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ABSTRACT

A four-bit parallel processor has been designed. The logic design
conforms to the contract objectives. The array of 750 devices has been laid
otut on a chip 145 mils by 155 mils. A composite drawing was completed and
rubyliths were prepared. Extensive checking of the rubylith (with the assist-
ance of R. Lesniewski of NASA) was used to reduce the probability of error in
the layout. A test matrix was developed to permit testing of the processing

and control portions of the parallel processor.
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SECTION 1
SUMMARY OF PROGRAM STATUS

A. INTRODUCTION

This first periodic report describes a program whose objective is to
design, develop, and fabricate monoiithic, complementary-symmetry MOS (COS/MOS),
large-scale, parallel processor arrays. The overall program is divided into
a 12-month phase and a six-month phase. The work effort to be performed during
these two phases is as follows: the fabrication of monolithic, four-bit
parallel processor arrays .f more than 750 components, i.e., MOS transistors
and diodes; and the fabrication of monolithic, 16-bit parallel processor
arrays of more than 3000-component complexity. The 1€-bit parallel processors
are to be fabricated by interconnecting clusters of four-stage arrays on one
chip.

The COS/MOS technology to be applied to these parallel processor devices,
although relatively new, is well suited to large-scale integration because of
the minimal area requirements, low power dissipation, and suitability for
functional logic gating. Of special advantage for remote applications are:
essentially negligible standby pcwer dissipation (the design goals call for
less than 1.2 x 10-5 watts standby power at ambient), and low operational
power at significant operational speed (centered design goals are 10 x 10-3

)
watts at a data transfer rate of 4 x 10 seconds ).

Successful achievement of the fabrication goals of this program wili
represent a significant advance in the COS/MOS state of the art. RCA has
applied considerable corporate effort to the development of COS/MOS technology.
Since August 1967 when the commercial availability of the TA5361 dual three-
input NOR gate was first announced, a family of basic integrated circuitz has
been made available commercially including dual D flip flops, inverters, trans-

mission gates, gquad gates, and dual gates. In addition, RCA has available MSI
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arrays such as 16=bit memory cells, seven-stage counters, and 18-stage shift
tegisters. RCA's demonstrated experience in COS/MOS design and larze-scale
pruduction is currently vnmatched as evidenced by the fact that RCA is still
the sole commercial source for these products. The four-bit and 16-bit parallel
processors, however, represent devices having a complexity level more than an

order-of-magnitude greater than the COS/MOS devices available commercially.

B. PROGRAM OBRJECTIVES

The parallel prceessor program consists of two distinct phases. The
objective a7 tpe firs: ohase is to design, develop, and fabricate individual
four-bit paraslel processor chips. The obiective of the second phase is to
devel: . and erploy b.gh-yield processing tachniques so that monolithic clusters
of four iaced four-bit parallel rrocessur arrays will be found with reasonable
yield ~u silicon wafaers. Th._ ' clusters then are to be interconnected mono-

lithically and vackagecd to fom the 16-bit parallel processor arrays.

Detailed discussions of logic objectives of the parallel processor arrays
are given in Section II. 1In addition to the logic requirements, the specific

design features and objectives are as followe:

a., Size - a monolithic four-stage array approximately 0.145 inch

by 6.155 inch.
b. Power - supply voltage +8 to +12 volts.

c. Standby pd@er dissipation at ambient - less than 1.2 x 10-5 watts.
Operating power 10 x 10-3 watts at a data transfer rate of
4 % 10-6 seconas at ambient with a supply voltage of +10 volts
and with 50 ricofarads on ~ach of the output lines.

d. The circuit will operate over the temperature range: +100°C to
-s0°c.

e. A "0" 1is represented by ground potential and a "1" by the supply

pcotential,

f. The complete circuit vill require 27 lcads, and will be mounted

in a 28-lead ceramic flat pack.




g. All leads excep: power leads have a capacitive load not greater

than 5 picofarads., including package capacitance.

h. A decoded comman: alone will not effect a data transfer. A
general transfer (timing) pulse with a decoded command will effect

a data transfer.

i. (1) Each output will be able to drive a 50-picofarad lecad to
within 90 percent of the supply voltage for an output change from
' v -6 s 242 - N ' '
"0" to "1" in & x 10 ~ secords from initiation of the "Cut'

instruction.

(2) Each output will be able to drive a 50-picofarad load to
within 10 percent of the suppiy voltage for an out.ut change from

’ ' - -6 . . . x '
1" to 0" in 4 x 10 seconds from initiation of the ''Qut

instruction.

j. Complete execution of non-carry generating instruction other than

"Out" will take no longer than 2 x 10-6 seconds from the applica-
tion of the instruction at ambient with a2 supply voltage of +10

velts.

k. Complete erxecution of a wecrst case four-bit parallel addition
a0 5 :
chail take no more than 2 x 10 =~ seconds from appiication of the

add instruction at ambient with a supply voltage of +10 volts.

1. The pcrallel processcr shall be capatle of operating in one of

four modes, which will be controlled by two Tires.

m. The register should require two timing pulses, one nestel in the

T T L

other; the smaller pulse will be one-half the larger. The circuit
is capable of operating with the width of the larger pulse

between 2 x 10—6 seconds and 1 x 10-3 seconds.

£ Design objectives for the 1l€é-bit parallel processor generally are similar
to those of the four-bit parallel processor. The following changes, however,

result from cascading four units in a single package.

a. Standby power dissipation at ambient - less than 5 x 10-D watts.

COperating power of 40 x 10-3 watts at a data-transfer rate of
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4 x 10 seconds at ambient, with a supply voltage of +10 vcits

and 50 picofarads on each output line.

b. The complete circuit will require approximately 40 leads.

c. Complete execution of a worst-case 16-bit parallel addition will
-6
take no longer than 6 x 10 seconds from application of the add

instruction at ambient with a supply voltage of 10 volts.

C. PROGRAM STATUS

The logic design, the layout, and the cutting of rubyliths were completed
for the parallel processor arrays during this reporting period. Current
effort is directed towards final checking and correction of the rubyliths so
that wafer fabrication can commence. Tasks still to be completed include

high-yield processing of parallel processor wafers, testing, debugging (if

required), and packaging of chips.




SECTION 11
PARALLEL PROCES30R LOGIC DESIGN

A. GENERAL DESCRIPTION OF FOUR-STAGE PROCESSOR

The four-stage parallel processor basically is a four-stage shift
register that has both serial anc parallel access. [he logic associated with
the register allows parallel-two's complement addition, AND, OR, and EXCLUSIVE

OR logic operations; and r.ght, left, or right-cyclic shifts.

Figure 1 shows the lead requirements for the four-stage processor. All
control lines are encoded, with five leads used for instructions; four leads

for control; one lead for timing; twn leads for power; and five leads for the

following conditions:

a. negative indication

b. zero indication

c. overflow indication

d. overflow input/output

e. conditicnal input
Because information will enter and leave on the same line, six leads are re-
quired for the four-stage ragister to transfer data, with four of the leads
used for parallel access and the remaining two leads used for serial access.

In addition, four leads are available for expansion to a multiple of four (16

for example) stage processor.

R, GENERAL LOGIC DESCRIPTION

Tke leogic configuration for the four-stage parallel processor is shown in

Figure 2. Functional gating is used where possible to achieve a low deavice

; count. Figure 3 shows the implementation of the basic gates used in the array
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design legic. The hardware requirement is abcut 750 devices and 27 bonding

pads.

