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You can design your own large-scale arrays with
Philco-Ford MOS Building Blocks, by following the
simple rules explained in this Handbook. The pro-
cedure is similar to breadboarding conventional
integrated circuits. You merely lay out decals of
the Building Blocks* on scaled paper representing
the chip area of the array and draw single-line in-
terconnections between the blocks. Thus you re-
tain complete control of your own system design.

Each Building Block is a predesigned integrated-
circuit layout for a particular logic function, having
completely specified input-output characteristics.
The versatile Philco-Ford Family includes a wide
variety of logic functions, capable of implementing
any logic system.

The Building-Block approach offers many advan-
tages. For example:

® A continually expanding library of proven,
predesigned circuits. These circuits have been
widely used in the mass-produced Philco-Ford
Standard Family as well as in numerous cus-
tom arrays. They have been optimized for
yield. Therefore, Building-Block arrays are
manufactured quickly and in volume, with
confidence that they will perform as predicted.

Quick turnaround. The time required for the
design of individual circuits is eliminated.

Efficient use of silicon area — in contrast to a
‘Master Slice’ concept which wastes silicon
with superfluous transistors and interconnect
area.

Greatly reduced cost — a natural result of all
the above advantages. For example, the use
of predesigned, pre-evaluated circuits elimi-
nates the engineering required to custom-

*or draw in penciled outlines

1=1
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design circuit functions for each array, as well
as the possible need for rework.

User design. The system engineer carries his
own design from concept to manufacture.
Thus he has more design flexibility and
greater proprietary protection.

This handbook explains step by step (1) how to
partition a Building-Block system and lay out each
part on a silicon chip, optimizing chip area and
array performance; (2) how to predict power sup-
ply requirements and speed; (3) how to develop a
good functional test; and (4) how to specify pack-
age and array performance. Section 2 explains the
fundamentals of MOS transistor and circuit opera-
tion. Section 3 describes the logic and circuit con-
tents of each Building Block, together with a few
of their many possible applications. Section 4
briefly discusses the factors affecting cost in a
Building-Block system. Section 5 describes the lay-
out procedure with detailed examples. Section 6
explains how to calculate speed and power. Sec-
tion 7 describes the many in-process and end-of-
line tests performed as a matter of routine on all
integrated circuits and arrays at Philco-Ford. In
addition, it explains how to develop a functional
test and describes the computer program available
at Philco-Ford for generating tests. Section 8 de-
scribes in detail the steps required to order and
manufacture a Building-Block array.

The Appendices include a sample specification
sheet (A); a list of the contents of Building-Block
kits available from Philco-Ford (B); package in-
formation (C); and data sheets for each of the
Building Blocks (D).

NOTE: Be sure to register your Handbook so that
we can provide you with data sheets and informa-
tion as new Building Blocks become available.
Large-scale integration is an evolutionary technol-
ogy, and the library of Building Blocks available to
achieve it will therefore be continually expanding.



In this section, we will summarize the operation of
the MOS transistor; show what it looks like physi-
cally; explain how it is used in the Building Blocks
both as an inverter and as a load “‘resistor’”, and
describe its operation in Building-Block circuits.

2.1 DEVICE FUNDAMENTALS

Fig. 2.l1a shows a somewhat simplified* three-
quarter view of a single MOS transistor cut out of a
silicon chip containing other, devices and the inter-
connections between them. The transistor consists
of a block of N type silicon called the “body” or
“substrate”, into which PT impurities are diffused
in two parallel strips called, respectively, the
“source” and the ‘““drain”. In operation, an in-
duced P region known as the “‘channel” connects
source and drain. The entire surface of the chip is
covered by silicon dioxide, which is etched down
over the P regions and the channel area. A metal
gate is deposited over the channel area, separated
from it by the oxide. Metal supply lines contact
the source and drain through a small cutout in the
oxide.

Fig. 2.1b is a stylized top view of the transistor in
Fig. 2.1a, showing the metal (in outline only) on
top of the chip, the P regions (cross-hatched) be-
neath the surface, and the cutouts (black) allowing
contact between metal and P regions. The circuit
symbol for the transistor is shown in Fig. 2.1c.

If the gate, source, and body are grounded and a
negative voltage applied to the drain, the drain-to-
body PN junction is reverse-biased. Since this iso-
lates the drain from the source, no current will
flow between the two. If a negative voltage is ap-
plied to the gate, electrons are repelled from the

*For more detailed information on MOS device fundamentals, see
“MOS MONOLITHIC SUBSYSTEMS: A REVOLUTION IN
MICRO-ELECTRONICS,” available from Philco-Ford.
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Fig. 2.1 The MOS Transistor: (a) Three-Quarter
View; (b) Stylized Top View; (c) Schematic
Diagram.



surface region of the silicon immediately beneath
the gate, and holes are attracted to it. When the
gate-to-source voltage reaches a certain threshold,
called Vt (-4 to -6 V in Building-Block transistors),
this surface region changes or ‘““inverts”’, becoming
P-type instead of N-type. This inverted region,
called the ‘“‘channel”, provides a path for conduc-
tion between source and drain. If the drain is more
negative than the source, current will flow between
the two. However, if the gate voltage is less than
Vg, no current can flow, thus the maximum “0”
level is fixed by the minimum V. As the gate volt-
age becomes more negative than Vp, the channel
depth increases, causing the ON resistance to de-
crease.

In the stylized view of the MOS transistor shown in
Fig. 2.1b, the distance from source to drain is
labeled “L”, to signify channel length. The dimen-
sion labeled “W” is the width of the thin-oxide
region and therefore the width of the channel.

2.2 CIRCUIT FUNDAMENTALS
2.2.1 The MOS as a Load ‘“Resistor”’

A device with a ratio of L:W>>1 has a high ON
resistance and thus can be used as a load “‘resistor”.
The resistance is determined not only by its dimen-
sions, however, but also by the difference between
its gate voltage and its source voltage: The larger
this voltage difference, the lower the ON resistance.
As the source voltage of the load falls toward Vpp
during turn-off, its ON resistance therefore in-
creases. Thus the turn-off waveform is considerably
slower than that of a simple RC network. To mini-
mize this effect, the Building-Block load transistors
are operated from a gate supply (Vgg) twice as
negative as the drain supply (Vpp).

2.2.2 Logic Levels

Fig. 2.2 shows the circuit diagram of a Building-
Block inverter stage with a low-current MOS tran-
sistor (T,) as the load. Since the inverter (as well
as the load) is turned on by a negative gate voltage,
it is convenient to define a logic “1” to be a nega-
tive voltage near Vp and a logic “0” to be at or
near ground.
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Fig. 2.2 Schematic Diagram of Building-Block

Inverter Stage.

The dimensions of the inverter are such that its ON
resistance with a “1” level on its gate is small. Un-
der these conditions, therefore, the inverter is ef-
fectively a closed switch in series with a load
resistor (see Fig. 2.3).

With the specified “0” level on its gate, the inverter
is effectively an open switch (see Fig. 2.4), since
leakage currents are very small. *

2.2.3 Load Capacitance

In Fig. 2.5, two Building-Block inverter stages are

shown. The load capacitance C; consists of (1)
Vb Vop
o
VGGO_‘| R,
{b——-o =

e 0—]

Fig. 2.3 Inverter with “1” on its Gate and Equivalent
Circuit.

*Leakages need not be considered at all when designing with
strictly dc Building Blocks. However, minimum clock frequency
in the BB-403 and BB-404 (the one-bit shift registers) is a function
of leakage (see Sections 2.2.5 and 3.2.3).
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Fig. 2.4 Inverter with “0” on its Gate and Equivalent
Circuit.
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Fig. 2.5 Two Building-Block Inverter Stages.

PN-junction capacitance between the drain of T;
and the grounded body; (2) the capacitance of the
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interconnections (see Section 2.2.3); and (3) capac-
itance between the metal gate and the grounded
source of T3.

Because of the extremely high gate-oxide imped-
ance (>10'4Q), the load capacitance of one stage
is effectively isolated from the next (see Fig. 2.6).
Thus the RC time constant for charging the load
capacitance is determined only by the capacitance
itself and the load resistance Ry . Discharge time
through the low ON resistance of the inverter is
much less than the charge time.

2.2.4 Interconnecting Lines

Interconnecting lines may be made either of (1)
metal deposited on the silicon dioxide surface of
the chip or (2) buried P regions. Fig. 2.7a is a styl-
ized top view showing a metal line (in outline only)
on the surface of the chip and two P region lines
(cross-hatched), beneath the surface. A cutout per-
mitting contact between the metal line and one of
the buried P lines is shown in black. Fig. 2.7b
shows a cross-sectional view along the A-A cut in
Fig. 2.7a.

Since the oxide layer is thinner in the crossover
region than elsewhere, the capacitance between the
metal and the P region passing under it is greater
than the capacitance between the metal and the
substrate. Procedures for minimizing crossovers are
described in Section 5.3, and methods of com-
puting resistance and capacitance of interconnecting
lines are given in Section 6.1.1.
Voo VoD
Q o

|
|

Fig. 2.6 Isolation of Input from Output Stage.
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Fig. 2.7 P and Metal Interconnect Lines: (a) Stylized Top View; (b) Cross-Section.

