and gr'ound were indicated at each point
in the logic diagram ' ' a diamond. The diamond defined the 'necessary voltage
level for the action desired. A solid diaménd denoted that a -3 volt level was

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

‘*UJZ) 9«?1«1&}" 'ﬁ MNa i 7‘ & N

assertion. Tlan ¢ Conventiim ot < o
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-Series ar F a ngem ents—of ﬂnverbeﬁs———whi.],e-.use,ﬁul« _were not_sufficient tom?no;\ﬁ}ﬁl le
' J

~alllogical functions. A -mer-e__ge

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

6.
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other inverter om, which in turn holds the first inverter off. If an
!l!itional inverter circuit is added to the circuit of Figure 7, the circuit

of Figure 8 is obtained. The application of a2 negative pulse to the input of

p = ,
<o "f-ty'f - f"rfl,llf’ fnd C

the additional invertér changeé the state of the flip—flop: In the actual
implementations of DEC Laboratory Module flip-flops, buffer amplifiers wereﬁ
added to the outputs to permit a single flip-flop to drive the inputs of mané
other gates. The buffer amplifiers also provided delays at the outputs of e
flip-flops such that the output did not change until after the acti;ﬁting
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 Ehe simple

implementation of shift registers, counters, and adders.
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Collections of the inverters, gates, and flip-flops Jjust described were

wedads
packaFfd in appropriate quantities (i.e. as many as would fit within the size
» f"

and' pin contraints) and sold as Laboratory Modules and System Modules. There

were 2 relatively small number of module types available in the Laboratory'
iumh [ l’"’

Module Series. For example,li% the/ first product line /tﬁe-fGO Qerles‘

\\\ )
e — - R >

S \

103 6 Inverters.

110 2 6-input negative diode NOR's

201 1 buffered flip-flop

302 1 one-shot

4o2 1 clock pulse generator

406 1 erystal 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 I level emplifiers (0 to =15 volts)

801 1 relay

By contrast, there were many System Module types developed. With their higher
.:king density, lower cost, and fixed backplane wiring, they were used for

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

Jt is interesting to note that a large percenta;> of the modules on the above
list were used for the generation and conditioi ing 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. (”\;;}”tiw;A f'. ey \\

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

(_rwy\ J.Au so
'apacitor diode) gates &and unbuffered flip-flops were found preferable for
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low speed logic because greater logic density amd lower cost could be

hieved.
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A negative capacitor-diode gate is illustrated in Figure 9. With both the
level imput and the pulse input at ground for sufficent time to allow the
capacitor charge to reach threg volts, a2 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 regﬂireq’a

s conld
positive pulse, and were built into some unbuffered flip-flop input;;to be’

{ S e e . "
¢ P A P - - . o ' pvuvia
used for shifting and counting. [/ol Ao !
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A pdsitive capacitor-diode gate is illustrated in Figure 10. With the level
‘.Lput 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 capacitdr input will cause the transistor to conduct,
grounding the output for an amount of time determined by the gate time

| cohstant or the input pulsé w{ﬁth, 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 gr§unding the correct flip-flop outputs

in a fashion similar to the inverter gate that was added to Figure 7 £o 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 DC load was presented to

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

2) The resistor-capacitor time constanﬁ 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

pPpeared to be nearing an operating limit at 10 MFz. The pulses needed to
??eratg(Ehe circuits shown in the previous diagrams were 40% of the cycle time
léf 107MHz’Gogic, tightly constfaining 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

shuted

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.

"’ (3“)%-'0'13

The complex 30 mHz flip-flops were packeged 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 é few centimeters
was e*pected 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 praptical 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

qlhtages, 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
Qractical hookup, and 23 volt swings had to be available for compatibility with
existing modules. These needs were met by choosing a 60 milliampere output
current, producing 2 1.5 volt §hing on a double-terminated SO ohm line and a 2
volt swing with a 50 ohm load when interfacing to existing slower logic. These
voltage and current levels reqqired the addition of heat sinks to the output
transistors. This was accomplished by installing spring clips that fastened
the cases of the transistoré directly to the connector pins, exploiting the
connectors as heatsinks and at the same time pfoviding 2 minimum inductance

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

module.

The VHF modules contained 2 novel delay 1line implementation which has
.appeared 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 patterﬁ was selected with a degree of local
coupling between the lu:'ps to achieve a seven to one delay tb 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. Pench testing demonstrated UO_
MHz capability with the promise of 50 MHz performance if adequate testing

AT = ¥ »»r{ 92
’.Laratus could be found. Risetimes were better than 1. nawnosecor .
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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:

]
3

bt

the time quite long (two years) and the enthusiasm for the VHF modules amongst‘e

the DEC engineers flaggﬁd‘ further attenuating product morentum. Despite their
failure as 3 product,tcfhé .VHE moddles eventually made 2 contribution to
computer progress. To produce timesharing systems, the PDP-6 needed a way of
comparing relocated addresses at very high speed. A high épeed 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
‘velopments in general purpose logic modules were to lie in the opposite
direction: cheaper, more compact, easier to use, and slower.

Fly
By 1964 the decreasing (ost of :temiconductors during the early 60's had caused

arnd K w wing o; o modvdos
the cost of System Modu e mounting hardware, to become a significant portion of

Sl
the total meéu}e cost. In response to this trend, a new type of modu%e was
p}wm@il-a_{n_l_.
developed which was a 2.5 by 5 inch printed circult card with a color coded

Coun g - 102) 45 .
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

red

el oe brfu ! e \L.Ce t—,«,c‘x{‘.cu [Ju/s) ()I“,L[c A_Ilj,/\,l'

YRLy g4 N1

oMY €1 Fan ) o)

r e

2 Foch tonnwdor had r8-pins

design. The new modules, -called Flip-Chip modules, plugged 1nto connector

o e advmednge ) fio Fhp-O

blocks that could support eight such modules ‘-
wimder war fhet” anbenmahe wire vappine B p e k, b 4
Mt { r f v ¢ ‘é “”,{‘l.(r“ (-L«]'(x Hooe el »

’}‘ Liva ﬂ*.f'!. e Dt\lft\ (C(P

bey
Cadd bat waeed £, g wlba v (interconnod )

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

..Lntified by using red handles. The R-Series circuits were a'reacgion to the
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ther 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 intégrated circuit to
use. The building block for R-Series logic was the diode gate, a sampie 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 1levels to active devices such as flip-flops and to

produce the logical delay necessary to sense and éhange flip-flops at the same
s PPP-8
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@ second series of the new modules was developed for the first PDP-8s. This
series was ca2lled 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

: | 1 P j.i,ow n s
to obtain greater speed.ta. I ,t4n§ R - senaes . Il /Dﬂéwﬁa‘((khﬂaha“

The P-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 fransistors. The new silicon
transistors were a mixed blessing. While they had temperature sensitivity
charactefiétics 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. Pecause
'ey 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
3

two of the silicon transistor inverters could be connected in series ii the

output was intended to drive another inverter. The first computer to use the
B-Series modules was the PDP-7ﬁ¢U Ao POP-10 pAvieraw o W haaed on g
WAB)  fhe B-seins
Analog applications were the target market for the A-Series modules, which had
amber handles. This series, still being manufactured today, includes analog
“multiplexers, operationzl amplifiers, sample and hold circuits, comparators,
digital to analog converters, reference voltage supplies, analog to digital
converters, and various accessory modules. The peak Qevelopment rate for

enialog modules occurred in 1971 with 38 new types and declined to 5 new types
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While 2all of the preceding modules had been designed as user-arrangeable
building blocks, the green héndled G-Series was intended for modules that'
would only be sold as part of a systeh. For example, all of the DEC core
memory circuits have been in }he G-Series because a core memory system is
sufficiently complex that a cookbook approach using a standard series of
mbdu%@§gis not appropriate. The G-Series is still actively used today for }
g o |

"other than logic, generally in peripﬁeral 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 inkput/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 Lhe 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 megnitude. Thus, attempts to solve the problems with "high level
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logic" whose voltage thresholds were merely a few times greater

)

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 storzge 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
?) 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 1lights, 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

.odes were provided as memory elements that would retain data during power
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failures.
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Gating in wearly K-Series modules was accomplished with discrete
diode-transistor circuits such as that shown in Figure 13. Otber 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.

‘tputs 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.

Unlikelother DEC modules, the k-Serics 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 importaht 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 thé electronics world had settled on transistor-transisfor-logic (TTL)
o M Aduwel —in Lons pheliage (DIP

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
“')lementations. 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 caerd. The answer to the prtblem
was to keep the cards the same size, but to have etch and associated coacacts
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 VW-Series modules were also designed with

JCs 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

r‘ O 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
'«sreful 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,

Flé. 14 TTL  NARD Cirewd

‘:e input of the TTL gate is a multiple emitter transistor. If either input is
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voltage of Q2 low, turning off Q2 and turning on Q4 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 Q7, 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 2 redesign of the PDP-8
called the PDP-B/I. The circuits used in these modules used TTL integrated

f"*rcuits which were called "7400 series" integrsted circuits because of a
growing tendency in the semiconductor industry to standardize part numbers for

TTL circuits, calling a packazge of 4 NAND gates a 7400, a package of six
taol 1‘. H‘l_)“ 1S w s
1nverters a 7404, etc. The KI10 processor used in the PDP-10 jwas de51gne from

higher speed circuits using the T7U4HCO series of TTL integrated circuits. The
T4HOO 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 T7Y4HOO

series JCs, as did the PDP-8/E. Poth of these latter machingf used 8.5 inch by

wasd gertacd ponpose arda s o
: ' DEC
10.4 inch "extended quad" modules. u'~% o At —trbacmas €4f@§ A
TC o vhiags (i.e, 8/1, &/L, KI10,and PDP-1%) had /ulahw[_ﬁ Low paauoé, c,[gwgm‘ Qurau mos
’2

wd /20 od hanme Ll
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lb Q701 gH M-8 ;9(198 “H-bit—meehiney—the PDP-15, was_szenstr ugpé&y/f\ ‘was’\the
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‘d Schvottky 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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éound etch could provide shielding.

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

This

used ECL

current switching non-saturatiné logic from several vendors.including the MECL

(Motorola Emitter Coupled Logic) 10,000 series.

some ways an integrated circuit version of the VHF modules.

shown in Figure 15.
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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 CR and a NOR gate. At 25 degrees Celgihs 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 cirguits, like the Schottky circuits, are so fast

that multi-layer boards are required. In addition, a great deal of care in

2

signal line termination is required. As with the previous logic families

v

o PN

studied, flip-flops can be created. The ECL master-slave flip-flops are quite

complex, requiring 32 transistors and 7 diodes. ’(“/biJu/vaaua

/40,

’»f r" [P R

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

7 o 3 tal

(e

logic functionality fit in a given space, but also the Space pr vlded on
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‘dividual logic modules was increased. By 1972, the "hex" module (8/5 by 15.6
Ho VAX- Y
inches) was widely used, principally in the PDP-11 famlly' )1977, -BEC
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