C. OPERATIONAL MCDES

For this discussion mod: is defined as the ability of the parallel pro-
cessor to control the transfer of either serial data or carries due tc arith-
metic operations. The parallel processor will be capable of operation in oune
o7 fou- modes. For simpliciry, consider the parallel proccssor as a strictly
se rial device. Serial data can enter or leave eirher side of the register.
Since there is only cne lead on either side of the register, the serial trans-
fer must be bidirectional. The manner in whicbhb modes ccntrol the serial-data

lines is as follows:

a. Mode 0 (A, Figure &) - Data can suter or leave from either side.

b. Mode 1 (B, Figure 4) - Data can enter or leave the register on

the left side during any serial operation.
c. Mcde I (C, Figure 4) - Data can enter or leave on the right side.

d. Mode 3 (D, Figure 4) - Serial datz neither may enter nor leave
the register, regardless of the nature of the serial operation;
furthermore, the register is bypassed electrically, i.e., there
is an electrical bidirectional path from the right serial lead
to the left serial lead. The most-significant (leftmost) bit

is used as the sign bit.

D. OVERFLOW DETECTION

A two's complement overflcw is defined as having occurred if the signs of
the two 1nitial words are the same and the sign of the result is different

while performing the ADD instruction.

The parallel processor will be capable of detecting ard indicating the
presence or absernce of an arithmetic two's complement overflow. Overflows
will be detected and indicated only during operation in Mode 2 or Mode 3. 1In
either mode, only four instructions (AD, SMZ, SM, and SUB) will have the

potentias of rausing a two's complement overflow. If an overflow iz detected

15
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and stored by a flip flop, only one of the five instructions (AD, SMZ, SM, SUB

or IN) can change the overflow indicator.

Occurrence of a two's complement overflow is represented by a "1" in the
overflow flip flop. The absence of an overflow s represented by a "0" in
the overflow flip flop. The flip fiop will cheznge from zero to one as over-

flows do not or do occur.

When any one of the three subtraction instructions is used, the sign bit
of the data being subtracted will be complemented, and this value will be
used in the same maaner as one of the initial signs (as in the add instruction)
to detect overflows. If these conditions ave true, the final sign will be

that of the one's complement.

The overflow flip flop will be updated at the same time that the new

result is stored in the parallel processor.

E. ZERO DETECTION

The parallel processor will be detecting the condition of all zeros. A
"1" on tne ZI input, indicating all zeros ir the previous stage or that the
stage is the least significant state, is required. This operation will be
independent of modes. A condition of all zeros will be represented by a "1"
on the zero indicator line; otherwise, this line will be zero. If the

particular four-bit processor represents the least significant set of bi‘s,
Z1 should be tied to +V.

F. NEGATIVE DETECTION

The parallel processor will be capable of detecting the presence of a
negative number. This operation is independent of modes. If tue condition
is true, a "1" will appear on the negative indicator line; otherwise, a "0"
will appear. A "1" in the most-significant bit position will indicate a

negative representatinm.

17
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C. CONDITIONAL OPERAT.ON

Once the instruction and mode have been applied, only the clock pulse will
be required to change the state of the register. 1If this pulse could be

inhibited in the ON condition, all instructions would behave as a NO-OP.

The clock pulse can be constrained by using "conditions." A conditional

input is compared with a control line, and a second control line defines
whether or not to test the conditional input line. An instruction will be
permitted to operate under the following conditions:

a. Unconditional

b. The conditional input is positive

c. The conditional input is negative

H. INSTRUCTION REPERTOIRE

Four encoded lines will be used to represent 16 instructions. A fifth
line will be used solely to represent an OUT commend. Encoded instructions
will be as follows: -

NO-OP

Left shift

Right shift

Rotate (cycle) right
Input

Subtract from memory (SM)
Count up

Count down

Clear to zero

Set to one

AND

OR

EXCLUSIVE OR

Subtract from zero (SMZ)
Add (AD)

Subtract (SUB)




I. SERIAL-SHIFT OPERATIONS

a. Rotate (cycle) right - This operation is internal. The contents of
the register will shift to the right, cyclic fashion, with the left-
most stage accepting data from the rightmost stage, regardless of
mode. Data may leave the register serially on the right data line
only while the register is in Mode 2 or Mode 0. Data may leave the
left data line serially while in Mode 1 or Mode O.

b. Right shitt - The contents of the register generally will shift to the
right under the following conditions:

(1) In Mode O, data may enter serially cn the left data line, shift

through the register, and leave on the right data line.

(2) In Mode 1, datz may enter serially on the left data line. The

right data line effectively will be open-circuited.

(3) In Mode 2, data may leave serially on the right data line. The
left data line effectively will be open-circuited. Vacant spaces
will be filled with zeros.

(4) 1Ia Mode 3, serial data neither may enter nor leave the register;
however, the contents will shift to the right, and vacated places

will be filled with zeros.

c. Left shift - The contents of the register generally will shift to the

left under the following conditicns:

(1) In Mcde 0, data may enter the right data line, shift through the

register, and leave on the left data line.

(2) 1In Mode 1, data may leave serially on the left data line. The
right data line effectively will be open-circuited. All vacant
positions will be filled wich zeros.

(3) In Mcde 2, data may enter serially on the right data line. The
left data line effectively will be open-circuited.

(4) In Mode 3, data neither may enter nor leave the register; however,
the contents will shift to the left, and vacated places will be
filled with zeros.

15




PAPALLEL COMMANDS

g.

CLEAR - sets register to zero.
SET - sets register to all ones.

GR - processes contents of register with value on parallel-data lines

in a logical OR function.

AND -~ processes contents of register with value on parallel-data lines

in a logical AND function.

EXCLUSIVE OR - processes contents of register with value on parallel-
data lines in a logical EXCLUSIVE OR function.

IN - loads value on parallel-cata lines into register.
OUT - outputs contents of register on parallel-data lines.

SUB:

(1) 1In Mode 1, adds to the contents of the register the twc's comple-
ment of whatever is on the parallel-data lines. Generated
carries may leave on the left serial line. The overflow indicator

is not altered.

(2) In Mode 2, adds to the conteants of the register the one's comple-
ment of whatever is on the parallel-data lines. Carries may
enter on the right serial line but may not leave on the left

data line. The absence or presence of an cverflow is registerad.

(3) In Mode 0, same as Mode 2, except carries may leave on the left

data line. The overflow indicator is not altered.

(4) 1In Mode 3, same as Mode 1, except carries may not leave on the
left data line. The absence or jresence of an overflow is

registered.

COUNT UP:

(1) 1In Mode 1, internally adds one tc the contents of the register
and permits any resulting carry to leave on the left serial-data
line. No data enters or leaves either the parallel lines or the

right serial line.




(2)

(3)

(£)

In Mode 2, adds to the contents of the rezister whatever is on
the right serial-data line. No data entars or leaves either the

parailel lines or the left serial line.

In Mode 0, adds to the contents of the register whatever is on
the right serial line and permits an: resulting carry to leave
on .ne left data line. No data enters or leaves the parallel

lines.

In Mode 3, internally adds one to the contents of the register.
No data enters or leaves the register on any serial-data or

parallel~data line.

i. COUNT DOWN:

(1)

(2)

(3)

(4)

(1)

!
{
|
é

In Mode 1, internally subtricts one from the contents of the
register and permits any resulting carry to leave on the left
serial-data line. No data enters or leaves either the parallel

lines or the right serizl line.

In Mode 2, subtracts oue from the contents of the register and
adds to this result waatever is on the right serial-data line.

No data enters or leaves the parallel lines or the left data line.

In Mode 0, subtrac:s one from the contents of the register and
adds to this result whatever is on the right serial-data line and
permits any resulting carry to lzave on the left data line. No

data enters or leaves the parallel lines.

In Mode 3, incernally subtracts one from tle contents of the
register. No data enters or leaves either the parallel lines or

the serial lines.