2.25 The MOS Transistor as a Coupling Device

The MOS transistor can also be used to couple data
from one inverter stage to the next, as shown in
Fig. 2.8.*

Since coupling is identical through the two stages,
we will consider only the first stage. When the
clock ¢; appears at the gate of coupling transistor
T, the voltage level at the drain of inverter T, is
coupled to the gate of T,. The source of the
coupling transistor is considered to be the side that
is, at least initially, at the more positive voltage
level — in this case, the side attached to the gate of
T4. Unless the voltage difference between the gate
of T; and its source is equal to or greater than the
threshold voltage, T; will be off. Thus, as the
source rises toward a “1”, the ON resistance of Tj
will approach an open circuit unless ¢; is much
more negative than the “1” level. For this reason,
clock voltages equal to Vg are normally used for
this coupling mode.

The clock ¢; must remain on for a time at least
equal to that of the propagation delay through T,
and T,. In the BB-403 and BB-404, the maximum
propagation delay is 500 ns at 1259C. Thus the
maximum clock frequency is 1 MHz at the high-
temperature extreme. When ¢, turns off and ¢,
turns on, the voltage level at the gate of T, is
stored on Cj, gradually leaking off through the
source-to-body PN junction of T;. In the BB-403
and BB-404, the time required for the “1” level
stored on the gate capacitance to rise above the
amount that can be tolerated is 0.05 ms at 125°C.

*This coupling mode is used in the BB-403, and the BB-404, the one-
bit shift registers discussed in Section 3.2.3.

Thus the minimum clock frequency is 10 kHz at
the high-temperature extreme.

2.3 CIRCUIT PERFORMANCE
2.3.1 Speed

The speed of the Building-Block circuits is effec-
tively limited only by the charge and discharge
time of the load capacitance. Speeds of at least
500 kHz can easily be obtained for most Building-
Block systems; by careful attention to layout (see
Section 5), speeds in the MHz range can often be
achieved.

2.3.2 Fan-Out

Since current drive is needed only to charge and dis-
charge the load capacitances, fan-out is limited only
by the system speed requirement. Because of the
small capacitances within the chip, very high fan-
outs (10 or more) can be obtained without seriously
affecting speed. However, when an inverter fans
out to a large number of gates on a second chip, and
in addition the interconnect capacitance is large, an
output buffer (the BB-020 or BB-021) is usually

necessary to meet speed requirements. This device
consumes considerable silicon area.

2.3.3 Noise

Noise inside a Building-Block chip is not a problem
because the Building Blocks are designed for high
noise immunity.

“Zero” Level Noise Immunity. A minimum
gate threshold of -4 V is required before any
Building-Block transistor will begin to turn on.
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Fig. 2.8 The MOS as a Coupling Device.

Until the gate becomes considerably more neg-
ative than this threshold, the output (drain)
voltage remains above the ‘17 level. The
Building Blocks are designed for a maximum
“0” level out of -2 V. Thus a “0” level noise
immunity of considerably more than 2 V is
built into the design.

“One” Level Noise Immunity. The Building
Blocks are designed for a minimum *“1”° level
out of -10 V. The maximum threshold voltage
required to turn on any Building-Block tran-
sistor is -6 V. Thus the “1” level noise immu-
nity is at least 4 V.

Noise problems between chips in a Building-Block
system can be eliminated simply by insuring that

5‘1”

the specified maximum ‘“0” and minimum
levels (including any noise voltages) are provided
at the inputs of the chips.

2.3.4 Power

Power dissipation in a Building Block chip is un-
likely to exceed package ratings even at the high
temperature extreme of 125°C. The only signifi-
cant power considerations are (1) power supply
drain and (2) the effect of heating on the load resis-
tance and hence on charge time. The latter is con-
sidered in Section 6.2, and the speed-power trade-
off is discussed in Section 6.3.



The Building-Block family includes all the elements
used in a dc system — basic combinatorial logic and
storage elements — plus a wide variety of combined
functions available in single blocks to conserve chip
area. In addition, the family includes two one-bit
shift-register elements: a dc element and a dynamic
element, which make use of the coupling technique
described in Section 2.2.5.

In this section we will describe the operation of the
basic MOS NOR and NAND gates and discuss some
of the available blocks which incorporate these
functions. Then we will describe the operation of
the master-slave flip-flop, show how it can be con-
nected to form a ripple-through counter and a shift
register, and discuss the clock-generator element
used with it. Finally we will describe the operation
of the one-bit shift-register elements.

A List of Building Blocks, with circuit and logic dia-
grams and Boolean expressions, is included as
Table 3.1 at the end of this section.

Section 3
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3.1 COMBINATORIAL LOGIC
3.1.1 Basic NOR Gate

Logic and circuit diagrams of the two-input NOR
gate (the BB-002) are shown in Fig. 3.1, together
with a truth table and Boolean expressions govern-
ing its operation. A “1” level* on the gate of either
inverter (i.e., at B or C) causes that inverter to turn
on and pulls the output (A) to “0”. As shown by
the truth table, the output A can be at a “1” level
only when B and C are both “0”.

NOR gates with two to six inputs are available in
separate blocks.

3.1.2 Basic NAND Gate

The logic and circuit diagrams of the two-input
NAND gate (the BB-010) are shown in Fig. 3.2, to-

*As pointed out in Section 2.2,2, logic “1” is defined as a negative
voltage (near Vpp) and logic “0” is at or near ground.

0}

- 4—O A
BC|A
K
o1]o

c— 10/0
110

L

Fig. 3.1 Basic NOR Gate: Logic Diagram, Circuit Diagram and Truth Table.
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Fig. 3.2 Basic NAND Gate: Logic Diagram, Circuit Diagram and Truth Table

gether with a truth table and Boolean expressions.
With a ““0” level on either B or C, that inverter is
off. Thus no current flows and A isata “1” level.
With a “1” at both inputs, A is “0”.

3.1.3 Combined Gating Functions

Basic NOR and NAND circuits are combined to
form a wide variety of OR-NAND and AND-NOR
gates, each available in a separate block.

The EXCLUSIVE-OR function is also available in a
single block, the BB-101.

TR
|
A >
g ] @

As shown in Fig. 3.3, two BB-101’s, a BB-203
(2/2-Input AND-NOR), and a BB-001 (inverter),
can be interconnected to form a full adder.

3.1.4 Output Buffers

Although any of the Building Blocks can be used at
outputs, two special buffers, the BB-020 and BB-021
are provided to meet heavy current requirements.
Both blocks have an output at the top as well as at
the bottom to permit easy access to output pads (see
Section 5).

T o]

SUM

CARRY (IN) 7

L

T waw | wmeoor |
I I

Jr— CARRY (OUT)

Fig. 3.3

Full Adder.,



3.2 STORAGE ELEMENTS

3.2.1 Master-Slave Flip-Flop

A master-slave flip-flop can be constructed by in-
terconnecting two BB-401 blocks as shown in
Figure 3.4.

A four-stage ripple-through binary counter formed
by cascading master-slave flip-flops is shown in
Fig. 3.5, together with a tabulation of the counting
sequence. Input pulses are fed into a master-slave
clock-generator element (discussed below) and
passed through the counter from one stage to the
next. Consider stage 2, for example. When the clock
input of this stage goes to a “1”’, a “1” is stored in
the master flip-flop because the SET input is nega-
tive and the RESET is “0”. The slave (output Q)

CLOCK

“1”

goes to a when the clock input goes negative
(i.e., when stage 1 returns to a ““0’’). Since the SET
input of stage 2 is now ““0’’ and the RESET is ““1”,
the master changes to “0” when the clock input
goes negative, and the slave follows on the subse-
quent negative clock input. Thus, each stage
changes state when the Q output of the preceding
stage goes from “1’’ to ““0”.

Since the stages of this counter change state sequen-
tially, there is a finite time during the change when
the counter may contain a spurious count. For ex-
ample, a count of 2 is momentarily present between
counts 3 and 4. No special precautions are needed
for frequency division since the output is taken
only from the final stage. However, when outputs
are taken from two or more stages and fed to a log-
ic gate, critical counts should be clocked through
the gate.

-
|
|

SET

U

RESET O——l—

CLOCK O—

DC RESET O- } l
"o TRUTH TABLE FOR MASTER-SLAVE OPERATION
INPUTS AT CLOCK
K
ctoc TIME n+1 OUTPUT (Q) AT
wyn L DC a+1 CLOCK TIME
SET RESET RESET
0 0 0 Qr
lloll 0 0 -I 0
B 0 1 0 0
0 1 1 0
cLOCK 0 ! 1
II]II ] 0 ] 0
1 i | ] — ] 1 ] 0 X

et 1) —obgae [ bt )4 ] = pmpem ]
i ! |

-y
1 1

Fig. 3.4 Logic Diagram, Truth Table and Clocks for Master-Slave Flip-Flop.
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Fig. 3.5 Four-Stage Binary Ripple-Through Counter Using Master-Slave Flip-Flops.

A shift register can be constructed with master-slave
flip-flops as shown in Fig. 3.6. When the clock
goes to a “1”, the master flip-flop is either set or
reset, depending on the data input. This state is
passed to the slave when clock goes to a “1”, and
to the master of the next stage on the subsequent
clock signal.

Master-Slave Clock-Generator Element

(BB-402)

3.2.2

Logic and schematic diagrams of the master-slave
clock-generator element (the BB-402) are shown in
the List of Building Blocks. This element is driven
by a square wave to generate clock and clock out-
puts which can never be simultaneously in the
same state. The number of flip-flops it can drive
is limited only by the speed requirements of the
circuit.*

This element cannot be used with the one-bit shift
register stages discussed below because the maxi-
mum ““1” level it provides is V, (the outputs being

*Methods of reducing propagation delay through critical nodes are
discussed in Section 6.1.3.

3-4

taken from the drain of an MOS inverter). Asex-
plained in Section 2.2.5, a voltage approaching Vg
is required to clock a coupling transistor of the type
used in the one-bit shift register stages.

3.2.3 One-Bit Shift Registers (BB-403 and BB-404)

Logic and schematic diagrams of the one-bit shift
register (the BB-403) are shown in Fig. 3.7. Since
this element requires three externally generated
clocks, it consumes considerable space in inter-
connect. However, the block itself is 70 percent
smaller than the master-slave flip-flop discussed
above. For three or more register stages, therefore,
the BB-403 is usually the better choice.

The action of the coupling transistors T and T is
described in Section 2.2.5. Clock phases ¢, and
¢, are complementary. The data input is switched
to the gate of T3 by ¢,, and stored on Cg; when
¢, turns off and ¢, comes on. After a time equal to
the propagation delay through the register, the data
state appears at the output. Clock ¢zthen turns on,
permitting feedback through T,, which latches the
flip-flop into a dc state until the next data input is
clocked through ¢,.
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Fig. 3.6 Master-Slave Shift Register.
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Fig. 3.7 One-Bit DC Shift Register Stage (BB-403) and Clock Waveforms.
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Clocks ¢, and ¢, should never be on at the same
time since this would permit a change at the input
to be clocked prematurely through the register. On
the other hand, ¢, may turn off for a brief period
before ¢; comes on because the data will be stored
on Cg, for as long as 50 us before leaking off
through the source-to-body PN junction of T, (see
Section 2.2.5).

The minimum ON time of either ¢, or ¢, is 500 ns
— determined by the propagation delay through the
register. Because of the flip-flop latching, there is
no upper limit to the time that ¢, may be on. How-
ever, its maximum OFF time (and hence the maxi-
mum ON time of ¢,) is 50 us — determined by the
rate at which data leaks off Cg,.

The time 7, between the disappearance of ¢, and
the appearance of ¢; may range from 500 ns to 50
ps at 125°C. The minimum length of 7, is deter-
mined by the propagation delay through the regis-
ter. The maximum is fixed by the length of time
data can be stored on Cg; before leaking off.

When ¢, and ¢, are operated at rates above approx-
imately 100 kHz, ¢3 need not be used at all since
Cgy will store the input data longer than the en-
tire OFF time of ¢,.

In this case, the dynamic shift-register element, the
BB-404, shown in Fig. 3.8 should be used since it is
somewhat smaller. This element is identical in cir-
cuit operation to the BB-403 except that ¢; is elim-
inated and the load resistors are clocked by ¢; and
¢,.* Considerations inlaying out this block and the
BB-403 are discussed in Section 5.2.

3.3 CUSTOM DESIGNS

To meet certain system requirements, it may be
necessary to custom-design one or more blocks (or
even an entire chip). This service can be readily ob-
tained from Philco-Ford.

*For detailed information on the circuit operation of this element,
see Philco-Ford Application Note No. 401, “pLSR100 Dynamic
MOS Shift Register,” by James L. Cortright.
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TABLE 3.1
LIST OF BUILDING BLOCKS

. COMBINATORIAL LOGIC

A. Inverter
BB-001
Vbp
Vee0— Ry
9—-{>¢ $—o0 A
A= Bo—|
_:]:_
B. NOR Gates

A=

B

+

BB-002 (Two-Input NOR

\

)

DD

Ve o—] Ry
oA
; A
S R L
C=8C
L
BB-003 (Three-Input NOR)
Vb
Vec o—] R
80— co—| po—]
D




TABLE 3.1

LIST OF BUILDING BLOCKS (Continued)

A=

B
C
D
E
F
G

BB-004 (Four-lnput NOR)

T
.5
I
-
I
-
I

BB-005 (Five-Input NOR)

FO—

T
-

I
ind
[
.||.-<._J?L<.

I
:

BB-006 (Six-Input NOR)

Voo
Vee 0— R

OA

B

A
8O— co— ﬁ bo— ﬁ EO— I FO— Go—

+C+D+E+F+ G=BCDEFG

—e




TABLE 3.1

LIST OF BUILDING BLOCKS (Continued)

C. NAND Gate
BB-010 (Two-input NAND)

jD
VoG 0— Re
| 3———OA
SIS
A=BC=8+C co—i
D. Output Buffers
BB-020 (Single Output Buffer)
-
A =8
BB-021 (Double Output Buffer)
Yoo
jl> ll> A VocO—i| RL VogO—i| RL
BO—|
A=8

1<
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TABLE 3.1

LIST OF BUILDING BLOCKS (Continued)

E. Exclusive OR
BB-101

80— co—
A = BC+8C

F. AND-NOR Gates
BB-201 (Two-Input AND/One-Input NOR)

V]
Vo O— RL

+—OA
D>
co—i
D — A
B
A=CTD+B ={C+D)B po— BO—
BB-202 (Two-Input AND/Two-Input NOR)
Vb
Vee— ﬁh
+——OA
B —
C — E—l
D
E
BCTDTE L

A=BC+D+E = (B+C




TABLE 3.1

LIST OF BUILDING BLOCKS (Continued)

BB-203 (Two/Two-Input AND-NOR)

Vb
Voo | R
- o
¢— - o
—) Do
- R
E— L
A =BC+DE = B+C)D +E) )
G. OR-NAND GATES
BB-301 (Three-Input OR/One-Input NAND)
g
Voo | M
o
B —
c
1 N il
=D .
B cH D~ }__1 E
A = BCFDTE) = B+CDE L

BB-302 (Four-Input OR/One-Input NAND)

Vee—
8
c . -
= >—
E :})——A cH ‘:: p— [:I E— F—

A =BC+D+E+F) = B~+CDEF —__L




TABLE 3.1

LIST OF BUILDING BLOCKS (Continued)

BB-303 (Five-Input OR/One-Input NAND)

D
Vee
A
8-
B

Vb
RL
Aj:Lf J c o £ [I F ¢
T .

o™ m o O

A=BC+D+E+F+ G)=B+CDEFG

BB-304 (Six-Input OR/One-Input NAND)

Vb
VGG-' RL
A
cH D E—lﬁ
A=B(C+D+E+F+ G+ H) 4

=B+CDEFGH

® ITEMMON

D
F— G H-

BB-305 (Two/Two-Input OR-NAND)

Vbp
VGG—ll__jRL
¢ ——90A

=y A
o -
D

c— D

A=@B+E) [C+D)=BE+CD
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TABLE 3.1

LIST OF BUILDING BLOCKS (Continued)

BB-306 (Three/Two-Input OR-NAND)

Vob
Veed Ry

. 0A

B cH

o £ ﬁ F
=

BB-307 (Four/Two-Input OR-NAND)

A=(B+C)(D+E+F)=BC+DEF

nTmon

A=@B+G)(C+D+E+F) =BG +CDEF =

BB-310 (Three/Three-Input OR-NAND)

DD
R
B VGGHﬁL
= > s




TABLE 3.1

LIST OF BUILDING BLOCKS (Continued)

BB-311 (Four/Three-Input OR-NAND)

= ol
~ e
o R

A=(B+E+F)(C+D+G +H)=BEF+CDGH L

Mmoo

OO0

BB-314 (Four/Four-Input OR-NAND)

S
B
o R

A=B+E+F+J)(C+D+G+H)=BEFJ+CDGH ;

— nmw

TOOO

Il. STORAGE ELEMENTS

BB-401 (Half Master-Slave Flip-Flop)
(May also be used as a Set-Reset Flip-Flop)

oVoD
|
Voo | R, Voo | RL
1 -
J e
o L L
sl
Re




TABLE 3.1
LIST OF BUILDING BLOCKS (Continued)

BB-402 (Master-Slave Clock Generator)

VbD
B cLOCK
e Yoo [ Rt YeoH | R Ve R
CLOCK B |—4 - B

CLOCK

CLOCK

CLOCKT




TABLE 3.1
LIST OF BUILDING BLOCKS (Continued)

BB-403 (One-Bit Dc Shift Register)

Vop
(0}
_Til Voo H + 2 Voo
o .
-
L
?3
= OUTPUT T 1
0,0
U oay | )
0,0 I I ] l
-24v
0
3 oav L | L
BB-404 (One-Bit Dynamic Shift Register)
Vb
‘pu ¢2| 2 .—_I
| > : : O 0 ¢)] ¢)2
] 1
o—
=
o L L L
o LILT LI LI




In partitioning any MOS system, the principal con-
siderations are pin limitation and chip area. The
pin limitation is fundamental. Obviously no chip
should be designed with more inputs and outputs
than are available on the package. From the stand-
point of cost. however, chip area is usually the
primary concern. As shown in Fig. 4.1, the produc-
tion cost of a chip increases nearly exponentially
with its area. (The range of costs for any given chip
area is due to other variables, such as package,
testing, area utilization, etc.)