In Mode 1, adds the contents of the register to whatever is on
the parallel-data lines and allows any resulting carry to leave
on the left data line. The right serial~data line is open-cir-

cuited. The overflow indicator is not altered.
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(2) 1In Mode 2, adds the contents of the register to whatever is on
the parallel-data lines and the right serial-data line. Any over-
flows will se% the overflow indicator. The left serial-data
line is open-circuited. The absenc2 or presence of an overflow

is registered.

(3) In Mocde 0, adds the contents of the register to whatever is omn
the parallel-data lines and the right serial-data line. Any
resulting carry may leave on the left serial-data line. The

overflow indicator is not altered.

(4) 1In Mode 3, adds contents of the register to whatever is con the
parallel-data line. Any resulting carry will set an overflow
indicator. The two serial-data lines are )pen-circuited. The

absence or presence of an overflow .s registered.

SM - same operation as AD, except the contents of the register are
twe's complemented during addition in Mode 1 and Mode 3. In Mode O or
Mode 2, the contents of the register are one's complemented and added
to whatever is on the right serial-data line and the parallel-data
lines. Overflows occurring in Mode 1 or Mode 0 do aot alter the ovcr-
flow indicator. The presence or absence of nverflows is registered

on the overflow indicator in Mode 2 or Mode 3.

SMZ:

(1) In Mode 0, one's complements the contents of the register and
adds whatever is on the right serial-data line to the contents of
the register. Any resulting carry may leave the left serial line.

Any overfiow will not alter the overflow indicator.

(2) 1In Mode 1, two's complements the contents of the register and
permits any carry to leave on the serial line. Nothing may enter
the right serial line. Any overflow will not alter the overflow

indicator.

(3) In Mode 2, one's complements the contents of the register and

adds whatever is on the right serial line to the contents of the
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register. Carries may no. leave the left serjial line. The
absence or presence of an overflow will alter the overflow indi-

cator.

(4) 1In Mode 3, two's complements the contents of the register. Serial
data neither may enter the right serial line nor leave the left

serial line. The overflow indicator will be at zevo.

n. NO-OP - The NO-OP condition will inhibit the clock signal before the
D-type flip flops.

K. TIMING

Transfer of data is accomplishecd by using a D-type flip flop (Figure 1%)
rhict. requires one clock pulse to transfer data on the input into the storage

element.

The D-type flip flop consists of two double inverters which may feedback
on themselves through transmission gates providing a stable state. When the
clock is low, transmission gates '"1" and "3" are active and gates "2'" and "4"
are inactive. This state permits the retention of data by the second inverter
pair while allowing the incoming data to define the state of the first

inverter pair.

When the clock undergoes a low-to-high tramsition, the states of all trans-
mission gates are changed. During this transition the flip-flop input becomes
isolated and tne first inverter pair is stabilized by opening the feedback
transmission gate holding the information which was on the data line. Mean-
while, the second inverter pair loses its feedback and a path is established
from the first stage. For a set of D flip fiops in a shif --egister configura-
tion, the effect of this transition is to permit the first scage cf each flip
flop to store information from the output of the previous flip flop before the
second stage >f the flip flops changes due to the new flip-flop input. During
the high-to-low transition, the new data are transferred to the second inverter
pair, ia a manner similar to the original transfer, and the normal storage

mode is assumed.
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L. MODE-INDEPENDENT SWITCHES

The state of the control lines to Lhe processirg logic for the 15 operat-
ing instructions is shown in Table I. True data from the parallel inputs are

gated into the parallel processor when K. is high. The pertinent equation is

1

Kl = acd + ac + cd D )

Complementary data from the parallel irputs are gated into the processor by

Kz, which is given by

K2 = bcd I PO (.0

True information in the register is gated into the processor by K3, which

is given by

Ko = ah 0 o s o 6 s o 5 o o 5 6 s % s s s s e s s s e e (3D

E SHE o o @ 4 % » ¥ £ » 5 05 o008 % oss a3 s o b
o

Control KS is used to set all ones into the processor for one operand. Control

Ks can be gated through for a SET or can be used in COUNT DOWN. The pertinent

equation is

Kg=abe+acd ... ... ()

The EXCLUSIVE OR can be inhibited when XI is high, which allows the OR opera-

tion to be formed. The switching equation is
X o O e B B o I o S I LT s B e S e o S e ST I B ST O ((6)7)
The IN transmission gate is used to load the register in parallel, where

IN = @DCA & v o o o o o o o o o o e e e e e e e e e e e e e . D
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The SUM transmissicn gate is used to perform all add-type instructiorns, where
M= @ (bFR) 5 v 522 60wk o rnospn kv i ey s s B
Logic operations are performed by the AND and OR switches, where

AND = @DCA  « « « o o o o o o o o o 8 06 5 o s 02 e e eeeselD
an.’i

OR = ab e T 2 H0),

M. MODE-DEPENDENT SWITCHES

Code def:initions for the modes were selecicd such that there is no need

te decode. The definitions selected are as follows:

(2]

Mode S 5
0 0 0
1t 0 1
2 1 0
3 1 1

When high or "1," line C1 or C2 indizates which side cf the processor is
inhibited. Lead C, corresponds to the right side; lead C

1 corresponds to
the left cide.

2

Trznsmission gate Q (Figure 2) is used to force a "1" into the carry of
the least signifjcant adder during a COUNT UP or SUBTRACT operation and during
Mode 1 or Mode 3. The equation is

Q=c T 1 VT . 1

A zero is forced into the carry by 7, which is given by

J=c . Y ¢ )

During Mode O and Mode 2, a carry is dbrought in from a previous array by the

CAR transmission gate, where

CAR = El S & 1 |




A carry may propagate out during Modes 0 and 1 by using an M, which is gziven

by

e 4
"
(gl
o

[

o s 3w > w s w w e e Ko s e ar e e e o LG

N. SHIFT SWITCHES

The R and L transmission devices are mode independent gates used to per-
form the right and left shifts. RN’ Ro’ RTl’ RTO’ LTl' LTG’ and LN are mode

dependent shift controls. The equations are summarized as fcllows:

R, =C, - P =Y L ¢ &)

2
R N ¢ 1)
Rpg=Cyvabe oo vttt iiiit it @D

P P - A ¢ 1) |

L | B I U S R R GRS S i £ )

Tt HEEE o5 5 b iw s me R e s e s (20
E 2l st At b mrrarem sy mx s 2D

Rem: = uale s ol 5 5l 5 s e el s e e e e @ e e s e e e wi el sl s e 22

Note: R denotes right, L denotes left

O. CONDITiONAL OPERATION

The clock pulse operates on condition. Three control lines will be defined

to permit conditional instructions. These lines will be labeled A, B, and C.

The fullowing truth table defines interactions among A, B, and C:




VAT

|
i
g
|
:

Permits

c B A Operation
0 0 0 Yes
0 o il Yes
n i 0 Yes
0 1L 1 No
1 0 0 Yes
1 0 1 No
1 1 0 Yes
1 1 1 Yes

The truth table reduces tc the condition that (A + B.C + B - C) data-transfer
operation is to take place. This expression combined with the clock pulse
accomplishes the data transfer providing the processor is not in the NO-OP

state.

P. OVERFLOW TNDICATOR

Switch SIGNA operates and puts the truth sum in the register under either
one of the following conditions: overflows have not been detected; or the
mode of operation and the instruction are such that overflow detectior is not

needed. This condition can be summarized by

SIGNA = (Sf : Sl « 8, = S_ « S1 . 52) - C, - ab

+Cy-ab+abc . o.uau e e (268)
Switch SIGNB operates when an overflow occurs, and a "1" is placed in the
overflow flip flop. The complement of the most significant bit sum output
also Is placed in the register; hence,

SIGNE = (Sf . Sl . 52 + Sf E S1 . 52) - ab - C2 o e e e e e (25)

A

A zero is placed in the overflow flip-flop when the following condition is

true:




The overflow flip flop can onlv be clocked during (ab - C2) or during the
IN instruction. Data may be entered or removed from the overflow flip flop,

on the OVERFLOW I/C line, and during the IN and OUT commands, respectively.