In this section, we will describe two simple parti-
tioning tradeoffs that can be used to minimize
area in a Building-Block system. Then we will dis-
cuss the relationship between the number of tran-
sistors in a logic function and the estimated chip
area it will occupy. Finally, we will present a flow
chart of the steps necessary to design and partition
an MOS Building-Block system.

4.1 TRADEOFFS FOR MINIMIZING CHIP AREA

The area cost of inputs and outputs is high because
each one requires a 120 p X 120 u bonding pad.

Section 4

PARTITIONING THE MOS
BUILDING-BLOCK SYSTEM

When, as often happens, a large output buffer is al-
so required (see Section 3.1.4), the area cost is even
higher. Therefore, to conserve silicon area, the
number of inputs and outputs should be minimized.

One method of accomplishing this is shown in Fig.
4.2. Instead of partitioning the logic as shown in
Fig. 4.2a, it actually saves area to use an extra
block, as in Fig. 4.2b, and generate the complement
within the second chip. This eliminates one output
and one input, saving at least two pad areas and
possibly also an output buffer.

To keep interconnections within one chip rather
than letting them run from chip to chip, redundancy
may be desirable in some cases. Figure 4.3 shows
how a decoder might be used redundantly in a
Building-Block system to minimize leads. To
choose between the two alternatives, you would
need to calculate and compare the area of the extra
decoder, in the one case, against that of the extra
inputs and outputs, in the other.

4.2 ESTIMATING CHIP SIZE

It is impossible to predict precisely how much chip
area will be consumed in interconnections between

PRODUCTION
COSTS PER
CHIP

RANGE DUE
TO PACKAGE,
TESTING, AREA
UTILIZATION,
ETC.

CHIP AREA

Fig. 4.1 Graph of Relationship Between Production Costs per Chip and Chip Area.
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CHIP NO. 1 CHIP NO. 2
BB~001
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Fig. 4.2 Trading Building Blocks for Leads.
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OF PARTITIONING
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METHOD OF PARTITIONING
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10 LINES | 10 LINES 4 LINES | 4 LINES
1 1
Y Y

AB co R c'p

Fig. 4.3 Minimizing Area by Redundancy.

Building Blocks. Different logic functions vary
widely in this respect. A decoder, for example, will
probably occupy far less space than a feedback type
of control unit having the same device count. Asa
rough guideline in partitioning, however, we can

assume a chip density of one transistor* per 31,250
square microns, including scribe lines (see Section
5), interconnections, pads, and other “waste” area.
If the layout is carefully planned, this is a reason-
ably good rule of thumb for logic of medium com-
plexity. As a rough estimate, then, if the Building
Blocks you put on your chip contain a total of 100
transistors, you would expect the chip area to be
about 3,125,000 square microns (5,000 square mils).

4.3 SUGGESTED STEPS IN PARTITIONING
A BUILDING-BLOCK SYSTEM

In light of the above discussion, we can outline the
following steps for optimum partitioning of an
MOS Building-Block system (see also flow chart in
Fig. 4.4):

1. Study the Boolean expressions in terms of the
available Building Blocks and regroup them if
necessary. For example, the expression

ABCDE=2Z
cannot be implemented in negative logic
(true = -V) with MOS Building Blocks. How-
ever, reexpressed by DeMorgan’s Theorem in
the form

A+B+C+D+E= 727

it can be implemented with the BB-005 five-
input NOR gate.

2. Choose one of the available packages (see
Appendix C).

3. Partition the logic, bearing in mind the eco-
nomic advantages of reducing area and the
above guideline for estimating chip size.

4. Lay out the logic on each chip by one of the
methods described in Section 5.

5. If one of the partitioned sections cannot be
laid out on a single chip of the maximum size
(see Table 5.1, item 5.1.4), divide it into two
or more subsections and lay it out again.

*By “transistor,” we mean any kind of MOS transistor — whether
an inverter, load, or coupling device.
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Fig. 4.4 Flow Chart of Steps in Partitioning and Laying Out a Building-Block System.

6. Calculate the speed and power as explained in higher speed through any portion of the sys-
Section 6. The power dissipation is unlikely tem, you will need to modify the layout by
to exceed the package rating. If you require one of the methods discussed in Section 6.1.3.
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Laying out a Building-Block chip is easy. You
merely place scaled (250:1) decals of the required
Building Blocks one after another in rows on scaled
(1 mm = 4 u) paper; then draw interconnecting
lines according to the rules given in Table 5.1.* If
you prefer not to use decals, you can draw your
own scaled outlines of the Building Blocks (as
shown in the data sheets) in rows on the grid paper.

Procedures for laying out both the standard blocks
and the one-bit shift-register blocks (the BB-403
and BB-404) are discussed in this section. Simple
methods of calculating line resistance and capaci-
tance are presented in Section 6.1.1.

Although a functioning chip can be laid out with-
out even considering the order in which blocks feed
into each other, the number of crossovers — and of-
ten the chip area as well — can be minimized by
grouping together, insofar as possible, blocks that
interconnect. Therefore, block order is discussed in
this section, and the blocks required to implement
a given logic diagram are arranged by two different
methods.

5.1 LAYOUT PROCEDURE AND RULES

Fig. 5.1 shows a decal of the BB-001 Inverter Block
with metal power supply lines (Vpp, Vg, and
ground) running through it at right angles to its
longitudinal axis, and P-region signal lines running
out the bottom. In accordance with layout conven-
tion (see Table 5.1), metal lines are drawn solid and
P lines dashed. The decal is scaled 250:1 and di-
mensioned in the actual block size.

*Both decals and grid paper are provided by Philco-Ford in kits (See
Appendix B for kit contents). Additional decals and paper can be
obtained by contacting the Marketing Services Department of
Philco-Ford.

Section 5

LAYOUT

VDD 82
Vea

BB-001
GND

Fig. 5.1 Block Outline of BB-001.

The other DC Building Blocks are identical to the
BB-001 except in width and in the number of P-
region signal lines that extend from the bottom.
Thus they can be arranged in rows, as shown in
Fig. 5.2. Vertical signal lines from the blocks con-
nect with horizontal lines that run parallel to the
blocks. Horizontal lines are all metal (drawn solid),
whereas the vertical lines consist of P-regions
(dashed lines) for a short distance out of each
block, as well as in crossover areas, where they
must be isolated from the metal lines (see also Sec-
tion 2.2.4 on crossovers). Elsewhere, vertical lines
should be metal, if possible, to minimize line resis-
tance and capacitance. Ground and Vpp lines must
be of continuous metal; Vg lines should also be
of continuous metal if possible. These directions
are repeated in Table 5.1, Section 5.1.8.



TABLE 5.1

LAYOUT RULES

5.1.1 Drawing Conventions 5.1.2.2 Distance between perpendicu-

) lar metal lines: 22 u
NOTE:  All lines shall be parallel to the
grid lines on the layout paper.

METAL LINES

1
|
|
!
|
|
:‘/ METAL LINE

5.1.2.3. Distance between P lines: 20 u

5.1.1.1 Metal lines: Solid 22

5.1.1.2  P-region lines: Dashed

_____ Jo -
20 p
51.1.3 Interconnection: Dot T T T
I l 5.1.2.4  Distance from metal to P line:
" 20 u
)
5.1.1.4 Crossover: No Dot Zj_“

5.1.2.5 Distance from Building Block
to nearest metal line: 22 u

5.1.2 Spacings Between Lines and Blocks

5.1.2.1 Distance between parallel met-
al lines: 22 u -{
22 METAL
| T LINES
22 p
(Hence minimum length of P
! signal line from Block: 22 w)




TABLE 5.1

LAYOUT RULES (Continued)

5.1.3 Scribe Line 5.1.56 Bonding Pads

5.1.3.1 Width: 40 5.1.5.1 Placement: Pads must beplaced
around all four sides of the
chip. For optimum layout,
they should be evenly spaced.

—| f— 401
0O D 0gao
{=—— SCRIBE LINE
o o
=] [m]
0O 0 000
5.1.3.2 Distance from inside edge of
scribe line to adjacent bonding 5.1.5.2 Pad dimensions: 120u X 120pu
pad, Building Block, P or metal
line: 50 u
BONDING ]-2[
PAD K
5.1.4 Chip Dimensions 1208
5.1.4.1 Maximum Aspect Ratio: . .
X:Y 1.67 5.1.5.3 Distance from pad to anything:
=Z50u
2501
e X ] { —fsou— INNER EDGE
T OF SCRIBE LINE
250
CHIP Y T
PAD PAD
i i |

=504 /

BUILDING
BLOCK

——'

5.1.4.2 Maximum Size:
See Appendix C




TABLE 5.1

LAYOUT RULES (Continued)

5.1.6

5.1.7 Rules for Placement of Lines Between

*This should never be done with Vpp), Vg, stound or clock

lines.

Margin at Chip Periphery: = 260 u 5.1.8 General Rules

5.1.8.1 Use metal lines rather than P
lines wherever possible.

_L SCRIBE LINE 5.1.8.2  Vpp and ground lines must be
of continuous metal.
22601 PAD
y7— METAL LINE 5.1.8.3 No metal lines should be placed
T ——— %‘,[ﬁLgFBLOCK between pads and scribe line.

5.1.8.4 Horizontal lines are all metal,;
vertical lines are P for a distance
of 22 u out of each block, in
crossover areas, and between
blocks. Elsewhere, vertical lines

Building Blocks* should be metal.

5.1.8.5 Bonding pads should be labeled
(Vpp, Vgg, signal inputs, out-
puts, etc.).

5.1.7.1 Distance from P line to either
block: 10 u

5.1.7.2 Line between blocks shall be P 5.1.8.6 If you draw in the outlines of

the Building Blocks instead of
using decals, identify each

_L |-———— METAL block by part number (BB-001,
| etc.).
221 l;_...—_p
‘, 5.1.8.7 Padsmay be placed in any con-
1 ! venient order.
BB, |10k | JOK BB 5.1.8.8 The dimensional integrity of
your layout is extremely im-

portant because the accuracy
of the photographic masks de-
pends on it. Therefore, the

paper on which it is drawn
T ’———METAL should be handled with care to

avoid creasing or tearing.

21

5.1.8.9 For instructions in layout of
BB-403 and BB-404, see Sec-
tion 5.2.
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Fig. 5.2 Block Interconnect Pattern.

As shown in Fig. 5.3, the interconnect lines run out
to large metal pads at the periphery of the chip.
Wires bonded to these pads connect the circuitry
to the package leads.

The dimensions of the chip and the placement of
pads on it are specified in Table 5.1. The maximum
aspect ratio (item 5.1.4.1) is fixed by manufacturing
requirements: If a chip is too elongated, it may
break in dicing or assembly. As stated under item
5.1.5.1, pads must be placed around all four sides
of the chip. Otherwise, the wires connecting the
pads to the package leads might cross over each
other. For optimum layout, the pads should be
evenly spaced. As stated under 5.1.6, a border of
260 u must be left along each edge of the chip:
40 u for the scribe line,* 50 u from the scribe line
to the pad, 120 u for the pad itself, and 50 u from
the pad to the nearest interconnect line or Building
Block.

The size of the chip depends on the package (see
Appendix C). In the 14- and 22-lead flatpacks, for
example, neither dimension should be longer than
2,500 u. The maximum size, therefore, is
2,500 u X 2,500 p. In the TO-5 can, the maximum
chip size is 1,250 u X 1,250 .

*A safety margin left for the scribing and dicing operations.

To illustrate the spacing rules, we will calculate the
Y dimension necessary to accommodate the layout
shown in Fig. 5.3.

Starting from the top of the chip:

From chip edge to nearest metal line 260 u
(item 5.1.6)

Space consumed by 4 metal lines 88 u
(item 5.1.2.1)

Length of blocks (see data sheets) 246 u

From blocks to first metal line 22 u
(item 5.1.2.5)

Space consumed by 9 metal lines 198 u

Length of blocks 246 u

Space consumed by 4 metal lines 88 u

From last metal line to chip edge 260 u

Total Y Dimension 1,408 u

When there are too many Building Blocks to be
placed in two rows without unduly elongating the
chip, then the layout shown in Fig. 5.4 is recom-
mended instead of the one discussed above.

In both layouts, metal lines extend around the rows
of blocks to pads on the periphery of the chip (ex-
cept in the case of output buffers, which have an
output at the top). It is also possible to connect a
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Fig. 5.3 Block Layout with Bonding Pads at Periphery of Chip

signal line to a pad by running a P line between two
Building Blocks, as shown in Table 5.1, item 5.1.7.%
(Of course, this will increase the overall length of
the row of blocks and therefore may not save chip
area.)

You should label the pads on your layout: Vpp,
ground, signal inputs and outputs, etc. Pads may
be placed in any convenient order.

If you draw in the outlines of the Building Blocks
instead of using decals, you should identify each
block by number: e.g., BB-001, BB-002, etc.

*This should never be done with Vpp» Vg ground or clock
lines.

5=6

Caution: The dimensional integrity of your layout
1s extremely important because the accuracy of the
photographic masks depends on it. Therefore, the
paper on which it is drawn should be handled with
care to avoid creasing or tearing.

5.2 LAYOUT OF ONE-BIT SHIFT REGISTERS

The decal of the BB-403, the one-bit dc shift reg-
ister, is shown in Fig. 5.5. Note that both clock and
signal lines are attached to the bottom of the block.
In general, to avoid clock-to-signal-line crossovers,
you should not place a set of these blocks in the
center of a row of other blocks. The clock ampli-
tudes are at least twice as large as the internal signal
levels, and rise times are usually rapid; thus inter-
nal crosstalk or capacitive coupling can be mini-
mized by avoiding crossovers. In addition, to avoid
distorting the clock waveform you should use
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Fig. 5.5 Block Outline of BB-403, the One-Bit DC
Shift Register.

continuous metal for the clock lines insofar as pos-
sible. (See Section 6.1.1.2 for resistances of inter-
connecting lines.)

The same considerations apply also to the BB-404
(the dynamic shift register) shown in Fig. 5.6.
However, since the clock lines run through this

140p—————>
Vb — —
GND — -
o — BB-404 —
ONE BIT DYNAMIC
SHIFT REG ISTER
97 —
GND —— —
Vop — ——
Fig. 5.6 Block Outline of BB-404, the One-Bit

Dynamic Shift Register.

block, parallel to the power supply lines, intercon-
nection is simplified. Also these blocks can be
plugged directly into each other without running
signal lines from one to another.

5.3 OPTIMUM ORDER OF BLOCKS

As stated above, a functioning chip can be designed
without considering the order in which the blocks
are placed. In this case, however, the number of
crossovers — and probably also the area required for
interconnects — will be larger than necessary. The
order can be improved just by placing the blocks
“by eye” more or less in the order of logic flow,
but to minimize the number of crossovers, a matrix
method is usually necessary. As a comparison, we
will lay out a set of logic blocks by the two ap-
proaches.

5.3.1 Method 1: Arrangement “By Eye”

Let’s assume that the hypothetical logic diagram in

~ Fig. 5.7 is to be placed on one chip. The Building

Blocks (see parts list in Fig. 5.7) required to imple-
ment the logic should be numbered more or less in
the order in which the logic functions feed into each
other. Then, as shown in Fig. 5.8, they are arranged
serially — 1, 2, 3, 4, etc., from left to right in the
first row, and from right to left in the second row,
and interconnect lines are drawn in.
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X2

X3 b

X4

X5
1. BB-001 5. BB-201 9. BB-001 12. BB-001 16. BB-002 20. BB-001 24, BB-002
2. BB-002 6. BB-002 10. BB-001 or 13. BB-002 17. BB=-001 21, BB-002 25. BB-001 or
3. BB-001 7. BB-00% BB-020 14, BB-001 18. BB-002 22. BB-001 BB-020
4. BB-002 8. BB-003 11. BB-010 15. BB-001 or 19. BB-001 23. BB-002 26. BB-001

BB-020 27. BB-002

Fig. 5.7 Hypothetical Logic Diagram to be Laid Out on a Chip.

5.3.2 Method 2: Arrangement by Simple Matrix
(Hand Manipulation)

In the layout diagram in Fig. 5.8,* there are 66
crossovers. This number can be reduced by arrang-
ing the blocks so that each one is as close as possible
to those with which it interconnects. To accom-
plish this, the logic diagram is subdivided into sec-
tions (see Fig. 5.9) which contain both pads and
blocks. In fact, for this purpose, pads are consid-
ered to be the same as blocks. A section consists of
a chain of blocks which terminates either (1) at an
output which feeds into two or more blocks or (2)
at an output pad. Each block (except the final one)
in the section feeds into only one other block. How-
ever, a section may have an indefinite number of
inputs. For example, Section A in Fig. 5.9 has two

*Note that the relative length of the blocks has been considerably
shortened in this diagram.

5-8

inputs — the input from the package lead to Pad
X (included in Section A) and an input from Pad
X, (Section O). Section A incorporates Blocks 1,
2, and 3, which feed into each other serially, and
terminates at the output of Block 3, which feeds
into Blocks 4, 5, 11 and 16. Pad X, is considered a
separate section because its output goes to two
blocks — 2 and 11.