Q. EXPANSION TO 16-STAGE PROCESSOR

The four-~stage parallel processor is designed such that four processors
can be interconnected monolithically to form the 16-stage processor. The
wafer will be diced such that four operating four-stage processors will form a
1l6-stage processor. The interccnnection scheme is shown in Figure 5. 1In

sections 2 and 3, the Cl and 02 mode controls are tied to ground; therefore,

these sections are held in Mode 0. 1In section 1, C, is tied to ground; there-

2

fore, the section can operate only in Mode 0 or Mode 1. In section 4, lead C1

is tied to ground; therefore, this section can operate only in Mode 0 or

Mode 2. The modes for the l6-stage processor are determined by inputs C., and

1
C2, as shown.

The bypass leads of sections 1 and 4 are connected as shown in Figure 5.
When Cl and C2 are both "1," indicating Mode 3 the 1l6-stage register is by-
passed; and the left serial-data line of chip 4 and the right serial-data

line of section 1 are connected.

Leads Ro of section 4 and R0 of section 1 are connected as shown in

1 2
Figure 5 to allow the rotate operation. R0 denctes the rotate (cycle shift)

function.

The ZERO INDICAT(R leads are connected as shown. If a "0" occurs in the
l6-stage parallel processor, a ''1" will appear on the indicator of the left-

most unit.
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Figure 5. Schematic Interconnection of Fou: Four-Stage Chips
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“®CTION IIX
BREADBOARL ' COMPUTER STUDIES

A. SUMMARY

The logic diagram, as received from RCA Burlington, was evaluated by con-
structing a breadboard (Figure 6) of the entire processor, and by computer
programmiag a portion of the processor. The breadboard verified that the
major logic and control functions were ccrrect. The compu-er runs showed.that

the proposed device sizes (1.1 mils) were adequate.

B. DETAILS

The contract specified that only one stage (plus control logic) of the
four-stage parallel processor would be breadboarded. However, in order to
verify the total logic package, and to aid in verifying the test program, it
was decided to breadboard the entire parallel prccessor. The breadboard was
constructed on 1Z printed circuit cards which were mounted on a rack with plug-
in sockets. Only commercially available RGA COS/MOS devices were used for the
breadboard. The CD4007D was the primary building block for the breadboard,
and several CD4000D's, CD4001D's, CD4002D'r, and CD4003D's were used to
complement its fabrication. A total of 121 COS/MOS packages were required to
complete the breadboard.

The control logic was constructed first because it is needed to drive all
the other sectiont. Functional gating was used wherever appropriate so that
the breadbcard would correspond as closely as feasible to the actual IC.
Commercially available COS/MOS NCR gaies were used wherever possible. For
example, the RN control requived a ze;o-level-active-NAND gate. Since a zero-
active-NAND gate is identical to an zctive-high-NOR gate, RCA's CD4000D could
be used (see A, Figure 7). The CD4007D was the most extensively used build-
ing block. This device is essential for constructing the functional gates
such as shown in Figure 7.




ozes1pP

Figure 6. Breadboard of the Processor
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A SCHEMATIC OF ACTIVE-LOW NAND GATE

= ey

B. SCHEMATIC GF BAS!C RUILDING BLOCK (CD4007D) IN BREADBOARD

-
-t S

'2 OF CJ40000

ﬂ

C FUNCTIONAL GATE iN CONTROL SECTION

NOTE
NUMBERS REFER TO PIN NUMBER
OF CD30070. SUBSCRIPT REFERS
TO UNIT NUMBER (TWO CD4007D s
REQUIRED)

)

C29%2L

D IMPFLEMENTING THE FUNCTIONAL GATE USING CD4007D

Figure 7. Construction cf Functional Gates for the Parallel Processor
Using the CD3007D as the Basic Building Biock
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After the control logic section was completed, it was checked against the
truth table received from RCA Burlington. Figure 8 shows the output waveforms

of the control section for all 16 possible input combinations.

The arithmetic and accumulator sections were built one stage at a time and
debugged before proceeding. The register in each stage was inplemented using

the RCA CD4003D dua:-data flip flop.

Two minor changes were made in the breadboard so that the logic furctions
could be fabricated with standard NOR gates instead of building up NOK or NAND
gates with the CD4007D. The first change was in the 2ero indicator. The
logic Jiagram as received from RCA Burlington is shown in A, Figure 9. The
breadboarded virsion is shown in B, Figure 9. The second change involved the
clock circuit. The circuit received fror: RCA Burlingtun is shown in A,

Figure 10. The breadboarded circuit is shown in B, Figure 10.

The complete breadboard was exercised for most major modes of operation
such as shift right, shift left, AD, LOGICAL AND, EXCLUSIVE CR, etc. The
worst case AD of two four-bit numbers was 1.9 microseconds, or within specifi-

cations. Figure 11 shows some typical operating waveforms.

C. COMPUTER STUDIES OF SWITCHING SPEED

A program for computing the switching speed of COS/MOS circuits was

developed by A. Feller of RCA Camden, New Jersey.(l)

This program was adapted
to BTSS IiI (Basic Time Sharing System) by J. E. Meyer, RCA Princeton, New
Jersey. The program enabled RCA engineers in Somerville to submit data to

the computer center via the teletype facilities in Somerville, New Jersey.

The computer center processed these data in batch mode because of the length
of the program. Output of the batch processor was mailed back to Somerville.
This last step introduced considerable delay in debugging individuai rums, as
turn-around time (time from data submission to receipt of mail) was usually

2 to 3 days.

(l)A. Feller, Computer Analysis and Simulation of MOS Circuits, ISSCC,

February 20, 1969
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X1 (ACTIVE
N LOW

SUM
AND
OR
RO
R

A. CONTROL LCGIC OUTPUT WAVEFORMS FOR THE 16
POSSIBLE CONTROL COMBINATIONS

(MODE INDEP.)
(MODE 2,3)
(MODE 0,1)
(MODE C,1)

B. MODE-DEPENDENT QUTPUTS FROM CONTROL SECTION

Figure 8. Input and Output Waveforms for Control Section
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B. AS BREADBOARDED

Figure 9. Zero Indicator
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Figure 10. Ciock Circuit




A. ADDITION

8. EXCLUSIVE OR

SEQUENCE
1IN COMMAND = ENTZR DATA

Z. IN
N
4.ADD COMMAND =ADD D; =
5. ADD
6. ADD
1. ADD
VERT =20 V/CM
KOR =20 us/CM
a
: SEQUENCE
1. SET COMMAND
& 2. CLEAR
d 3N
4. eEXCLUSIVE OR
CLOCK 5. EXCLUSIVE CR
6. OR
DI 7.0R
B2 8. AND
03 9. CLEAR
D4
01 VERT =20 V/CM
w HOR =us/CM
Q
Q

Figure 11. Typical Cperating Waveforms (Shest 1 of 2)



SEQUENCE

1. CLEAR COMMAND
2. IN

3. SRIFT RIGHT

4. SHIFT RIGHT

5. SHIET RIGKT

6. SHIFT LEFT

7. SHIFT LEF1

8. SHI" _EFT

9. SHIFT LEFT

[ wooE =3]

VERT =20 V/CH
HOR =20 us/CM

C. SHIFT RIGHT, LEFT

SEQUENCE

L SET
2. CLEAR
3. SET
4. CLEAR
5. SET
6. CLEAR

COMMAND LINES
NOT SHOWN

SEQUENCE
1. CLEAR (dsiﬁiNE NOT

OWN)
2,IN (“NTER! FROM

0l osf
3.ADD (Dl =1 D2=1)
(02=0 Dd=0)

SCALE: VERT « 20 V/CM
HOR = us/C

E. ADDITICN USING MIN'MUM CLOCK DELAY

Figure 11. Typical Operating Waveforms (Sheet 2 of 2)
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Figure 12 is an example of the form in which data are entered into the
computer. This form wis developed to enable the ergineer re simply 1410 in
circuit parameters at his desk, and then turn the form cver te a techni.’en
for actual typing onto the teletype. This input program z3=s oy fin crday):
number of independent nodes; number of depende:. rad~z; and uwmbey of resistors,
capacitors, p-M0OS, and n-MOS. It then asks .. - resislior and capacitor valucs
and nodes connected to: active device paranetecr chiy r~uremeters: mol2
(mode 2 = internally programmed pulse; mode . = Jser programsec -uls+); pulse
parameters; initial node voltages (ask for DC SQLUTIAN ir iaicial node voltages
are unknown; and, finally, printer output intervals and tctal run time. The
format of all of the data describsd abcve is chaaged and written on a simu-
lated tape file called TAPE 3. To process these data, the user types /BATCH
01 02 03 and then tape 3 is batch processed by the main programs written on

tapes 1 and 2. (See reference 1 for details of the main program.) ¢

The circuit parasitic elements must be determined before computations c:;
begin because they must be entered separately. The cnly major parasitic
element in most LSI COS/MOS circuits is capacitance-gate to source-drain and
drain-substrate (AC GND).(Z?ata on these parasitic capaciterces is contained

in ap internal RCA report e data were checked by making a comparison

with measured data on the capacitance of a simple device, the ZD4007D. There
was reasor.able agreement. When these values were used in the program, they
were checked further by running a simple inverter pair the actual width and
length of the CD.{007D. Pair delay was computed to be 32.3 nanosgeconds. The
data sneet specifies a minimum of 33 naroseccnds. Minimum speed is the best
speed cobserved in production devices. The medic1 or average speed of a device
normally is approximately twice the minimum speed. Fence, kuowing the

minimum speed enables the median speed of a large lot to be ottained easily.
Maximum speed, as specified in the data sheet, is rn a:hitrerily picked number
for testing purposes; and is too imprecise 2 number te b2 used in computer
studies. There is no practical upper iimit on how slow an actual device can
be (due to processing differences, defects, etc.), while minimum speec is
firmly fived by physical limitatione.

)
( )D. Burr, Computer Anmalysis of Switching Speeds in Digital CMOS Circuits,
CEL 658-2, August, 1968,




C-M@S TIME-SHARING COMPUTER FARM
F. CARLSEN X2628
DIAL 452-2020 T# ACCESS C@MPUTER

SEGIN 22 /47V 21245 i
/ON 21245 FRELS CCONTROL
01/708/63 13,13 22
READY
/CATALPG
| =|_-INPUT L-TAPEOA «-TAPEQI -
*-PLAT «L-TAPEQD2 1 =TAPFSS
READY
/C@DE INPUT
: 1160
PLS ENTER CIRCUIT DESCRIPTION

TYPE # @F INDEPENDENT N@DES, DEPENDENT N@DES,
RESIST@RS, CAPACIY2RS, PM@S, NM2S

-t
m

S

-4

TAPE

NI:=
ND:= -
NR=
NC:=
NP:=
NN:

RESISTER # =VALUE(KZHMS) N@DE, NODE

L/ VVVX0DOD
N
“

-
(=]
"

CAPACIT2K # =VALUE(PF) NGDE,N@DE (ALL DEP, N@DES MUST HAVE & CAPACITER)

v NN=OWRN~AAVE N —

DOO0O0OO0O0O0O0000
I L T T T T R T I TR TR TR TN T

o0

—— —
[
"

Cl7=

2308704

Figure 12, Example of Form Used to Enter Data Into the Compuier (Sheet | of 3}




BT o WA T s A Mt

TN

PMasS
PRAS
FMes
pMas
P¥es
PMRS
pMaS
PMBS
PM@S
PMESI

COWVWRNNAMVLOL G (D~

-

NMAS # :=VT,CH.WIDTH,CH.LENGTH,D N@DE,G N@DE,S N@DE
NM2S
NM2S
NM2S

NM2S
NM3S

NM@s
NMOS
NMBS
NM@S
NMas|

OWVWRN IO WVL Uiy —
LU T T T TR L L ]

ENTER FOLLOVING CKIP PARAMS----REL PERMITIVITY @XIDE,SILICON,
8X1DE THICKNESSCANG) N M@BILITY,DBN@R CBNCENTRATION P M@BI
LITY,ACCEPTAR CANCENTRATIGN, GAMMA

E@X:=
ESI=
TeXx=
UEFFN=
DONBRS=
UEFFP=
ACCEPT:
GAMMA:=

WHAT KIND @F RUN IS THIS?
M@DE 1 @R MEDE 27

ENTER PULSE HEIGHT,«IDTH(SEC), TAU(SEC), 4 N@DE

D2 YU NEED DC SBLUTIAN?

ENTER INDEP NODE VALTS AND DEP NODE INITIAL VOLTS
NOUE | MUST BE M@ST +3:N2DE 2 MaST -

INDEP NODE = CONSTANT VBLTS

NEDE I:=

NIDE 2:

N2DE 3=

oze87

Figure 12, Exampie of Form Used to Exter Data Into the Computar (Sheet 2 of 3)
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DEP N@DE = INITIAL VOLTS

N@DE
NADE
NODE
N@DE
NGDE
NODE
N@DE!
NODEI

—O0OWVWH OOV

N@DE20=

ENTER CONTRZL INF@----PRINT INTERVAL, ST@P TIME
INITIAL INTEGRATI@N INTERVAL,A MAX EIGENVALUE(SEC @R 1/SEC)

TPRINT=

TST@P:=

TINTEG:

EIGEN=

ST@P AFTER ».140
1160

IF, UNDER /CATAL#G, A L-TAPE@3 APPEARS, TYPE
/DR@P TAPE@3 + MACHINE WILL ANSWER "READY"

GreslL

Figure 12. Example of Form Used tu Enter Data Into the Computer (Sheet 3 of 3)
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The test circuit was reprogrammed into the computer with slightly lower
mobilities and with gate-to-output feedthrough capacitance eliminated. This
capacitance was added iastead to the capacitance from output tuv ground. This
approximation was necessary to speed up computer run time; the small time
constants involved caused the computer to go through an excessive number of
integrations. The result of this run was a pair delay time of 35.5 nanoseconds.
Since the data sheet specified a minimum of 33 nancseconds, it was felt that
this model was adequate for use in simulating a portion of the parallel pro-

ceswor., Table II lists the capacitance parameters used for the MOS model.

TABLE I1. PARASITIC CAPACITANCE VALUES USED FOR
COMPUTER MODEL OF COS/MOS CIRCUITS

Element Parameter Value

Earn pn pair Capacitance of gate to substrate 0.21 pF/1.1 mil
or AC ground channel width

Each p drain Capacitance cf drain to substrate 0.23 pF/1l.21
or AC grouud (includes feedthrough square mil
capacitance from garte)

Each n drain Capacitance of drain to substrate 0.28 pF/1.21
or AC ground (includes feedthrough square mil

cupacitance from gate)

The arithmetic, register, and control portions of the first stage were
programmed to check rwitching speed. The sections actually programmed are
shown logically in Figure 13 along with the waveforms at appropriate prints,
Times indicated are from start of control signal to leading edge of circuit

waveform (50-percent points).
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PRECEDING PAGE BLANK NOT FILMED.

SECTION IV
COS/MOS FUNCTIONAL LOGIC GATING

A. GENERAL DISCUSSION

Any complex logic function expressed by a truth table or a Boolean equation
may be translated into a hardware schematic by one of two methods: the build-
ing=-block method, which utilizes standardized AND and OR circuits; or the func-

tional-gating methed, which utilizes components to svnthesize the function.

The preference within the computer industry traditionally has been for the
building-block approach, despite the fact that functivnal gating requires
fewer components tc realize the same logic. This preference has been due, in
part, to the more complex appearance of functional logic schematics and to the
subsequent greater difficulty caused by this comp >v appearance in debugging
anrd troubleshooting. Compare the identical logic .a Figures 14 and 15, for

example, in terms of tracing a signal path.

Another traditional reason for avoiding functional logic has been the com-
plexity of gace design; as long as gates are structured of passive resistors
and capacitors as well as active devices, this reason is valid. Fan-in, fan-
out, load current, drive current, offset voltage, and level shifting all must
l ve .onsidered in conventional gate design, and it has been found preferable
to limic building blocks to a few well-designed types that are repeated over

and over,

With the advent of complementary MOS array technology, the asituation has
changed. As will be shown in rhe following paragraph, the translation of
Boolean expressions into COS/MOS functioral logic is extreme.y simple and
straightforward., The saving in components is impressive (40 components in
Figure 14, for example, :ompared to 18 components in Figure 15). There is no
penalty in circuit-design costs, because only p-and-n active devices are used.

fach p-and-n pair constitutes a basic decizion-making element, with a single,
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common input to the gate of each device; they always operate as a pair, with
one device on and the other oif. Thece is no load current, the output is at
either supply or ground potential, there is no level shifting (since inputs
and outputs are at the same potential), and they may be combined in series or

parallel configurations with cther p-and-n pf 'rs without restriction.

Since there is no access to individual components in an array configura-
tion, the computer builder performs no debuaging or troubleshooting on the
packaged array. The array is a true "black box" (the pellet whimsically has
been called a "black speck'); therefore, the logic .an be presented arbitrarily

by building-block gates or any other simulative symbols.

B. TRANSLATION PROCEDURE

A typical example will be used to demonstrate the simple step-by-step pro-
cedure for translating a Bool=an expression into a functional logic schematic.
The logic in building-bleck form is shown in Figure 14. The logic will be
recognized as the circuit shown in sh¢ t 7 of Figure 3, with A, B, C, etc.,

substituted for the actual signals.

(1) The Boolean expression is:

(A*B*C*D<E) + (C*F.D:E) + (G:D*E) + (E:H) + I =2 . ... .. .(2D

(2) Rewrite the expressior in vertical columns, using a separate

column for each term and a separace line for each different

variable:

A

B

C C

D D D

E E £ E

—~




(3)

(4)

Circle the common variables:

A

I

Organize the n devices first. A series string of n units (each
vertical column) represents an AND fun. ion, since all units must
be on simultaneously to close the circuit path. Remember that
one end of each n string must be at th¢ output, and ore end must
be at ground. Since E is common te four of the five colummns,
chcose E to be ground; therefore, F, G, and 4 will comnect to the

output, wnd I (scle variable in its column) must ceonnect te both

output anc ground:

B I

C c Ground
D D D L

E E E E
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(3) Box the varfables and combine common elements:

:1__ j__ ——T——“r-’ ouTPUT
Lu L u

>
-

R

c

{__‘
0
&
E

;

Step (%) completes the n section,

Every n unit must have an associated p unit, with the zame input variable

)

connected to each pair. The p units alsc must form a path from supply (+VDn

to the output iine.

From De Morgan's theorem, the relationship between AND and OR is that of

negated variables!
A'B'C=A4 B 4+¢C

Since the varfable that turns on an n device also turns off {te companion

p unit, the negation i{s& automatic, and ¢he n series string is equivalent to




the p parallel unfte. Te derive the p schematic from the n section which was
completed fn step (5}, therefore, it is necessary merely to configure series

unite in parallel and parallel units {n serfes. N, 18 {n series with N for

A B’

example, and the pair {s paralleied by NF. The p functiong, therefore, are
3] { )

parallel PA and l“ in series with 'F

T0 SUPPLY VOL TAGE (+Vpp)

+ $—> QuTPUT

N Np

Ng

+_____J
v
T0 GROU'ID
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(6)

Similarly, NC fs in series with the N«. NH and NF group, and

this combination,in turn, is parallelad by N..
will be parallel to

Repiacing series

with parallel and rarallel with series, PU

P», P“. and F., and Pr wiil be in series with the combination:

T0 (+Vpp) ?

Pg
| -4 . |
P Pc
a— |
) Pp
——F
NA NF NG
g
}-______.4
Ne
%
+
70 GROUND
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(7) Continue toward completion of the p section, replaclng paralle]

with series and series with paralis]:

0

e

1
h
{ s
6
4
f —4- P UNITS
F
A B c b ;
—- -4 +— . + 4> oyrpyT
A F G N |
{
B N UNITS
f_—J
c
*_
0
| —
3
55
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SECTION V
DESTIGN AND LAYOUT

A, INTRODUCTION

A monolithie four-stage pvarailel processor snrray (Figure 16) which forms
the basic cell of a lh<stage parallel processor has been designed in partial
fulfillmant of Phase | requirements of NASA Contract NAS 5«11577 for thke
Goddard Space Flight Center, The parallel processor basically i3 a four-stage
shift re ister that {5 capable of both serial rnd parallel access. The encoded
control logic that 1s wired sn facilitates two's complement addition, AND, OR,
and EXCLUSIVE=OR logic operations, as well as right, left, and Tight cyclic

shifta., It also provides for negative, zero, and overflow Indications.

COS/M0S logic and CHOS/MOS circuit configuration are used to design an array
that functionally is a computer on a chlp except for memory and buffer clr-
cults, It requires low quiescent power dissipation and providea computing
times of less than a microsscond, The unique CC3/MOS array design ylelded a
high packing density, making feasible a circult containing 750 n-and=p channei
devicee packed in a chip slze of 150 mils squar>. When completed, this will

be the largest COS5/MOS array fabricated in industry to date,
t

Figure 1 shows the lead requirement end Figure 17 ghows the lead configura-
tion for the four-bit slice to be packaged in a 28-lead flat-pack Integrated
clrcult, Figure 5 1a a schemitic layout, indlcating the Interconnection of
four four-stage chips to form a monolithlc 16=bit parallel proceasor. The
lead configuration has been chosen such tha* all the input encoding controls
fan elfther on the top or the bottom of the slice, the input data lines fan to
the right, and the remaining indicators and controls fan to the left. Since
the control leads are duplicated at the top and the bottom of the slice, this
arrangement makes feasible the extension to a l6b-stage processor by two-layer

metal, beam lead, or simple wire-bonding technicues. The wire=bonding tuch-
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Figure 16 Layout of the Parallel ©tocessn
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nique in combination with a suitably designed package will be glven prinayy
consideration during Phase 11 of the contract, Thls layout mares possible
monolithic interconneccion by wire bonding either between adjace:t chips or
around nonoperating chips. A speclal ceramic 40~lead flat pack will be

developed for ti.e lbh=-stage processor during Phase 1T of the contract. Some

preliwina: y designs are already under consideration.

%. LAYOUT DESIGN CONSIDERATIONS AND IMPLEMENTAT ION

The circuit schematlic of the four-stage parallel processor 1s shown in
Figure 2, The complexityv of the array required a systematic design approach.
The design philosophy centered on optimizing the array with a minimum of inter=-
connect wiring and tunnels required to feed the decoded control lines to
optimized functional logic blocks on parallel data lines. Thus, emphasis was
placed on achieving a layout suitable for the control-logic decoder with
vertical input instruction lines fanning in from both ends and the horizontal
decoded control lines fanning out at appropriate levelis to feed the logic
blecks In successive columne, Figure 18 is a schematic or the layout with
functional logic blocks. Cecnservative design tolerances, in terms of channel
widths, clearances between contact and diffusion edge, ciearances between metal
lines etc., and particularly between p+ and n' power lines, were followed to
minimize leakage. This conservative approach resulted in a design trade~off
between yield and chin size. Since precise alignment of all zites in the array
is desirable, all the gates were positioned in cne direction (horizontal with
reference to Figure 18), necessitating a larger chip area. Tc further
facilitate the extension of this layout to Phase II of the contract, bonding
pads for input instructions and contro! lines were provided at both ends and
at the top and the bottom of the processor. The 10-perzent increase in chip
area, which is the result of this feature, is a worthwhile sacrifice consider-

ing the advantage gained towards implementing Phave II.

Parts of the four vertical data columns are similar and repetitive.
Advantage {s taken of similarity and symmetry in the design such that two
data columns share a P well, and the two control logic columns with their inter-
conniecting cross tunnels alsoc share a P well. In this way, the design contains

a total of only three P wells and thereby minimizes well periphery.
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Figure 18. Functional Layout of the Parallel Processor
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I'wo functional legic blocks, the D flip flop and the EXCLUSIVE OR, are
discussed here to illustrate the development c¢f the layout. Figure 19 is the
logic block diagram of a D flip flop with its truth table. The specification
calls for the D flip “lop to transfer D input to (Q output on low Go High clock
transiticn, and for the Q output to ke buffered. Figure 20 gives the logic
schematic of the two basic components, the transmission gate and the inverter,
from which the D flip flop can be built. The complementary circuit configura-
tion for these two components is shown in Figure 21. The :ransmission gates
are closed or cpened by the centrol signal, e.g., clock in this Figure, that
is generated elsewhere in the control logic column. Signals from the control
logic column feed several transmission gates, and the inverter required with
each transmission gate is localized and paired. A method of wiring the combina-

tion of inverter and transmission gate is indicated in Figure 22.

A particular advantage of this wiring method is that a number of such
building blocks can be stacked up. In this configuraticn the device source and
drain dirffusions are found along the vertical, while the signal! interconnect
lines are found along the horizental with diffused power-supply connections.
The block diagram representation for layout development of the D flip flop
(Figure 23) exemplifies this approach. The transmission pates and inverters
are positioned appropriately one above the other to fac.litate a very compact
layout. The composite lavout that follows this scheme is illustrated in
Figure 24. The cross-hatched areas represent p+ diffusion regions and the
dotted areas represent n+ diffusion regions. The shaded horizontal areas
represent metal interconnect lines. By removing either a cross-hatched or
dotted tone from the ccontact area, which can be seen clearly except for the
shading over it, this composite can be used to single out the different masks

required for fabrication.

C. [EXCLUSIVE OR

This functional logic block, which is repeated on each data line, is a
case wunere the design methods described in the previous paragraph were combined

with the functional gating technique discussed initially, and in detail, in




LOGIC BLOCK

Figure 19. A Functional Logic

63

<3|

0|Ci]Q

o=

1
x|1|o|

TRUTH TABLE

R LR

Riock: © Fiip Flop




Figure 20. D Flip-Flop Logic, Schematic
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Section 111 of this report. The loglc specified for this relatively simple

functional block 1s as follows:

L
!
[

_ XY
y O———e X

EXCLUSIVE - OR LOGIC

In addition to NOR and NAND, the logic shown above involves OR gates. OR

gates would require a stage of inversion {f complementary devices are to be
used in assembling the logic. The device count necessarily would go up. To
minimize the number of devices required to generate the furiction, the following

technique, using functional gating, is applied.
EXCLUSIVE-OR output = S = XY + XY
= XY 4+ XX + XY + YY
= X (X+Y) + ¥ (RX4Y)
= (X+Y) (¥+Y)

= XY (X+Y)

= XY (X+Y)

= (XY) + (X+4Y)
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The final reduction i{s a NOR output which can he

indicated below:

Voo

P STRING

i L

= OUTPUT

N STRINC

functionally designed as

——4r‘

x—' xw/—'

-
OUTPUT




Putting the p string and the n string together and generating X+Y from a

simple NOR gate, the EXCLUSIVE=OR circult becomes

VoD Yo

YJP Jn

X+Y EXCLUSIVE-OR
& —— *{’ - —

Figure 25 illustrates the device topology for the functionally designed
EXCLUSIVE-OR circuit., Figure 26 is the composite layout generated fer this
logic functional block. The composite employs the design considerations out-

lined previously for the D flip-flop circuit.
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SECTION VI
PROCESSIXNG

A. INTRODUCTION

Processing of compliex, LSI, COS/MOS semiconductor devices requires an
unusual degree of manufacturing sophistication. Although processing on the
parallel processor circuits has ncot started yet, it is anticipated that high-
yield-fabrication prccedures will account for a significant portion of the
engineering effort expended in this program. The followirz processing con-
siderations, pertinent to this program, will require unusual engineering atten-

tion:
a. The successful fabrication of 750-component LSI chips for Phase I

and 3000-component LSI chips for Phase II would represent a
significant challenge for any integrated-circuit technology. The
challenge is great in the COS/MOS technnlogy where processing

sequances are highly complex.

o

Successful fabricatien of CCS/MOS devices reguires ultraclean
processing to c\.id mobile charges in the gate oxide and/or gate-

oxide defects.

c. Unusually high-accuracy alignments and accurate gecmetric control

of components are essential to ensure - roper device operation.

d. The large chip size (0.145 inch by 0.155 inch) is at the limits
of present photomask art for generating images without distor-

tioa and high reszlution.

e. High-yield techniques are essential to achieve the objectives
of the program at a reasonable yvield. Special handling and

photolithographic fabrications appear to be essential.
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B. COS/MOS FABRICATION PROCESS

The first step in the fabrication process is shown in A, Figure 27. 1In
this step a low concentration '"well" is diffused into the homogeneous N-type
silicon which is typically 1 to 2 ohm-cm material. Next, the high concentra-
tion regions which form the source and drain of the P-channel devices are
diffused as shown in B, Figure 27. 1In a similar manner, high concentration
n-regions are diffused within the well to form the source and drain for the
N-channel devices as shown in C, Figure 27. The physical separation between
these diffused regions determines the channel length and directly affects

device characteristics.

Up to this point, the fabrication of complementary MOS devices is similar
to the fabrication of conventional bipolar planar devices, i.e., processing
steps for both types of device include silicon dioxide growth, photoresist
application, oxide etch, high-temperature deposition and diffusion of impuri-
ties, and masking operations. At this point, however, MCS fabrication enters
a critical phase because in MOS construction the purity of the silicon dioxide
directly over the channel and beneath the metal gate is far more critical than
in bipolar devices. Any mobile charges in this oxide due to sodium or calcium
impurities move under the influence of the high field between the gate and
substrate and can induce uncontrolled leakage currents between the source and
drain. These leakage currents were a major obstacle in the development of

early MOS enhancement devices.

To ensure that a pure channel oxide will exist in the critical region, the
existing oxide 1s etched back to the surface in the source-channel-drain
areas as shown in D, Figure 27. The wafer is then thoroughly cleaned, and
a thermal oxide is grown in a specially prepared and maintained "clean" furnace.
A small amount of phosphorous-doped oxide is usually added as a "getter" dur-
ing this process to immobilize any stray ions that may intrude on the surface.
This step 1s illustrated in E, Figure 27. Precautions are also taken during
the metal evaporation phase to ensure that no contaminants reach the surface
of the channel oxide beneath the gate metalization. These special precautions
require the use of ultra-pure aluminum wire and a scrupulously clean vacuum

chamber. The contact-opening and metal-etch steps are shown in F, Figure 27.
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C. CAPACITANCE-VOLTAGE CURVES

The capacitance-voltage measurement technique has been valuable in
developing the clean-oxide clean-metal process. Briefly, this technique in-
volves the measurement of the capacitance due to the oxide dielectric in series
with the capacitance of the surface space-charge layer. Ideally, the induced
junction is due solely to the field between the metalized electrcde (or
channel if this were a gate) and the substrate. As explained previously,
however, mobile charges in impure oxide can induce an inversion layer and,
therefore, change the bias voltage at which the cseries capacitance appears.
Figure 28 shows capacitance-voltage curves for clean and impure oxides after

one minute at 300°C with 10 volts positive bias.
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Figure 28. Capacitance-Voltage Curves foi Clean ard Impure Oxides
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SECTION V11
TESTING

A. INTRODUCTIuN

A significant dilemma in the implementation " logic is the problem
of verifying the proper operation of the fabric arrays. Not only is it

necessary to fabricate and test volume quantities of an array, but it is also

es.ential to isolate any initial array design faults.

B. INITIAL DESIGN FAULT ISOLATICN

When the design and the sample fabrication of an array is complete, it is
necessary to verify that all design phases have been performed in a proper and
logical fashion. To aid in '"debugging'" the parallel processur array, a number
of internal test probe pads were included, in addition to the ordinary bond
pads. These internal test points were strategically located tc provide ease
in trouble shooting should a failure be revealed in the logic design or in the
mask design. By probing these pads it is possible to isolate areas of the
array and verify their proper cperation. By using these pads, therefore, a
fault can eas’ly be located, at jeast to one gate structure and often to th~»
exact device. This capability greatly facilitates the process of locating a

logic or mask error without elaborate rechecking.

C. PRODUCTiON TEST PROCEDURES

When it is determined that the masks are correct and functional arrays
are producible, a test matrix is required which will exercise each array
thoroughly to select functionally usable chips. In this procedure, only the
27 bond pads are accessable to the test words in which the inputs will auto-

matically be sequenced and the outputs verified.

In order to exhaustively test the array, all possible combinations of the

15 required inputs would be applied. This would require 215 over 32,000 test
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words to be applied. All outputs would be monitored for each test word. This
procedure results in an exorbitant period of test time to previde an indica-
tion of array operability. Hence, it behooves the designer to devise a short,
concise test sequence which is practical in time, yet will supply assurance

that the array is indeed operating as required.

The basic concept leading un the reduced test matrix for the parallel pro-
cessor involves the verification of proper operation of each pn device pair.
To achieve this, each logic gate structure must he made active in all possible
modes independently, then made inactive in as few conditions as possible where

it can be showu that each device is capable of controlling the logic output.

The procedure is illustrated in Figure 29 where four (4) tests are all
that are required to test a three-input NAND gate. In the first test, 1if
any of the p devices are "on," the output will be false, or there will be a
DC current path from +V to ground which can easily be detected in the power
tests. In the second, third, and fourth tests, an n device that is "on" will
be detected in the power test, and the p device that is "off" will show up as
a logic error. Also, any error resulting from metalization shorts will be
detected in power tests. The extension of this procedure to functional logic
structures is quite simple and provides an even greater reduction of ''tests per

input" than for the NAND/NOR structure. (See Figure 30.)

The testing of a_bilateral current device (transmission gate) requires
a different test technique. In testing the conducting state of a transmission
gate in the parallel processor, a sensitized path through the transmission
gate was required to change the state of a D flip flop. The changing-of-state
requirement is derived from the fact that if the transmission gate was off,
the D flip flop input would be open circuited and the charge-storage property
of the device would prevent az change in the flip flop for millisecond time
durations. To test for nonconducting states, signals are applied such that
each data terminal of the transmission gate in question has active signals
present which are of opposite state, i.e., "1" and "0." 1If the gate is con-
ducting, a low resistance path, 104 ohms, will be present and can be tested for

in quiescent power checks. The gquiescent power of a chip should be less than
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Figure 29, Test Requirement For Three-Input NAND Gate With Inputs Active High.
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Figure 30. Test Requirement for Function Gate
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12 microwatts and the leakage from two opposite state luverters through a trans-
2 4

mission gate would be (P = EZ/R = 1000°/3 x 10 R = 3 milliwatts) more than two

orders of magnitude above the normal quiescent power. This approach provides

a good tolerance margin for detecting this type of failure.

The utilization of this approach allows the testing of parallel data paths
simultaneously. Analysis of the individual gate structures along the serial
path is achieved by establishing logic paths to and from the structure in
question so the required gate input conditions are directly manipulated by the
data inputs, and the gate output is directly monitored at the array data out-

puts.

D. PARALLEL PROCESSOR TEST PROCEDURE

The test procedure (Table I1I) for the parallel processor was devised using
essentially two semi-independent test procedures: one for the processing por-
tion of the logic and one for the control portion of the logic. In testing
the processing portion of the array, it is assumed that the control logic is
functioning properly, and the control portion testing is based upon outputs of
control gates being monitored by using conditions on the inputs to the pro-
cessor portion, which is assumed correct, to define logic paths. This is
essentially a process of establishing "logic paths" to and from the structure

to be tested.

The test matrix table has been configured in such a manner as to provide
a complete picture of the relationship between a given test word and the
specific device structure that is being functionally tested. The infcrmation
contained in the right-hand cclumn enumerates which particular gate structures
are under test and whether these specific gate structures are being programmed
for an active or for a specific inactive state to exist at the outputs. Thus,
it can be seen that the table provides the user with any and 211 information

that is required to functionally test out a given chip.

With reference toc the test matrix table, the first 26 test words are tests
of the control portion of the array. For the majority of tests the array is

in mode I1II and all of the 16 processor instructions are examined. For each
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control instruction (R, AND, L, ete.), the data inputs are defined so as many
test conditions as possible can be monitored. After the initial 16 words,

any untested conditions can be tested.

Upon successful completion of the testing oi the control logic, the pro-
cessing portion of t'.e array is checked. The arithmetic and shifting portion
are checked independently. In testing the arithmetic portion, the first
EXCLUSIVE-CR structure of the full adders, the carry generation structures,
and the input gating structures are tested independently. Tests for AND, OR,
and SUM transmission gates, and the second EXCLUSIVE-OR structure are mixed

into the above tests.

Testing of the shift register portion is accomplished in a straightforward
shifting test. This test checks out the L, R, and Ro transmission gates and
checks the D flip flop operation. Tesis for special indicaiors are checked

during the control test portion of the test sequence.

In the test matrix, a column contains information as to what conditions

are being tested for in each test word. Examination of this column will reveal

that all conditions required by Section II are satisfied.
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SECTION VII1
CONCLUSIONS AND RECOMMENDATIONS

A four-bit parallel precessor has been designed. The logic design conforms
to the contract objectives. The array of 750 devices has been laid out on a
chip 145 mils by 155 mils. A composite drawing was completed and rubvliths
were prepared. Extensive checking of the rubylith (with the assistance cof
R. Lesniewski cf NASA) was used to reduce the probability of error in the lay-
out. A test matrix was developed to permit testing of the processing and

control pecrtions of the parallel processor.

It is recommended that the program continue as planned.
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SECTICN IX
PROCI-AM FOR NEXT INTERVAL

During the next interval, the fcur-bit parallel processor unit will be

fabricated and tested.

5 o ,lmv‘-h."' ""_'-:‘ AR 2
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