Notice that Section C appears to include two sep-
arate subsections. However, since Block 19 in one
subsection actually feeds into Block 8 in the other,
the two subsections may be treated as one.

The sections are arranged alphabetically in a matrix,
as shown in Fig. 5.10, the outputs along the verti-
cal axis at the left, and the inputs along the hori-
zontal axis. Interconnections are indicated by X’s.
For example, Section A feeds into Sections B, E,
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Fig. 5.9 Partitioning Logic for Layout by Simple Matrisx.

and K, which are therefore marked with X’s along
the horizontal “A” line.

By examining the matrix in Fig. 5.10, you can see
that the output from Section A interconnects with
B, then crosses over lines extending from C and D
before it interconnects with E. Five further cross-
overs (F, G, H, I, and J) occur before the line
reaches K. To minimize crossovers, the X’s should
line up as close as possible to the diagonal, and on
either or both sides of it. Two dashed lines are
therefore drawn close to the diagonal to mark the
region in which most of the X’s should fall. A sec-
ond matrix is then drawn, with the horizontal let-
ters rearranged to bring as many X’s together as
possible. The vertical axis is rearranged in the new

sequence. Usually more X’s will fall within the
dashed lines in the second matrix than in the first.
The arrangement is then further improved by draw-
ing a third or fourth matrix, if necessary.

Figure 5.11 shows an improved matrix, and Fig.
5.12 is a wiring diagram of the blocks laid out in
this order. Note that there are only 44 crossovers
in Fig. 5.12, about two-thirds the number incurred
by using Method 1.

5.3.3 Method 3: Arrangement of Matrix by Com-
puter

If the complexity of the logic prevents hand mani-
pulation of the matrix, the sections can be placed
in optimum order by computer at Philco-Ford.
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Fig. 5.10 Preliminary Matrix Showing Non-Optimized Crossover Pattern.
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Fig. 5.11 Optimized Matrix Corresponding to Layout in Fig. 5.12.
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Section 6

PERFORMANCE CALCULATIONS

After the blocks have been laid out and intercon-
nected, the next step is to determine the perform-
ance. In this section, we will consider propagation
delay, power dissipation, and the effect of temper-
ature on both.

6.1 PROPAGATION DELAY
6.1.1 General

Speed through a chain of Building-Block inverters
is limited by the time required to charge the node
capacitance through the high-resistance load tran-
sistor. As discussed in Section 2.2.1, the charging
waveform is considerably slower with an MOS load

than with a simple linear resistor. (The two wave-
forms are shown for comparison in Fig. 6.1. Note
that the load source takes 3 time constants to reach
a‘“1” level.)

The time required to discharge the load capacitance
through the low-resistance inverter is considerably
shorter than the time required to charge it through
the load transistor. With a “1”’ level step voltage on
the gate of a Building-Block inverter (Fig. 6.2), its
drain rises to a “0” in a time equal to 0.3R;Cy,
where R; (G is the time constant of the stage (re-
ferred to the load resistance for convenience).

For an internal stage, of course, the inverter gate
waveform is the degraded turn-off waveform shown

f/RLCL

(volts)
-8

=10

LINEAR RESISTOR

-14

Fig. 6.1 Typical Turn-off Waveforms with MOS Load and Simple Linear Resistor.
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Fig. 6.2 Turn-on Waveform of MOS Inverter with Step Input.

in Fig. 6.1 rather than a step input as assumed
above. Therefore, the inverter will start to turn on
well before its gate reaches a ““1” level. To obtain a
simple method of calculating propagation delay
through several cascaded stages, however, we will
assume that an inverter remains off — with its drain
at a “1” or below — while its gate is falling from a
“0” to a “‘1”. When its gate reaches a ““17, its
drain then starts to rise to “0”’, taking a time equal
to 0.3R;C;* to reach “0”. We will assume fur-
ther that an inverter remains on — with its drain at
a “0” — while its gate is rising from a “1” to a “0”.
When its gate reaches “0”, its drain then starts to
fall toward Vp,taking 3Ry C;* to reach a “1”.
Based on these assumptions, the propagation delay
through a chain of inverters is

tpd =3 RLCL(Off) +0.3 RLCL(On) (6 1)

The propagation delay obtained by using Eq. (6.1)
will always be longer than the worst case because
each inverter actually starts to turn off (or on) be-
fore its gate reaches “0” (or ““1”’). Measured propa-
gation delays are typically less than half aslong as
calculated delays.

*Where Vpp = 14 V and Vg = 28 V. See Section 6.3 on speed-
power tradeoff.

More precise propagation-delay calculations through
a particular path can be obtained by computer tech-
niques available at Philco-Ford. However, the worst-
case results obtained by using Eq. (6.1) are usually
adequate, unless speed is a prime consideration.

6.1.1.1 Example. The time between the appear-
ance of a “1” at the gate of the first stage in Fig.
6.3 and the appearance of a “0’’ at the drain of the
third stage is:

tpd =0.3 RL(CLl + CL3) + 3RLCL2
where R is the same for all three stages.

Load resistance and capacitance in a Building-Block
array are discussed below.

6.1.1.2 Load Resistance. The data sheets list load
resistance at 259C. However, this parameter in-
creases with chip temperature. To determine propa-
gation delay at temperatures above 25°C, therefore,
the load resistance should be modified as explained
in Section 6.2.3 below. In addition, any resistance
in the interconnecting lines adds in series with R; .
As shown in Table 6.1, the resistance of metal lines
is negligible, but that of P linesis 12.5 &/u. Thus,
aPline of 1,000 u has a resistance greater than one-
tenth that of the typical Building-Block load resis-
tance.
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TABLE 6.1 1. Crossover capacitance. Whenever a metal line

INTERCONNECT RESISTANCE

Metal Lines

P Lines

12.5Q/u

6.1.1.3 Load Capacitance. The capacitive load on
a Building-Block output consists of the following:

I
2.

The output capacitance of the block itself.

The capacitance of the interconnections be-
tween this block and any blocks it may drive.

The input capacitance of all the blocks which
this block drives.

The input and output capacitances of each block
are listed in the data sheets.

As discussed in Section 2.2.4, interconnect capaci-
tance may consist of metal deposited on the silicon-
dioxide surface of the chip or of buried P regions.
In addition, the following must be added to the line
capacitances:

crosses over a P region, the crossover capaci-
tance between the two must be added to the
capacitance of both lines.

Contact capacitance. When a metal line con-
tacts a P region, there is additional capacitance
associated with the contact area. This also
must be added to the line capacitance. These
capacitances, plus the package capacitance and
the capacitance between the metal bonding
pad and ground, are itemized in Table 6.2.
Example: To Determine the Load Capacitance
Cr(a) of Block 1 in Fig. 6.4

The capacitance Cp,) of Block 1 in Fig. 6.4 con-
sists of the following:

1. The output capacitance of Block 1 (listed in
the data sheet).

2. The input capacitance associated with node C
of Blocks 2 and 3 (also listed in thie data sheet).

3. The capacitance of the P lines connecting Block
1 to the metal line and connecting the latter to
Blocks 2 and 3.



TABLE 6.2

CAPACITANCES IN A
BUILDING-BLOCK ARRAY
Capacitance Location Maximum  Units

Cpad From pad to ground 0.46 pF
Chackage From pin to package See appendix C
From pin to adjacent See appendix C
pin
Cerossover From metal to P and 0.04 pF
from P to metal
|
1
—-—_’—_...
|
Ccontact Between metal-to-P 0.04 pF
contact and ground
]
|
P N
Cp From P line to 0.0007 pF/u
ground
Chetal From metal line to 0.00032  pF/u
ground

. The capacitance of the metal line (the length is
obtained from the dimensions of the BB-001
and BB-002 given in the data sheets).

. The capacitance between the metal line and
the two P lines that cross under it (Cqogsover)-

. The capacitance of the three contact areas be-
tween the metal and P lines (Cgpiact)-

These are listed below:

Cout of Block 1
Cin(c) of Block 2
Cin(C) of Block 3

Cp (66 u X 0.0007)
Cetar (136 1 X 0.00032)
CCrossover (2 X 0'04)

CContact (3 X0'04)

Total CL(A)

BLOCK BLOCK BLOCK
1 2 3
(8B-001) (BB-002) (BB-002)
B A C B A C B A

1 1 T T
T U I P
v
I

Fig. 6.4 Hypothetical Interconnect Pattern.

6.1.2 Propagation Delay Through Blocks with In-
ternal Nodes

Propagation delay through the BB-101 and the BB-
021, which have internal nodes, is calculated in
exactly the same way as if the two stages were in
separate blocks. For example, consider the BB-101
shown in Fig. 6.5. Suppose both inputs are at “0”.
When input B goes to a “1”, the internal node (point
F) goes to a “0” in a time equal to 0.3R;Cy).
When point F reaches a “0”, transistor T starts to
turn off, causing node A to go to a “1” in a time
equal to 3R;Cp (). Thus the total propagation
delay through the block in this case is

tpa= 0.3R Crpy+ 3 R Crn)

Values of Cry and Cp,), as well as Ry, are listed in
the data sheets.

DD DD
] ]
Vo0 Ry
| A
Vee 0 R - *—O
I
F l EH :
s LG
B ! e
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L

Fig. 6.5 Schematic Diagram of BB-101.



The propagation delay through blocks with positive
feedback (e.g., the BB-401 and the BB-402) is con-
siderably shorter than predicted by Eq. (6.1). There-
fore, instead of giving the capacitances at the inter-
nal nodes for these blocks, the data sheets list the
propagation delay itself. The data sheets for the
one-bit shift registers (the BB-403 and the BB-
404) also list propagation delay.

6.1.3 Increasing Speed

If the speed calculated through certain critical paths
is marginal,* it can be increased by doing any (or
all) of the following:

® Change the logic implementation to reduce
the number of gates through which the signal
must propagate.

Rearrange the layout so that the Building
Blocks in the critical path are adjacent. This
reduces the lead lengths and the number of
crossovers — hence the load capacitance — at
each node in the critical path.

Place a second block of the same type in paral-
lel with a block that must drive a very large
load capacitance. This will cut the load resis-
tance in half.

Use an output buffer at very high-capacitance
nodes in the critical path. The load resistance
of the buffer blocks is about one-tenth that of
the other blocks.

Increase the negative supply voltages (see Sec-
tion 6.3 for allowable range and limitations).

If speed must be increased still further, arrange-
ments can be made with Philco-Ford to customize
part or all of the chip.

6.2 TEMPERATURE CONSIDERATIONS

6.2.1 Calculating Power Dissipation

The average power dissipated by each Building-Block
at 259C is listed in the data sheets. The total power

| ——
*This problem is unlikely to occur in Building-Block arrays at clock
rates below 500 kHz.

dissipated by the array is calculated by determining
the worst-case combination of blocks that can be on
at a “0” level simultaneously and adding the stated
power dissipations of these blocks.

6.2.2 Effect of Power Dissipation on Chip Temper-
ature

The maximum chip temperature T allowable in a
Building-Block array is 1609C. This temperature is
related to power dissipation by the following expres-
sions:

Tc =Ppleat Ty (6.2)
(for package without a heat sink)
Te=Pp(0cp+ Opgt O5,) + Ty (6.3)

(for package with a heat sink)

where

Tc = chip temperature

P, = power dissipation at 25°C

T, = ambient temperature

fca = thermal resistance from chip to am-
bient

Ocp = thermal resistance from chip to pack-
age

fpg = thermalresistance from package to sink

6gn = thermal resistance from sink to am-

bient

(The values of 0, and Ocp are given in the
data sheet for each package.)

6.2.3 Effect of Chip Temperature on Load Resis-
tance

The data sheets list R; at 25°C; but, as shown by
the graph in Fig. 6.6, R; is directly proportional to
the chip temperature T¢. Therefore, to calculate
propagation delay at temperatures above 25°C, it
is appropriate to use the corrected value of R; ob-
tained from this graph.
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Example: Given the following conditions:

1. The total power dissipation for the array —
obtained by adding the data sheet values for
each ON block — is 100 mW. (This, of course,
is the power dissipation at 25°C.)

2. The package has a thermal resistance 6, of

2289C/W from junction to ambient.
3. The specified ambient temperature T, is
1250C.

Under these conditions, the chip temperature

Te=Pplca + Ty
=100 X 10-3 X 2280°C/W + 1250C
= 147.80C

According to the graph in Fig. 6.6, the load
resistance at 147.80C

Rpi47.80c % 1.35R)50¢

Therefore, to determine propagation delay at
147.89C in the above package (without a heat
sink), the data sheet values of R; should be
multiplied by 1.35.

NOTE: The power dissipations listed in the
data sheets are obtained from the
formula:

(Vpp - Veg) ¥Ry

where Vg is the ““0” level and Ry is the load
resistance at 259C. Because of the increase in
R; at array temperatures above 25°C, the
power dissipation at these temperatures is less
than the 250C values listed in the data
sheets. Therefore, T obtained from Eq. (6.2)
or (6.3) will be larger than in reality. Nor-
mally this fact can be ignored. However, if the
value of T thus obtained approaches the upper
limit of 160°C, it is appropriate to iterate for
a more accurate value: i.e., solve for T using
the specified T, and the 25°C value of power
dissipation; then, from Fig. 6.6, determine the
increase in Ry corresponding to this value of
Tc, correct the power dissipation, and solve
again for TC.

6.3 SPEED-POWER TRADEOFF

The Building-Block designs have been optimized for
a Vpp of -14 Vand Vg of -28 V. However, the
speed-power tradeoff can be adjusted by varying
these voltages. Bear in mind, however, that Vg
must be twice as negative as Vpp (for the reasons
explained in Section 2.2.1), and that the allowable
range for these two voltages is from-12 and -24 V,
respectively, to -15 and -30V.

Making these voltages more negative will increase
speed for the following reasons:

1. A more negative Vpy, will cause the load capac-
itance to charge faster to the minimum 17
level of -10 V, and a more negative Vg will
decrease the load resistance.

2. A more negative voltage on the gate of the in-
verter will decrease the inverter resistance and
hence the turn-on time.



To produce MOS arrays of consistently high quality,
Philco-Ford manufacturing personnel exercise tight
process control: Skilled operators follow written
specifications and inspect every unit at critical
points in the process. Quality Control personnel
repeatedly sample-check their work. (See flow chart
in Fig. 7.1.) These in-process tests are intended
(1) to screen potential fallout units early in the man-
ufacturing cycle and (2) to provide feedback so
that slight process deviations can be immediately
corrected.

After the package is sealed, every unit undergoes
standard production environmental tests such as
acceleration, temperature cycling, etc. (The flow
chart in Fig. 7.2 lists the tests performed on flat-
packs, for example.) These stresses are intended to
bring out hidden defects in the package assembly
and the chip itself, so that substandard units will be
rejected by the electrical tests that follow.

The electrical tests include sample tests specified by
the .customer — e.g., propagation delay, power dis-
sipation, etc. — and functional tests of all units.
These 100% functional tests are custom-designed to
verify the ability of every unit to perform the re-
quired logical functions. A well-written test is
therefore a necessity.

There are two options available for setting up a test
program:

® You may wish to generate the test program
yourself. In this case, we will verify the out-
puts your test predicts and deliver your de-
vices with the guarantee that they will perform
as prescribed by your test.

If the array is very complex, a computer-
designed test is economically advantageous.
A versatile computer-aid program, designed by
Philco-Ford engineers, has been in use here for
some time. You may therefore wish to take
advantage of our experience in this area and let
us generate your test program for you.

Section 7
TESTING

In this section, we will consider the problems in-
volved in designing a good functional test and de-
scribe the Philco-Ford computer-aid program in
some detail.

7'.1 DESIGNING A FUNCTIONAL TEST

7.1.1 100% Testing: Economically Unfeasible for
Large Arrays

A 100% functional test of an array verifies every
possible combination of inputs. Even for a fairly
simple array, such a test would be time-consuming
to perform. For arrays containing internal memory
elements, the task becomes virtually impossible.
You would have to apply every possible input com-
bination for every possible state of each memory
element — plus all the input combinations required
to test the combinatorial logic. Thus a binary func-
tion with 20 inputs and 20 memory elements would
require at least 220 x 220, or 240 distinct tests. At
a rate of 1 GHz it would take ten days to perform
these tests on a single unit.

7.1.2 Alternative: Limited-Sequence Tests

Fortunately, such exhaustive testing is not essential.
Carefully devised limited-sequence tests can assure
a low failure rate with a high degree of confidence.

Depending on the type of array tested, a successful
limited-sequence test might either:

® Test the input combinations the array will meet
in actual use;

o Test the array only for its most likely failure
modes.

The first approach guarantees proper operation pro-
vided the test is complete. Undoubtedly this is the
best approach for functions like decoders, counters,
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Fig. 7.1 Flow Chart of MOS Production.
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etc., with a limited number of well defined inputs.
However, for functions (such as control units) that
may have many different input sequences, it is dif-
ficult to define all the input combinations that may
occur in operation. Also the test program may be
excessively long. The second approach is therefore
preferable in such cases.

7.1.3 Philco-Ford Automated Test Procedure

Philco-Ford engineers have developed a computer
program known as LOTGEN based on this second
approach. This program can be used to generate a
computer-devised test program that will:

® Test each signal line for its ability to transmit
botha “1” and a “0” under proper conditions;

e Test each memory element for its abilitv to
store a “1” and a “‘0”’ under proper conditions;

® Test each logic element for its most common
failure modes.

Table 7.1 itemizes the tests a Philco-Ford computer-
devised program will include, as well as the tests it
will not include.

The failure modes that might occur under normal
conditions are covered by this program. Only an
extremely unlikely failure mode might cause an iso-
lated unit to pass the test but function improperly
in operation. For example, the OR gate is tested to
insure that:

e It produces a “1” when a “1”

input separately;

is put on each

o It produces a “0” when all inputs are “0” si-
multaneously.

“1”

We assume it will also produce a when two or
more inputs are “1”°. But it is conceivable that in
an isolated unit it might not do so. For example,
suppose an extremely unlikely failure caused a two-
input OR gate to behave like an EXCLUSIVE OR
in one unit. Such a unit would pass the functional
test but might function improperly in operation.
Also, two failures occurring in different branches of
the circuit might cancel each other out for all the
input combinations used in the test but fail to do
so in operation. Again, this would happen only
rarely and in an isolated unit. The test therefore
assures a low failure rate with a high degree of con-
fidence. ‘

7.3 MOS TESTER

The Philco-Ford MOS tester, shown in Fig. 7.3, is
specially designed to test complex MOS arrays.
Therefore the test program should be compatible
with it. A block diagram of the instrument is shown
in Fig. 7.4. The program card (Fig. 7.5) is a diode
matrix which has 22 channels and can accommodate
test words from 8 to 32 bits long.* Channel num-
bers correspond to package leads. At each bit time

*If more than 32 bits are required, additional matrices can be pro-

grammed.



TABLE 7.1

LOTGEN TESTS

A Philco-Ford LOTGEN test will verify the fol-
lowing:

1. Eachinverter will invert botha ““1”” and a “0”.

6613, ‘Ll”

. Each OR gate will produce a with a
on | input; it will produce a “0” with “0’s” on
all inputs simultaneously.
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. Each AND gate will produce a “1”” with “1’s”
on all inputs simultaneously; it will produce
a “0” with “1” on one input and “0” on the
others.
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. NOR and NAND gates behave like OR and
AND gates with inversion.
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Each signal line will transmit a “1”> and a “0”
under proper conditions.

“1”

Each memory element will store a and a

“0” under proper conditions.

A Philco-Ford LOTGEN test will not verify the
following:

9.9

1. An OR gate will produce a ““‘1” with “1’s” on

all inputs simultaneously.
wyn

An AND gate will produce a “0” with “0’s”
on all inputs simultaneously.

o

. A NOR gate will produce a “0” with “1
all inputs simultaneously.

2.9

s on

nye

A NAND gate will produce a “1”” with “0’s”
on all inputs simultaneously.
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g

74




Fig. 7.3 Photo of MOS Tester.

CLOCK GENERATOR
(FREQ, AMPL, PULSE
WIDTH & @ ADJ.)

DC POWER
SUPPLY

nyn g non
COMPARISON
LEVEL ADJ.

CLOCK DRIVERS

LOGIC DRIVERS

DEVICE

UNDER
TEST

n ]ll & Iloll
LEVEL ADJ.

LOGIC
COMPARATORS

PROGRAM CARD
FOR DEVICE
UNDER TEST

Fig. 7.4 Functional Block Diagram of MOS Tester.
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the clock is steered through one or more of the
channels; then either (1) through a logic driver to
one of the package input leads or (2) to a voltage
comparator which is connected to one of the pack-
age output leads. If one of the device outputs does
not correspond to the test word at a given bit time,
the device is automatically rejected.

The test pattern should be prepared in the form
shown in Fig. 7.6.

Building-block chips are normally tested at the
worst-case ““1”” and “0” levels specified in the data

7=6

sheets; at an operating temperature of 259C; and at
a clock rate of 10 to 250 KHz.

Other electrical tests specified by the customer are
performed immediately after the functional tests.
A specification sheet (Appendix A) provides space
for you to write in specifications your system may
require. For example, your propagation delay cal-
culations may be sample-checked through one or
more critical paths; rise and fall times, operating
temperatures, power dissipation, etc., may be meas-
ured and guaranteed if necessary.
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Section 8

ORDERING AND MANUFACTURING

In this section, we will briefly summarize (1) the
steps you follow in ordering an array and (2) the
steps we follow in manufacturing and shipping it
to you.

For each array, you should provide us with the
following:

1. A layout prepared according to the instruc-
tions in Section 5.

2. A test program (unless you wish us to gen-
erate one for you).

3. A specification sheet.

For your convenience, a form of specification
sheet is attached as Appendix A. Additional
copies may be obtained from Philco-Ford.

Under “Options” in the specification sheet, you
should indicate whether you wish us (1) to calcu-
late by computer (and guarantee) the propagation
delay through the paths you indicate and/or (2) to
generate the functional tests by computer. Under
“Mechanical Specifications,” indicate the type of
package (e.g., 22-lead flatpack); how it should be
marked; and whether or not you wish us to number
the units serially.

Under “Environmental Specifications,” indicate the
operating temperature for which you have designed
the array (per Section 6) and any special tests your
system may require.

Under “Electrical Specifications,” indicate the
values of Vpp and Vg and the calculated maxi-
mum power dissipation at 25°C. There are appro-
priate blanks under “Sample Performance Tests” to
be filled in if you wish us to sample-check your
propagation delay calculations through one or two
critical paths. In addition, you may wish us to
measure power dissipation, rise and fall times, or

YOUR ARRAYS

other performance characteristics. If so, indicate

the test conditions.

The flow chart in Fig. 8.1 shows the procedure we
follow on receipt of the above documents.

If you have prepared the test program, we will veri-
fy that the logic shown in your layout will produce
the required outputs in response to the inputs you
have indicated on the test program. If, on the other
hand, you have elected to have us generate the test
program, we will do so and submit it to you for
approval. While the details of the test are being
worked out, we will do the following:

1. We will check your layout to make sure it can
be translated into a correctly functioning array.

We will verify your calculations for operating
temperature and power dissipation.

If you wish us to calculate the propagation de-
lay through one or more paths by computer,
we will do so.

If you have chosen not to have us calculate
propagation delay, but wish to verify your
calculations by having us measure it through
one or two critical paths, we will check your
indicated calculations, using Eq. (6.1).

After these details have been completed and the
test program agreed upon, we will manufacture
your arrays, test them as agreed, and deliver them
to you.

The cost to you will of course depend on (1) the
extent of the customer interface involved; (2)
whether or not we develop the test program and/or
calculate propagation delay by computer; (3) the
extent of testing required, etc. Firm prices and
standard contract provisions will be provided at
your request upon determination of the scope of
support you require.



RECEIVE FROM CUSTOMER:
1. PURCHASE ORDER
2. LAYOUT (SEE SEC, 5)

3. (OPTIONAL) TEST PROGRAM
(SEE FIG, 7.6)

4, SPECIFICATION SHEET
(SEE APP, A)

CONSULT
WITH
CUSTOMER

VERIFY
CUSTOMER
TEST

GENERATE TEST

Fig. 8.1 Flow Chart Showing Procedure for Ordering, Manufacturing, and Shipping of Building-Block Arrays.

CHECK LAYOUT; COMPUTE
PROPAGATION DELAY IF
CUSTOMER HAS SO
SPECIFIED; CHECK CUSTO-
MER PROPAGATION-DELAY
CALCULATIONS IF HE HAS
CHOSEN SAMPLE TESTS;
CHECK SPECIFIED POWER,
OPERATING TEMPERATURE,

CONSULT
WITH
CUSTOMER

|
r— -—
CUSTOMER
APPROVES

|
\ 4

MAKE MASKS

BUILD UNITS

TEST UNITS

SHIP UNITS
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Appendix A
SAMPLE SPECIFICATION SHEET



SPECIFICATION SHEET

ARRAY (identify by name and/or number)

OPTIONS

1. Propagation Delay at 259C

Philco-Ford to calculate by computer and guarantee:

Yes (if yes, fill out below)
No

Pin
Pin

to Pin

to Pin

2. 100% Functional Tests (check one)

Philco-Ford to generate by computer:

Use attached program:

MECHANICAL SPECIFICATIONS

Package type:

Marking:
Philco-Ford Product No. (check if you wish this option).
Other 6-digit (or less) code identification:

Serialize units: Yes No

ENVIRONMENTAL SPECIFICATIONS

Operating temperature:

Storage temperature: -55°C to 1500C




ENVIRONMENTAL SPECIFICATIONS (Continued)

Tests:
Acceptance test temperature: 250C + 50C
Standard environmental tests for indicated package

Other:

ELECTRICAL SPECIFICATIONS AT 25°C

Vop —— (Range-12 V to-15 V; optimum -14 V £ 0.7 V)

Vo ——— (Must equal 2V, Range-24 V to -30 V; optimum -28 V£ 1 V)
Maximum Power

Maximum “0” level in: 3V

Maximum “0” level out: -2V

Minimum “1” level in: 9V

Minimum “1” level out: -10V

Input Leakage: 10 uA at 12V

Tests:
100% Functional Tests




ELECTRICAL SPECIFICATIONS AT 25°C (Continued)

Sample Performance Tests:

1. Propagation Delay: Yes (if ves, fill out below)

No
Path Delay Calculated from Eg. (6.1)
Pin ___ to Pin
Pin ___ toPin
Conditions

Vpp: 14V 0.7V

Vgg: 28V:1V

Temperature: 25°C

Source impedance of input pulse: 50 ohms (rnominal)
Output load: 1 megohm in parallel with 10 pF

(Voltages on all input pins to be itemized on a separate sheet.)

2. Other:




