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FIGURE 5. Power-Up Reset Waveforms

Power-Up Reset

Circuitry within the GAL20V8 provides a reset signal to all
registers during power-up. All internal registers will have
their Q outputs set low after a specified time (tResgT)- As a
result, the state on the registered output pins (if they are
enabled through OE) will always be high on power-up, re-
gardless of the programmed polarity of the output pins. This
feature can greatly simplify state machine design by provid-
ing a known state on power-up.

The timing diagram for power-up is shown in Figure 5. Be-
cause of asynchronous nature of system power-up, some
conditions must be met to guarantee a valid power-up reset
of the GAL20V8. First, the Vgg rise must be monotonic.
Second, the clock input must become a proper TTL level
within the specified time (tpr). The registers will reset within
a maximum of tgesgT time. As in normal system operation,
avoid clocking the device until all input and feedback path
setup times have been met.

Register Preload and Power-Up Specifications

Symbol Parameter Conditions Min Typ Max Units
Vi Input Voltage (High) 2.40 Vee \"
ViL Input Voltage (Low) 0.00 0.50 \
ViEs Register Preload Input Voltage 145 15 15.5 A
VoH Output Voltage (High) (Note 1)* 2.40 Vee \
VoL Output Voltage (Low) (Note 1) 0.00 0.50 '
i1, L Input Current (Pgmg.) +1 +10 MA
tpwy Verify Pulse Width 1 5 10 us
tp Pulse Sequence Delay 1 5 10 us
tpR Reset Circuit Power-Up 100 ns
tRESET Register Reset Time From Valid Vg 45 us

Note 1: The SpoyT output buffer is an open drain output. This pin should be terminated to Vg with a 10k resistor.
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Programming and Development Support
PROGRAMMER/DEVELOPMENT SYSTEMS

Although it is possible to program GAL devices manually,
NSC strongly recommends the use of approved program-
ming hardware and software. Programming on unapproved
equipment will generally void all guarantees.

Approved equipment includes NSC programming algorithms
that program the array, automatically configure the architec-
ture control word, and track the number of program cycles
each device has experienced (this information is stored
within each GAL device). This in turn assures data retention
and reliability. Contact the factory for specific conditions
which must be met to gain programming equipment approv-
al, the current list of approved GAL programming equip-
ment, or other current programming information.

Ordering Information

GAL20V8 =20 L N C
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Vendor System Revision
Datal/0 MODEL 298 Vo4
Logic Pak
P/T Adapter
303A-011 Vo3

SOFTWARE DEVELOPMENT TOOLS (Note 1)

Package Vendor Revision
PLANTM (Note 2) | National Semiconductor 2.01
CUPL Assisted Technology 21
ABEL Datal/O 2.0
PLDtest Datal/O (Note 1)
PALASM Monolithic Memories (Note 1)

I— TEMPERATURE:

C- COMMERCIAL (0° TO +75°C)

1= INDUSTRIAL (=40° T0 +85°C)
M= MILITARY (=559 T0 +125°€C)
PACKAGE: N~ PLASTIC DIP
J= CERDIP
v=PLCC
POWER: Q- QUARTER POWER
L= HALF POWER

~20=20ns: COMMERCIAL

D
=25=25ns:
- 35235 ns: | INDUSTRIAL
=20=20ns: MILITARY
=30=30ns: J 883C

SPEED: -15=15 ns:]

DEVICE NAME: GAL20v8
TL/L/9343-20

Note: All fields are adjacent with no embedded spaces.

Note 1: When emulating PAL devices any revision of the software can be
used to create the PAL JEDEC file. The programming hardware will automat-
ically configure the GAL architecture.

Note 2: PLAN software supports all configurations provided by the GAL
architecture.

Speed/Power
Cross-Reference Guide
GAL Bipolar
Speed Power Device PAL Device
15ns 90 mA —15L D-2
15ns 180 mA Use —15L B
*20 ns 90 mA —20L D-2 MIL
*20ns | 210mA Use —20L B MIL
25ns 45 mA —-25Q D-4
25ns 90 mA —25L B-2
25ns 180 mA Use —25L A
**30 ns 50 mA —30Q D-4 MIL
**30 ns 90 mA —30L B-2 MIL
**30ns | 210mA Use —30L A MIL
35ns 45 mA —-35Q B-4
35ns 90 mA —35L A-2
35ns 180 mA Use —35L STD

*Military, commercial and industrial temperature ranges
**Military only
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Typical Device Characteristics
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Physical Dimensions inches (milimeters)
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Physical Dimensions inches (millimeters) (Continued)
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12.3 ECL PAL DEVICES

ECL Programmable Array
Logic (PAL®) Family

General Description

The PAL1016P8/10016P8 is the first member of an ECL
programmable logic device family possessing common
electrical characteristics, utilizing an easily accommodated
programming procedure, and produced with National Semi-
conductor’s advanced oxide-isolated process. This family
includes combinatorial, latched, and registered output de-
vices.

These devices are fabricated using National’s proven Ti-W
(Titanium-Tungsten) fuse technology to allow fast, efficient,
and reliable programming.

This family allows the designer to quickly implement the de-
fined logic function by removing the fuses required to prop-
erly configure the internal gates and/or registers. Product
terms with all fuses removed assume a logical high state. All
devices in this series are provided with an output polarity
fuse that, if removed, will permit any output to independently
provide a logic low when the equation is satisfied. When
these fuses are intact the outputs provide a logic true (most
positive voltage level) in response to the input conditions
defined by the applicable equation.

The registers, in selected devices, consist of D-type flip-
flops which are loaded in response to the low-to-high tran-
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sition of the clock. Fuse symbols have been omitted from
the logic diagrams to allow the designer use of the diagrams
to create fuse maps representing the programmed device.
All devices in this family can be programmed using conven-
tional programmers. After the device has been programmed
and verified, an additional fuse may be removed to inhibit
further verification or programming. This “security” feature
can provide a proprietary circuit which cannot easily be du-
plicated.

Features

m Programmable replacement for conventional ECL logic

m Offered in a 10 kH I/O compatible version with a 100k
version coming

m Simplifies prototyping and board layout

B 24-pin thin DIP packages.

B Programmed on standard PAL programmers

W Special feature reduces possibility of copying by
competitors

B Reliable titanium-tungsten fuses

m Also offered in Ceramic Chip Carriers

Ordering Information

PAL1676P8JC

PLAN™ is a of National i Corp
PAL® is a registered trademark of and used under license with Monolithic Memories, Inc.
PALASM™ is a trademark of and under license with Monolithic Memories, Inc.

PROGRAMMABLE ARRAY LOGIC FAMILY

ECL 1/0 COMPATIBLE
10 = 10KH
100= 100K

NUMBER OF ARRAY INPUTS

OUTPUT TYPE
P = PROGRAMMABLE
RP = REGISTERED AND PROGRAMMABLE
LP = LATCHED PROGRAMMABLE

NUMBER OF OUTPUTS

PACKAGE
N = PLASTIC DIP
J = CERAMIC DIP

TEMPERATURE RANGE
{ C = 0°CTO+75°C

TL/L/6161-1
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Absolute Maximum Ratings (Note 3)

If Military/Aerospace specified devices are required,
contact the National Semiconductor Sales Office/
Distributors for availability and specifications.

Temperature Under Bias (Ambient)
Storage Temperature Range
Electrical Characteristics over Recommended Operating Temperature Range for ECL PALs.

Ta = 0°C to +75°C (PAL1016P8)/Tp = 0°C to +85°C (PAL10016P8), Veg = —5.2V +5% (PAL1016P8)/Vgg = —4.5V
+5% (PAL10016P8), Output Load = 509 + 5 pF to —2.0V.

—55°Cto +125°C
—65°Cto +150°C

Veg Relative to Voo
Any Input Relative to Vg
Lead Temperature (Soldering, 10 seconds)

—7Vto +0.5V
Vgg to +0.5V

300°C

Symbol Parameter Conditions Ta Min Max Units
ViH High Level Input Voltage Guaranteed input voltage 0°C -1170
high for all inputs 10 kH +25°C —1130 mv
+75°C -1070
100k | 0°Cto85°C [ —1165 —880
ViL Low Level Input Voltage Guaranteed input voltage 0°C —1480
low for all inputs 10 kH +25°C —1480 mv
+75°C —1450
100k | 0°Ct0o85°C | —1810 | —1475
VoH High Level Output Voltage | V|n = V4 Max. or V) Min. 0°C —-1020 -840
10 kH +25°C —980 —810 mv
+75°C —920 -735
100k | 0°Cto85°C | —1025 | —880
VoL Low Level Output Voltage | VN = Vi Max. or Vy Min. 0°C —1950 | —1630
10 kH +25°C —1950 | —1630 mv
+75°C —1950 | —1600
100k | 0°Cto85°C | —1810 | —1620
IH High Level Input Current VIN = V|4 Max. 10KH 0°C '
+75°C 220 pA
100k | 0°Cto85°C
IiL Low Level Input Current ViN = ViL Min. Except /0 Pins 10KH 0°C
: +75°C 0.5 pA
100k | 0°Cto85°C
33 Supply Current Vg = Max. Allinputs and 10kH | 0°Cto 75°C —240 mA
outputs open 100k | 0°Cto85°C
Operating Conditions
Symbol Parameter Min Typ Max Units
VEE Supply Voltage 10 kH —5.46 —-5.2 —4.94 v
100k —4.8 —45 —4.2
RL Standard 10 kH/100k Load ' 50 0
CL Standard 10 kH/100k Load 5 pF
Ta Operating Ambient Temperature (Note 2) 10 kH 0 +75 c
100k 0 +85

Note 1: This product family has been designed to meet the specification in the test table after thermal equilibrium has been established. The circuit is in a test
socket or mounted on a printed circuit board and transverse air flow greater than 500 linear fpm is maintained.

Note 2: Mounted in socket or printed circuit board with transverse airflow exceeding 500 linear feet per minute.
Note 3: Absolute Max. Rat., Electrical Characteristics and Operating Conditions of PAL100 16P8 are preliminary data.

4

pr
(INCLUDING JIG AND
STRAY CAPACITANCE)

TL/L/6161-4



Connection Diagram

Switching Characteristics
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Over Recommended Ranges of Temperature and Vgg. Ta = 0° to 75°C (PAL1016P8)/Tp = 0°C to +85°C (PAL10016P8), Ve

= —5.2V +5% (PAL1016P8)/Vgg = —4.5V £5% (PAL10016P8), R = 500 +5 pF to —2.0V.

Symbol Parameter Test Conditions Min Typ Max Units
tpD Input to Output* 4 6 ns
tr Output Rise Time 1 ns
t Output Fall Time 1 ns

*Measure tpp at 50% points of waveforms

PAL Design

The first step in designing a PAL device is the selection of
the appropriate device to accommodate the logic equations.
This is accomplished by partitioning the system into logic
blocks with a defined number of inputs and outputs. Next, a
device with an equal or greater I/0 capability is selected to
implement each logic block. The assignment of inputs and
outputs to specific pins follows the device selection.

This device selection procedure is most easily accom-
plished with the use of computer software such as the
PLANTM package of programs by National Semiconductor
Corporation, but can be done manually using the logic dia-
gram and logic symbols provided in this document.

Specifying the Fuse Pattern

Once a device with pinout is selected, the fuse pattern may
be specified. The best procedure is the use of the PLAN, or
a similar software package which will create the fuse pattern
from the defined logic for the device and download the pat-
tern to a programmer. Most common device programmers
are provided with an RS-232 port which accesses the data
provided in JEDEC or a selected HEX format.

Logic diagrams can be translated to PAL logic diagrams if
desired. Fuses left intact are indicated on the logic diagram
by an “X" at the intersection of the input line and the AND
gate product line. A blown fuse is not marked. The PAL logic
diagrams are provided with no fuse locations marked, allow-
ing the designer to use the diagram to manually create a
fuse map. Actually, the unprogrammed device is shipped
with all Xs (fuses) intact. Each fuse node is identified by a
product line number and an input line number.

Each device in the ECL PAL family has the capability for its
output polarity to be user-determined. The selection of out-
put polarity is logically determined by the equations and im-
plemented, if an active low output is required, by removing
the fuse representing the appropriate output.

The most common means of programming involves down-
loading data from a computer in the JEDEC format. In this
format the fuses are numbered and transmitted sequentially
to the device programmer. The JEDEC fuse numbers for the
array begin with fuse 0 at the intersection of input line 0 and
product line 0 and are sequentially numbered (proceeding
across each product line) ending with the fuse at the inter-
section of input line 31 and product line 63 with fuse 2047.
The output polarity fuse representing the least significant
product lines (output pin 21 for the PAL1016P8/
PAL10016P8) to the fuse representing the most significant
product lines (output pin 8 for the PAL1016P8/
PAL10016P8) are numbered from 2048 to 2051 for a 4-out-
put device and ending at 2055 for an 8-output device.

National Masked Logic

If a large number of devices with the same pattern are re-
quired, it may be more economical to consider mask pro-
gramming. These mask-programmed devices will meet or
exceed all of the performance specifications of the fuse-
programmed devices they replace.

To generate a mask-programmed device, National Semi-
conductor requires a set of logic equations written in either
the PLAN or PALASM™ formats, plus test vectors which
the user generates as acceptance criteria for the finished
product.
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Logic Diagram PAL1016P8/PAL10016P8
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Programming Specification

This specification defines the programming and verification
procedure for the first programmable logic devices in Na-
tionals generic ECL family. The internal fuse arrays consists
of 64 product lines (8 for each output), each containing 32
fuse locations (1 for each of 16 inputs and its complement)

New Product Data Sheets
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for a total of 2048 array fuses. Eight additional fuses exist to
allow changing the active output polarity.

Each ECL device is programmed and verified as a 2048x1
TTL PROM. The connection diagrams in Figure 1 illustrate
the difference between the logical ECL device and the PRO-

GRAMMABLE TTL device.
ECL LOGIC TTL PROGRAMMING
Ny N\
1=41 24— Vee A—11 24—Vec
1=12 23 =1 A2 23[—A
143 221 A—13 22=A
1/0 =14 21=1/0 0—14 21 =0
0—15 20=0 0—{5 200
Vec! =16 19 f=Vee2 Vee! 16 19 f=Vec2
0—7 18=0 07 181=0
1/0—38 17=1/0 0—8 17}=0
1—9 161 A—{9 16— Ver
1—{10 15f=1 A—{10 15=A
1—{11 14]=1 A=—{11 14=A
Vee—{ 12 13f=1 Vee—{12 13}
TL/L/6161-5 TL/L/6161-6
FIGURE 1. Connection Diagrams
Software Support Programmer Support
Software Vendor Availability Model Vendor Avalilability
PLAN S Naﬂozal ( Now ECL-1 IMI Now
ermiconductor Data I/0 Now
ABEL Data /0 Now E-100 ALPS Nov 85
CUPL Assisted Nov 85
Technology
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Array Fuse Addressing Table lll. Input Line Selection vs. Programming Address
When programming or verifying a fuse location, the output Inputs. :
equation) is addressed by the 3 address pins 13, 14, and
(15!:‘| The e?ght product lines),/ within the equat?on, are selected Input Address Pin
by the 3 address pins 9, 10, and 11. The fuse pair locations Line 23 22 3 2 1
representing the logical inputs are selected by the 4 ad- 0 0 0 0 0 0
dress pins 2, 3, 22, and 23, with the complementing fuse
within the pair by the address pin 1. The programming ad- 1 Y 0 0 0 1
dress data is detailed in Tables I-IIl. 2 0 0 0 1 0
Table I. Logic Output (Equation) Selection vs. 3 0 Y 0 1 1
Programming Address Inputs. 4 Y Y 1 Y Y
5 0 0 1 0 1
Output Address Pin 6 0 0 1 1 0
Pin 15 14 13 7 0 0 1 1 1
21 0 0 0 8 0 1 0 0 0
4 0 0 1 9 0 1 0 0 1
20 0 1 0 10 0 1 0 1 0
5 0 1 1 11 0 1 0 1 1
18 1 0 0 12 0 1 1 0 0
7 1 0 1 13 0 1 1 0 1
17 9 1 0 14 0 1 1 1 0
8 1 1 1 15 0 1 1 1 1
Note that the of outputs 1t the physical, not numeric, order 18 ! 0 0 0 0
of logical output;. ; o ' 17 1 0 Y 0 1
18 1 0 0 1 0
19 1 0 0 1 1
Table Il. Product Line (within Equation, or Output) vs. 20 1 0 1 0 0
Programming Address Inputs.
21 1 0 1 0 1
Product Address Pin 22 1 0 1 1 0
Pin 1 10 9 23 1 0 1 1 1
24 1 1 0 0 0
0 0 0 0 25 1 1 0 0 1
1 0 0 1 26 1 1 0 1 0
2 0 1 0 27 1 1 0 1 1
3 0 1 1 28 1 1 1 0 0
4 1 0 0 29 1 1 1 0 1
5 1 0 1 30 1 1 1 1 0
6 1 1 0 31 1 1 1 1 1
7 1 1 1

Note pin 1 affects complementing fuse only.



Fuse Programming and Verification

The array and output polarity fuse programming waveform
diagram is shown in Figure 2. The 8 output pins Oy are used
only to change the polarity of the selected device output
and for removing the “security” fuse. Tables 4 and 5 define
the voltage and timing requirements.

Programming Procedure

1. Power is applied to the device. VCC, VCC1, and VCC2
(pins 24, 6, and 19) go to VCC. (The voltage applied to
pin 24 cannot precede the voltage applied to pin 6) The
output pins (4, 5, 7, 8, 17, 18, 20, and 21), are open cir-
cuited, or held at a logic low level, while programming the
array.

. After TO, VCC1 (pin 6) can be raised from 5.0 to 10.75V at
a slew rate not to exceed 10V/uS, or not less
than 1V/pus.

3. The 11 address inputs (pins 1-3, 9-11, 13-15, 22, and
23) will define the location of the array fuse to be opened
or the applicable output pin will define the polarity fuse to
be opened.

n

Vee

|e——————5mS MAXIMUM 20% DUTY CYCLE ——————>
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4. After VCC1 has been stable at 10.75V for period T1 and
the address has been stable defining the applicable fuse
location for period T2, VCC2 (pin 19) may slew from 5.0
to 10.75V at a slew rate of 1 to 10V/pS.

5. VCC2 must remain stable at 10.75V for the duration of
the programming pulse (TP) before returning to 5.0V.

6. With VCC1 at 10.75V and after VCC2 has been stable at
5.0V for the period T3, VER pin (16) may be sampled. If
the fuse was properly opened, a logic low level will be
observed. If the fuse did not open, steps 4 through 6 may
be repeated up to 15 times.

7. 1f additional locations are to be addressed, steps 3
through 6 must be repeated for each fuse to be opened
while observing the maximum power up time and duty
cycle.

Fuse Verification

Fuse verification may be performed independent of pro-

gramming. As seen in Figure 2, with VCC1 at VCCP and

VCC2 at VCC verification may occur within the defined tim-

ing constraints. (See Table V)

o—/

~t VecP

Vee

Veet —
0 _/

T T

[-— tl — Vccp r‘—u
v /
Vo2 cc
0 _—/ t5
<—Q2 4—(7
A
0 POLARITY FUSE
N ViL ADDRESSING
ViL
Vi
A ARRAY FUSE
n ViL ADDRESSING
IL
teb t t £
YoH 5 8 '3 6
VR j VALID VALID \
VoL '

TL/L/B161-7

FIGURE 2. Array/Polarity Programming Diagram
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TABLE IV. DC Requirements

Symbol Description Min Nom Max Units
Vco Pin 24 Voltage While Programming or Verifying (Pin
19 Verifying) (Note 1) 475 5.00 5.25 v
Icc Pin 24 Current While Programming (Note 2) 200 300 mA
Veep Vee1/Vecoz (Pins 6 and 19) Voltage While 10.50 10.75 11.00 \"
Programming (Note 3)
Icci V1 (Pin 6) Current While Programming (Note 2) - 300 450 mA
lcc2 VCC2 (Pin 19) Current While Programming (Note 2) 10 25 mA
VIL Input LOW Level - If Left Open, Pins 4, 5, 7, 8, 17, 0 0.8 \
18, 20, and 21 are Held Low by Internal 50K
Resistor
i Input LOW Current - Pins; -1.0 -15 mA

1-8,9-11,13-15, 22, and 23
Vee/Vee1/Vecz = Max, Vi = 0.4V

4,5,7,8,17, 18, 20, and 21 (Note 4) —0.25 —-1.5 mA
Vee/Veci1/Veez = Max, Viy = 0.8V
ViH Input HIGH Level 2.20 Vee Vv
IH Input HIGH Current 90 300 rA

Vee/Vee1/Vecz = Max, Vi = Ve Max
Pins 1-3, 9-11, 13-15, 22, and 23

4,5,7,8,17, 18, 20, and 21 3 5 mA
VoL Output (Pin 16) LOW Level 0.8 \
Vec/Vec1/Vecz = Min, lop = 4 mA
VoH Output (Pin 16) HIGH Level 2.20 \

Vec/Vec1/Vecz = Max, loy = —0.6 mA

Note 1: While programming/verifying, power can be applied to the device for 5 mS maximum with a duty cycle of 20% maximum.

Note 2: Current measurements are taken with Vcc/Vect/Vecz at maximum and with all device inputs and outputs open.

Note 3: The difference between Vcc and Vccp must not exceed 6V.

Note 4: If Vi (V) is less than 0.8 volts at pins 4, 5, 7, 8, 17, 18, 20, or 21, means must be provided to limit the current sourced by the device pins to 10 mA.
Note 5: All programming and verification to be performed at 25°C +5°C

TABLE V. Timing

Symbol Description Min Nom Max Units
TO Power-Up Before Raising Vcc1 (Note 1) 0 500 ns
T1 Vce at Veep Before Raising Vocz 400 500 ns
T2 Address Set-Up Time to V2> Vecp 400 500 ns
T3 VER Valid After Vcp at Ve (Note 2) 200 500 ns
T4 Vcez at Vg Before Lowering Voot 400 500 ns
T5 VER Valid After Raising Vg1 (Note 2) 200 500 ns
TSb Address Set-Up Time to VER Valid (Note 2) 200 500 ns
T6 VER Valid Hold Time From Address 0 ns
T7 Vcez at Voc Before Address Change 400 500 ns
T8 VER Valid Hold Time From Vcca > Veep (Note 2) 0 100 ns
T9 Vet at Vo Before Power Down 0 ns
TP Programming Pulse 10 10 30 ps

Note 1: Observe the maximum power-up time or § ms and duty cycle of 20% for Voo/Veci/Voce during progra
Note 2: VER is valid when Vgca = Vg and Voot = Voep:
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Security Fuse Programming
The security fuse is opened using the same procedure as used for changing the output polarity, except all 8 outputs (pins 4,

5,7,8,17, 18, 20, and 21) must be selected with the application of V. Verification is determined by the inability to further
verify the array.

e————————5mS MAXIMUM 20% DUTY CYCLE———————»
Vee

o/ \_

~—tg VeeP tq

Vee

P
i,—— Vccp (14

Voo

Vo2 —— ==

1y

§
g

\
o ALL OUTPUTS HIGH
v TO SELECT SECURITY FUSE

IL

FIGURE 3. Security Fuse Programming Diagram
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Physical Dimensions inches (milimeters)
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ECL Registered and Latched Programmable PRELIMINARY

Array Logic (PAL®) Family

General Description

The registered and latched ECL PAL devices are the latest
additions to National Semiconductor’s ECL PAL family. The
ECL PAL family utilizes National Semiconductor’s advanced
oxide-isolated process and proven Titanium Tungsten
(Ti-W) fuse technology to provide user-programmable logic
to replace conventional ECL SSI/MSI gates and flip-flops.
Typical chip count reduction gained by using PAL devices is
greater than 4:1.

This family allows the systems engineer to customize his
chip by opening fuse links to configure AND and OR gates
to perform his desired logic function. Complex interconnec-
tions that previously required time-consuming layout are
thus transferred from PC board to silicon where they can
easily be modified during prototype checkout or production.
The PAL transfer function is the familiar sum-of-products
implemented with a single array of fusible links. The PAL
device incorporates a programmable AND array driving a
fixed OR array. The AND term logic matrix incorporates 16
complementary inputs and 64 product terms. The 64 prod-
uct terms are grouped into eight OR functions with eight
product terms each. All devices in this series are provided
with output polarity fuses. These fuses permit the designer
to configure each output independently to provide either a
logic true (by leaving the fuse intact) or a logic false (by
programming the fuse) when the equation defining that out-
put is satisfied. In addition, the ECL PAL family offers these
options:

o QOutput registers

e Output latches

o Dual (split) clocks

® ORed (common) clocks

Product terms with all fuses programmed assume a logical
high state, while product terms connected to both the true
and compliment of any input assume a logical low state. All
product terms in an unprogrammed part are logically low.
Registers consist of D-type flip-flops which are loaded in
response to the low-to-high transition of the clock. Latches
are transparent while the enable is low, and hold data while

PLAN™ is a of National C¢
PAL® is a registered trademark of and used under license from Monolithic Memories, Inc.

September 1986

the enable is high. Fuse symbols have been omitted from
the logic diagrams to allow the designer use of the diagrams
for logic editing.

These ECL PAL devices may be programmed on most PLD
programmers. Programming is accomplished with TTL volt-
age levels. Once the PAL is programmed and verified, an
additional fuse may be programmed to defeat verification.
This feature gives the user a proprietary circuit which is diffi-
cult to copy.

Features
m High speed:
Combinatorial and latched outputs
tpd = 6 ns max
Registered outputs
tsy = 5 ns min
tok = 3 ns max
fmax = 125 MHz max
| Both 10 KH and 100K 1/0 compatible versions
m Eight output functions with feedback; eight dedicated
inputs
u Eight registered or latched outputs, or four registered or
latched outputs with four combinatorial outputs
= Individually programmable polarity on all logic outputs
® Output enable gate on all registered or latched outputs
® Reliable Titanium Tungsten fuses
m Security fuse to prevent direct copying
| Programmed on most PLD programmers
| Fully Supported by PLANT™ Software
W Packaging:
24-pin thin DIP (0.300")
28-pin SCC (Leadless Square Chip Carrier)
24-pin QUAD CERPAK

Applications

m Programmable replacement for ECL logic
m Programmable state machine

W Address or instruction decoding
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Absolute Maximum Ratings

If Military/Aerospace specified devices are required, Veg Relative to Vo —7Vto +0.5V
contact the National Semiconductor Sales Office/ Any Input Relative to Voo VEg to +0.5V
Distributors for availability and specifications. Lead Temperature (Soldering, 10 seconds) 300°C
Temperature Under Bias (Ambient) —55°Cto +125°C

ESD rating is to be determined.
Storage Temperature Range —65°C to +150°C

Electrical Characteristics over Recommended Operating Temperature Range for ECL PAL Devices. (Note 1)
10KH: Tpo = 0°Cto +75°C, Vgg = —5.2V £5%

100K: Tp = 0°Cto +85°C, Veg = —4.5V £5%

Output Load = 509 + 5 pF to —2.0V

Symbol Parameter Conditions TaA Min Max Units
VIH High Level input Voltage Guaranteed Input Voltage 0°C -1170
High For All Inputs 10 KH +25°C —1130 mv
+75°C —1070
100K | 0°Cto +85°C | —1165 | —880
ViL Low Level Input Voltage Guaranteed Input Voitage 0°C —1480
Low For All Inputs 10 KH +25°C —1480 mv
+75°C —1450
100K | 0°Cto +85°C | —1810 | —1475
VoH High Level Output Voltage | Vi = Vi Max. or Vy_ Min. 0°C —1020 | —840
10 KH +25°C —980 —-810 mv
+75°C —920 —735
100K | 0°Cto +85°C | —1025 | —880
VoL Low Level Output Voltage | V|N = V|4 Max. or Vi Min. 0°C —1950 | —1630
10 KH +25°C —1950 | —1630 | v/
+75°C —1950 | —1600
100K | 0°Cto +85°C | —1810 | —1620
IH High Level Input Current ViN = V|4 Max. 10KH 0°C
(Note 4) +75°C 220 pA
100K [ 0°Cto +85°C
e Low Level Input Current ViN = VjL Min. Except I/0 Pins 10 KH 0°C
+75°C 0.5 rA
100K | 0°Cto +85°C
133 Supply Current Vg = Max.  All Inputs and 10KH | 0°Cto +75°C | _ 260 mA
Outputs Open ™10k | 0°C to +85°C
Operating Conditions ,
Symbol Parameter Min Typ Max Units
VEE Supply Voltage 10 KH —5.46 —5.2 —4.94 Y
100K —4.8 —4.5 —4.2
TA Operating Ambient Temperature (Note 2) 10 KH 0 +75 °G
100K 0 +85
RL Standard 10 KH/100K Load 50 Q
CL Standard 10 KH/100K Load 5 pF
tsu Input Setup Time (Note 3) 5 ns
tHy Input Hold Time (Note 3) 0 ns
tw Clock or Enable Pulse Width (Note 3) 4 ns
twMR Master Reset Pulse Width (Note 3) 4 ns

Note 1: This product family has been designed to meet the specification in the test table after thermal equilibrium has been established. The circuit is in a test
socket or mounted on a printed circuit board and transverse air flow greater than 500 linear fpm is maintained.

Note 2: Mounted in socket or printed circuit board with transverse airflow exceeding 500 linear feet per minute. Dout
Note 3: Applies to registered and latched outputs.
Note 4: Except for clock inputs (350 pA) and MR (1 mA).
R G

1

-2V - TL/L/8765~2



Ordering Information

The 16 products in the family are differentiated by their logic
level compatibility (10 KH or 100K), by their output type (reg-
istered, latched or mixed combinatorial) and by their clock
configuration (Common ORed or Dual clocks). The family

consists of the following products:
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PROGRAMMABLE ARRAY LOGIC FAMILY

ECL 1/0 COMPATIBILITY
10=10KH
100 =100K

= NUMBER OF ARRAY INPUTS

467

Part OUTPUT TYPE
Number Description RC = REGISTERED W/COMMON CLOCKS
RD =REGISTERED W/DUAL CLOCKS
PAL1016RC8 8 Registered Outputs with Common LC = LATCHED W/COMMON CLOCKS
PAL10016RC8 | ORed Clock LD = LATCHED W/DUAL cLocks
PAL1016RD8 8 Registers with Dual Clocks NUMBER OF REGISTERED/ LATCHED OUTPUTS
: PACKAGE
PAL10016RD8 (4 Registers Each) J = CERAMIC DIP
PAL1016RC4 4 Registers (Common Clock) W= QUAD CERPACK
PAL10016RC4 | Plus 4 Combinatorial I/Os £ = CERAMIC LCC
TEMPERATURE RANGE
PAL1016RD4 4 Registers (Dual Clocks) l- C=0°C TO +75°C FOR 10KH,
PAL10016RD4 | Plus 4 Combinatorial I/0Os YVVY 0°C TO +85°C FOR 100K
PAL1016RD 8 J C
PAL1016LCB 8 Latched Outputs with Common TL/L/B765-1
PAL10016LC8 ORed Clock
PAL1016LD8 8 Latches with Dual Clocks
PAL10016LD8 (4 Latches Each)
PAL1016LC4 4 Latches (Common Clock)
PAL10016LC4 Plus 4 Combinatorial I/Os
PAL1016LD4 4 Latches (Dual Clocks)
PAL10016LD4 Plus 4 Combinatorial |/Os
Switching Characteristics
Symbol Parameter Measured Min Max Units
From To

toLk (Note 1) Clock to Output ch T Q ns
t g (Note 2) Enable to Output oLd Q ns
tpp (Note 2, 3) Input to Output | Qorl/O ns
tpLH (Note 1, 2) Output Enable Gl Q1 45 ns
tpHL (Note 1, 2) Output Disable G1T Ql 45 ns
tmr (Note 1, 2) Master Reset to Output MR T Ql 4.5 ns
fmax (Note 1, 4) Maximum Frequency 125 MHz
t Output Rise Time Measured Between 1 3.5 ns
1y Output Fall Time 20% and 80% points 1 3.5 ns

Note 1: Applies to registered outputs.
Note 2: Applies to latched outputs.

Note 3: Applies to combinatorial outputs.
Note 4: fimax = (tsy + towk) 1
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Timing Waveform—All Registered Outputs
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Timing Waveform—All Latched Outputs
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Connection Diagrams (24-pin Dual-In-Line Packages)

PAL1016RC8/PAL10016RC8
PAL1016RD8/PAL10016RD8

N\

MR—11 24~Vee
142 231
-3 241
a—{4 21 Eo
o5 20p-0

Veeo =16 19f~Veeo
o7 18f-a
-8 17f~a
c,c1~{9 16f~c,c2
l] 10 15f=1
111 141
Ve =12 136
TL/L/B765-5

PAL1016LC8/PAL10016LC8
PAL1016LD8/PAL10016LD8

-/
MR—{1 24=Vee
1—12 231
1-43 2p~1
o—4 21f~a
Q=5 20~Q
Veco—16 19}~ Veeo
o7 18}~a
Q-3 170
Lii—9 16f-1,12
1=-110 151
=11 14~
Ve =12 13~G
TL/L/8766-7
Pin Descriptions
Pin Description

| Eight dedicated inputs to logic array.

Q Four or eight outputs from registered or latched logic
functions.

I/0  Four outputs from combinatorial logic functions on
‘RC4, ‘RD4, ‘LC4 and ‘LDA4. Pin signal fed back as
input into logic array. Pin can be used as input or
output.

C, C1 Clock input for registers on output pins 4, 5, 7 and 8
on dual-clock devices; ORed with C2 to control all
registers on common-clock devices. Data is written
into registers on rising edge of clock.

C, C2 Clock input for registers on output pins 17, 18, 20
and 21 on dual-clock devices; ORed with C1 to con-
trol all registers on common-clock devices. Data is
written into registers on rising edge of clock.

L, [T Latch enable input for latches on output pins 4, 5, 7

and 8 on dual-clock devices; ORed with L2 to control
all latches on common-clock devices. Latches are
transparent (data written into latch) while the enable
signal is low.

Pin
L2

MR

[a]]

VEe
Vce
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PAL1016RC4/PAL10016RC4
PAL1016RD4/PAL10016RD4

-/

MR —] 1 24|~V
|] 2 23 —|oc
1-13 2[—1

yo—4 21=1/0
e—{s 20f-0

Veco =6 19f=Veeo
e—7 180
/018 174=1/0
c.c1—9 16}=c,C2
110 1511
=1 141
Vg —{12 131-C
TL/L/8765-6

PAL1016LC4/PAL10016LC4
PAL1016LD4/PAL10016LD4

/
MR—]1 24=Veo
=12 231
1—13 221
/014 21=1/0
Q-5 20p~-Q
Veco—16 19F=Veeo

Q=7 18p—-Q
I/0o—18 17=1/0
L9 161,12

1=110 1541

I] 1 1411
Ve =12 136

TL/L/8765-8
Description

Latch enable input for latches on output pins 17,
18, 20 and 21 on dual-clock devices; ORed with L1
to control all latches on common-clock devices.
Latches are transparent (data written into latch)
while the enable signal is low.

Master Reset input. Asynchronously resets all reg-
isters or latches to the low state while MR is high
(overrides clock and latch enable).

Output enable input. Enables output drivers while G
is low; forces all registered or latched output drivers
to the low state as long as G is high. Register or
latch contents and feedbacks are not affected.
Combinatorial outputs are not affected.

Supply voltage.

Ground for internal circuitry.

Vcco Ground for output drivers (4 outputs per Vgco).
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Connection Diagrams (28-pin Leadless Square Chip Carrier)

PAL1016RC8/PAL10016RC8
PAL1016RD8/PAL10016RD8

_-xgd_
I T Y O
4 3 2 1 2827 26
o5 sf-a
o6 24f-0
Veco =17 23 L-voco
NC—{8 22}-Ne
a—{9 21}-q
o—{10 20f-q
c,c1—411 19}=c,c2
12 13 14 15 16 17 18
TTTTTTT
> z
TL/L/8765-17
PAL1016LC8/PAL10016LC8
PAL1016LD8/PAL10016LD8
- _gg$__
| T Y |
4 3 2 1 282726
o5 25-q
Q=16 24—Q
Veco 17 23| Veeo
Nc—{8 22}=Nc
o—9 210
a0 20}-a
LOo—n 191,02

12 13 14 15 16 17 18

rrrrril
- = o -

R) =

TL/L/8765-19

PAL1016RC4/PAL10016RC4
PAL1016RD4/PAL10016RD4

- _-5$g2=L_ _
| I T O T T |
4 3 2 1 2827 26
/o5 251/0
by 1 24f=Q
Veco—17 23|~Veco
Nc—|8 22 —NC
a-l 9 2tf-a
|/o-1 10 20}-1/0
c,c1—11 19f-c,c2
12 13 14 15 16 17 18
LA L A
>||:“ (zJ (14
TL/L/8765-18
PAL1016LC4/PAL10016LC4
PAL1016LD4/PAL10016LD4
e O
_ — X Z D> - -
| I T T |
4 3 2 1 2827 26
1/o—5 25}-1/0
o= 24}-a
Veco =17 23|=Veeo
Nc—{8 22}-Ne
o—9 210
1/0—{10 20170
L= 191,02
12 13 14 15 16 17 18

AL A A A A
e

TL/L/8765-20



Connection Diagrams (24-pin Quad Cer-Pack)

PAL1016RC8/PAL10016RC8
PAL1016RD8/PAL10016RD8
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PAL1016L.C8/PAL10016LC8
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a—{3 160
Veco =14 15~Veeo
Q=15 14f-a
Q-6 13-a
7 8 9 10 11 12
L
8E

TL/L/8765-23

New Product Data Sheets

471

PAL1016RC4/PAL10016RC4
PAL1016RD4/PAL10016RD4
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Logic Diagram PAL1016RC8/PAL10016RC8

JEDEC logic array cell number = product line first cell number + input line number.
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Logic Diagram PAL1016RD8/PAL10016RD8
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JEDEC logic array cell number = product line first cell number + input line number.
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Logic Diagram PAL1016RC4/PAL10016RC4

JEDEC logic array cell number = product line first cell number + input line number.
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Logic Diagram PAL1016RD4/PAL10016RD4
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JEDEC logic array cell number = product line first cell number + input line number.
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Logic Diagram PAL1016LC8/PAL10016LC8

INPUT LINE NUMBER = 10 12 14 16 18 20 22 24 8 3 Vee 24
1 13]15 j17 |1 23 |57 | —_—
1 D < 23
2 Z 22
PRODUCT LINE__, o
FIRST CELL NUMBER 32
.o 96
128
160
1925+
3 ~
123
2049
“Cf
R Y
e N
153
51
5”" 544
608
704572
e
=1
2051 768
5 QR D -oG 852 g64 Veco 19
5% 928 -
L 960
X-‘
, 1056 2052 .
1088
1120 Do b Rq _Dg
6 Veco 1525 .
1216
rd
2053 1280, 512
e e
1408
Y (T3
1504
>3
(01568 2054 -
16007532 [ Dot *d v
17751596 L
1760
N
2055 1792
1856'52‘
1920
1952
1 L ple
15
o
14
&
1
18 13
12 Vgp "Q-

JEDEC logic array cell number = product line first cell number + input line number.
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JEDEC logic array cell number = product line first cell number + input line number.
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Logic Diagram PAL1016LC4/PAL10016LC4
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TL/L/B765-15
JEDEC logic array cell number = product line first cell number + input line number.
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Logic Diagram PAL1016L.D4/PAL10016LD4
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TL/L/8765-16
JEDEC logic array cell number = product line first cell number + input cell number.
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Functional Testing

As with all field-programmable devices, the user of the ECL
PAL provides the final manufacturing step and must assume
some responsibility for testing the programmed device. Na-
tional's PAL devices undergo extensive testing when they
are manufactured, but their logic function can be fully tested
only after they have been programmed to the user's pattern.
To ensure that the programmed PAL device will operate
properly in your system, National Semiconductor (along with
most other manufacturers of PAL devices) strongly recom-

Programmable Logic Design Guide

mends that PAL devices be functionally tested before they
are installed in your system. Even though the number of
post-programming function failures is small, testing the logic
function of the PAL devices before they reach system as-
sembly will save PCB debugging and rework costs. Refer to
National Semiconductor's Application Note #351 and the
Programmable Logic Design Guide for more information
about the functional testing of PAL devices.
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Phy3i03| Dimensions inches (millimeters)
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0P BOTTOM SIDE
VIEW VIEW VIEW
E28A (REVC)
28-Pin Ceramic Leadless Chip Carrier
Order Number PAL1016XXXE/PAL 10016 XXXE
NS Package Number E28A
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24-Pin Dual-In-Line Package (J)
Order Number PAL1016XXXJ/PAL10016XXXJ
NS Package Number J24F

J24F(REV 6)
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Physical Dimensions inches (millimeters) (Continued)
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4 ns ECL Programmable
Array Logic (PAL®) Family

General Description

The PAL1016P4A and PAL10016P4A are members of the
National Semiconductor ECL PAL family. The PAL10/
10016P4A is a functional subset of the PAL10/10016P8
(6 ns tpd) and is compatible in pinout, JEDEC map format,
and programming algorithm. The ECL PAL family utilizes
National Semiconductor’s advanced oxide-isolated process
and proven Titanium-Tungsten (Ti-W) fuse technology to
provide user-programmable logic to replace conventional
ECL SSI/MSI gates and flip-flops. Typical chip count reduc-
tion gained by using PAL devices is greater than 4:1.

This family allows the systems engineer to customize his
chip by opening fuse links to configure AND and OR gates
to perform his desired logic function. Complex interconnec-
tions that previously required time-consuming layout are
thus transferred from PC board to silicon where they can
easily be modified during prototype checkout or production.

The PAL transfer function is the familiar sum-of-products
implemented with a single array of fusible links. The PAL
device incorporates a programmable AND array driving a
fixed OR array. The AND term logic matrix incorporates 16
complementary inputs and 32 product terms. The 32 prod-
uct terms are grouped into four OR functions with eight
product terms each. All devices in this series are provided
with output polarity fuses. These fuses permit the designer
to configure each output independently to provide either a
logic true (by leaving the fuse intact) or a logic false (by
programming the fuse) when the equation defining that out-
put is satisfied.

Product terms with all fuses programmed assume a logical
high state, while product terms connected to both the true
and complement of any input assume a logical low state. All
product terms in an unprogrammed part are logically low.

Ordering Information

i

PALTO 16 P 4AJC

PLAN™ is a of National i C
PAL® is a registered trademark of and used under license from Monolithic Memories, Inc.

PACKAGE

New Product Data Sheets

PRELIMINARY

November 1987

Fuse symbols have been omitted from the logic diagrams to
allow the designer use of the diagrams for logic editing.
These ECL PAL devices may be programmed on many PLD
programmers. Programming is accomplished using TTL
voltage levels. Once programmed and verified, an additional
fuse may be programmed to disable further verification. This
feature gives the user a proprietary circuit which is difficult
to copy.

Features
B High speed:
Combinatorial outputs

tpd = 4 ns max
m Both 10 KH and 100K I/0 compatible versions
m Four output functions; sixteen dedicated inputs
m Individually programmable polarity for all logic outputs
m Reliable titanium-tungsten fuses
m Security fuse to prevent direct copying
B Programmed on many PLD programmers
m Fully Supported by PLANT™ Software
B Packaging:

24-pin thin DIP (0.300")

24-pin QUAD CERPAK

Applications
B Programmable replacement for ECL logic
| Address or instruction decoding

PROGRAMMABLE ARRAY LOGIC FAMILY
ECL I/0 COMPATIBLE

10 =10 KH
100 = 100K

NUMBER OF ARRAY INPUTS
OUTPUT TYPE

P = COMBINATORIAL WITH
PROGRAMMABLE POLAITY

NUMBER OF OUTPUTS
SPEED RANGE
NO SYMBOL = STANDARD SPEED (6 ns)

A = HIGH SPEED (4 ns)

J = CERAMIC DIP
W = QUAD CERPACK

TEMPERATURE RANGE
€ =0°C TO + 75°C FOR 10KH

0 H°C TO + 85°C FOR 100K

TL/L/9138-1
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Absolute Maximum Ratings

If Military/Aerospace specified devices are required, Veg Relative to Voo —7Vto +0.5V
f)?':t?:tt the' Natlo::aL_liSemic:nduc::r ?ales Office/ Any Input Relative to Voo VEgto +0.5V
stributors for ava ) ability and specificat ?"s‘ . Lead Temperature (Soldering, 10 seconds) 300°C
Temperature Under Bias —55°Cto +125°C ESD rating is to be determined.
Storage Temperature Range —65°Cto +150°C
Recommended Operating Conditions
Symbol Parameter Min Typ Max Units
VEE Supply Voltage 10 KH —5.46 —-5.2 —4.94 v
100K —4.82 —45 —4.19
T Operating Temperature (Note) 10 KH 0 +75 o
100K 0 +85
DC Electrical Characteristics over Recommended Operating Conditions
Output Load = 500 to —2.0V
Symbol Parameter Conditions Ta Min Max Units
VIH High Level Input Voltage Guaranteed Input Voltage 0°C —-1170 —840
High For All Inputs 10 KH +25°C —1130 -810 mv
+75°C —1070 —735
100K | 0°Cto +85°C | —1165 —880
ViL Low Level Input Voltage Guaranteed Input Voltage 0°C —1950 | —1480
Low For All Inputs 10 KH +25°C —1950 | —1480 mv
+75°C —1950 | —1450
100K | 0°Cto +85°C | —1810 | —1475
VoH High Level Output Voltage | VN = V4 Max. or Vi Min. 0°C -1020 —840
10 KH +25°C —980 —810 iy
+75°C —920 —735
100K | 0°Cto +85°C | —1025 —880
VoL Low Level Output Voltage | V|y = Vi Max. or V. Min. 0°C —1950 | —1630
10 KH +25°C —1950 —1630 mv
+75°C —1950 | —1600
100K | 0°Cto +85°C | —1810 | —1620
] High Level Input Current VIN = Vi Max. 10 KH 0°C
+75°C 220 pA
100K | 0°Cto +85°C
e Low Level Input Current ViN = VL Min. 10KH 0°C
+75°C 0.5 pA
100K | 0°Cto +85°C
leg Supply Current VEg = Min. 10KH | 0°Cto +75°C —220 mA
All Inputs and Outputs Open 100K | 0°Cto +85°C

Note: Operating temperatures for circuits in Dual-In-Line packages are specified as ambient temperatures (T ) with circuits in a test socket or mounted on a printed
circuit board and transverse air flow greater than 500 linear fpm is maintained. Operating temperatures for circuits packaged in QUAD CERPAK are specified as
case temperatures (Tg). All specifications apply after thermal equilibrium has been established.



Switching Characteristics
Over Recommended Operating Conditions, Output load: R = 500 to —2.0V, G| = 5 pF to GND

New Product Data Sheets

485

Symbol Parameter Measured Test Conditions Min Max Units
trD Input to Output Measured at 50% points 4 ns
t Output Rise Time Measured between 0.5 25 ns
t Output Fall Time 20% and 80% points 05 25 ns
Timing Measurements
Output Load

~0.9v
INPUTS
=-1.7v

fso%
tp

OUTPUTS

}50%

Connection Diagrams

Dual-In-Line Package
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U
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—Veco

Top View
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Logic Diagram PAL1016P4A/PAL10016P4A
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13 &N
u I 1 13
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TL/L/9138-4

JEDEC logic array cell number = product line first cell number + input line number

Functional Testing

As with all field-programmable devices, the user of the ECL
PAL devices provides the final manufacturing step. While
National’s PAL devices undergo extensive testing when
they are manufactured, their logic function can be fully test-
ed only after they have been programmed to the user’s pat-
tern.

To ensure that the programmed PAL devices will operate
properly in your system, National Semiconductor (along with
most other manufacturers of PAL devices) strongly recom-

mends that devices be functionally tested before being in-
stalled in your system. Even though the number of post-pro-
gramming functional failures is small, testing the logic func-
tion of the PAL devices before they reach system assembly
will save board debugging and rework costs. Refer to Na-
tional Semiconductor’s Application Note #351 and the Pro-
grammable Logic Design Guide for more information about
the functional testing of PAL devices.

Please contact your local sales office for a list of current
programming support tools for ECL PAL devices.
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0.025 1.280
0.025 220 pax
i) "0
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a9 g sz {0457 20.076) 076) = ‘3;"|7N" =T

24-Pin Ceramic Dual-In-Line Package
Order Number PAL1016P4AJC/PAL10016P4AJC
NS Package Number J24F

J24F(REV G)
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Physical Dimensions inches (millimeters) (Continued)
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24-Pin Quad Cerpak
Order Number PAL1016P4AWC/PAL10016P4AWC
NS Package Number W24B



Package Outlines
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Figure 13.1 NS Package J16A 16-Lead Cavity DIP (J)
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Figure 13.2 NS Package N16E 16-Lead Molded DIP (N) (Substitute for N16A)
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Figure 13.3 NS Package J20A 20-Lead Cavity DIP (J)
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Figure 13.4 NS Package N20A 20-Lead Molded DIP (N)
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Figure 13.5 NS Package J24F 24-Lead Cavity DIP (J)
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Figure 13.6 NS Package N24C 24-Lead Molded DIP (N)
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Figure 13.7 NS Package J24A 24-Lead Cavity DIP (J)
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Terminology

Term

Explanation

PAL Device

PROM

FPLA

Product Term
(Pn)

Summing Term
(Sn)
Output Polarity

Don’t Care

Active High

Active Low

Programmable Array Logic. AND-OR Array with
a programmable AND array and a fixed OR
array.

Programmable Read-Only Memory. AND-OR
Array with a fixed AND array and a
programmable OR array.

Field-Programmable Logic Array. AND-OR Array
with a programmable AND array and a
programmable OR array.

Logical AND operation on input variables.
Example: PO = A0A1A15, Pip= A2A5

Logical OR operation on product terms.
Example: S1= PO + P10
=ApA1A15 + A2As

Inversion or Non-inversion of summing term
outputs.

Variable can take any logic state without
affecting logic operation.

Output is a logic high when Sum-of-Products
expression is true. Within programmable logic
context, refers to a non-inverted output.

Output is a logic low when Sum-of-Products
expression is true. Within programmable logic
context, refers to an inverted output.

Fixed connection.

Programmable connection in virgin array.
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Term

Explanation

_|_
.,|(_

Maximum Clock Frequency, fyax:

High Level Input Current, Ijy:

High Level Output Current, Ioy:

Low Level Input Current, I :

Low Level Output Current, Ioy:

Off-State (High-Impedance State)
Output Current of a 3-State
Output), Ipz:

Short-Circuit Output Current, Ing:

Supply Current, Icc:

Unconnected in programmed part.

Programmed, connected.

The highest rate at which the clock input of a
bistable circuit can be driven through its
required sequence while maintaining stable
transitions of logic level at the output with
input conditions established that should cause
changes of output logic level in accordance
with the specification.

The current into an input when a high level
voltage is applied to that input.*

The current into an output with input
conditions applied that, according to the
product specification, will establish a high level
at the output.*

The current into an input when a low level
voltage is applied to that input.*

The current into an output with input
conditions applied that, according to the
product specification, will establish a low level
at the output.*

The current into an output having 3-state
capability with input conditions applied that,
according to the product specification, will
establish the high-impedance state at the
output.*

The current into an output when that output is
short-circuited to ground (or other specified
potential) with input conditions applied to
establish the output logic level farthest from
ground potential (or other specified potential). *

The current into the V¢ Supply terminal of an
integrated circuit.*
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Term

Explanation

Hold Time, ty:

Output Enable Time (of a 3-State
Output) to High Level, tpzy(or
Low Level, tpzr):

Output Enable Time (of a 3-State
Output) to High or Low Level,

tpzx:

Output Disable Time (of a 3-State
Output) from High Level, tpyz(or
Low Level, tprz):

Output Disable Time (of a 3-State
Output) from High or Low Level,

tpxz:

The interval during which a signal is retained at
a specified input terminal after an active
transition occurs at another specified input
terminal.

Notes:

1. The hold time is the actual time between
two events and may be insufficient to
accomplish the intended result. A minimum
value is specified that is the shortest interval
for which correct operation of the logic
element is guaranteed.

2. The hold time may have a negative value, in
which case the minimum limit defines the
longest interval (between the release of data
and the active transition) for which correct
operation of the logic element is guaranteed.

The propagation delay time between the
specified reference points on the input and
output voltage waveforms with the 3-state
output changing from a high-impedance (off)
state to the defined high (or low) level.

The propagation delay time between the
specified reference points on the input and
output voltage waveforms with the 3-state
output changing from a high-impedance (off)
state to either of the defined active levels (high
or low).

The propagation delay time between the
specified reference points on the input and
output voltage waveforms with the 3-state
output changing from the defined high (or low)
level to a high-impedance (off) state.

The propagation delay time between the
specified reference points on the input and
output voltage waveforms with the 3-state
output changing from either of the defined
active levels (high or low) to a high-impedance
(off) state.
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Term

Explanation

Propagation Delay Time, tpp:

Propagation Delay Time,

Low-to-High Level Output, tpyy:

Propagation Delay Time,

High-to-Low Level Output, tpyy:

Pulse Width, ty:

Setup Time, tg,

High Level Input Voltage, Viy:

The time between the specified reference points
on the input and output voltage waveforms with
the output changing from one defined level
(high or low) to the other defined level.

The time between the specified reference
points on the input and output voltage
waveforms with the output changing from the
defined low level to the defined high level.

The time between the specified reference
points on the input and output voltage
waveforms with the output changing from the
defined high level to the defined low level.

The time interval between specified reference
points on the leading and trailing edges of the
pulse waveform.

The time interval between the application of a
signal that is maintained at a specified input
terminal and a consecutive active transition at
another specified input terminal.

Notes:

1. The setup time is the actual time between
two events and may be insufficient to
accomplish the setup. A minimum value is
specified that is the shortest interval for
which correct operation of the logic
element is guaranteed.

2. The setup time may have a negative value in
which case the minimum limit defines the
longest interval (between the active
transition and the application of the other
signal) for which correct operation of the
logic element is guaranteed.

An input voltage within the more positive (less
negative) of the two ranges of values used to
represent the binary variables.

Note: A minimum is specified that is the least
positive value of high level voltage for which
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Term

Explanation

High Level Output Voltage, Vou:

Input Clamp Voltage, Vic:

Low Level Input Voltage, Vi :

Low Level Output Voltage, Vor:

Negative-Going Threshold
Voltage, V1_

Positive-Going Threshold Voltage,
Vr+:

operation of the logic elements within
specification limits is guaranteed.

The voltage at an output terminal with input
conditions applied that, according to the
product specification, will establish a high level
at the output.

An input voltage in a region of relatively low
differential resistance that serves to limit the
input voltage swing.

An input voltage level within the less positive
(more negative) of the two ranges of values
used to represent the binary variables.

Note: A maximum is specified that is the most
positive value of the low level input voltage for
which operation of the logic element within
specification limits is guaranteed.

The voltage at an output terminal with input
conditions applied that according to the
product specification will establish a low level
at the output.

The voltage level at a transition-operated input
that causes operation of the logic element
according to specification as the input voltage
falls from a level above the positive-going
threshold voltage, V.

The voltage level at a transition-operated input
that causes operation of the logic element
according to specification as the input voltage
rises from a level below the negative-going
threshold voltage, V_.

*Current out of a terminal is given as a negative value.






Appendix — an Overview of
LSI Testing Techniques

The growth in the complexity and performance of digital circuits can only be
described as explosive. Large-scale integrated circuits are being used today in a variety
of applications, many of which require highly reliable operation. This is causing con-
cern among designers of tests for LSI circuits. The testing of these circuits is difficult for
several reasons:

® The number of faults that has to be considered is large, since an LSI circuit contains
thousands of gates, memory elements, and interconnecting lines, all individually
subject to different kinds of faults.

e The observability and controllability of the internal elements of any LSI circuit are
limited by the available number of I/O pins. As more and more elements are packed
into one chip, the task of creating an adequate test becomes more difficult. A typical
LSI chip may contain 5000 gates but only 40 1/O pins.

e The implementation details of the circuits usually are not disclosed by the
manufacturer. For example, the only source on information about commercially avail-
able microprocessors is the user’s manual, which details the instruction set and
describes the architecture of the microprocessor at the register-transfer level, with
some information of the system timing. The lack of implementation information elim-
inates the use of many powerful test generation techniques that depend on the actual
implementation of the unit under test.

® As more and more gates and flip-flops are packed into one chip, new failure modes
— such as pattern-sensitivity faults — arise.! These new types of faults are difficult
to detect and require lengthy test patterns.

o The dynamic nature of LSI devices requires high-speed test systems that can test the
circuits when they are operating at their maximum speeds.

e The bus structure of most LSI systems makes fault isolation more difficult because
many devices — any of which can cause a fault — share the same bus.

© 1983 IEEE, Reprinted, with permission, from IEEE MICRO, Vol. 3, No. 1, pp. 34, February 1983.
M.S. Abadin, H K. Reghbati, Authors.
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e Solving the problems above increases the number of test patterns required for a suc-
cessful test. This in turn increases both the time required for applying that test and
the memory needed to store the test patterns and their results.

LSI testing is a challenging task. Techniques that worked well for SSI and MSI cir-
cuits, such as the D-algorithm, do not cope with today’s complicated LSI and VLSI cir-
cuits. New testing techniques must be developed. In what follows, we describe some
basic techniques developed to solve the problems associated with LSI testing.

A.1 TESTING METHODS

There are many test methods for LSI circuits, each with its own way of generating and
processing test data. These approaches can be divided into two broad categories —
concurrent and explicit.?

In concurrent approaches, normal user-application input patterns serve as diagnos-
tic patterns. Thus testing and normal computation proceed concurrently. In explicit
approaches, on the other hand, special input patterns are applied as tests. Hence, nor-
mal computation and testing occur at different times.

Concurrent Testing

Systems that are tested concurrently are designed such that all the information
transferred among various parts of the system is coded with different types of error
detecting codes. In addition, special circuits monitor this coded data continuously and
signal detection of any fault.

Different coding techniques are required to suit the different types of information
used inside LSI systems. For example, m-out-of-n codes (n-bit patterns with exactly m
I’s and n — m 0’s) are suitable for coding control signals, while arithmetic codes are best
suited for coding ALU operands.3

The monitoring circuits — checkers — are placed in various locations inside the
systems so that they can detect most of the faults. A checker is sometimes designed in a
way that enables it to detect a fault in its own circuitry as well as in the monitored data.
Such a checker is called a self-checking checker.3

Hayes and McCluskey surveyed various concurrent testing methods that can be
used with microprocessor-based LSI systems.? Concurrent testing approaches provide
the following advantages:

e Explicit testing expenses (e.g., for test equipment, down time, and test pattern gen-
eration) are eliminated during the life of the system, since the data patterns used in
normal operation serve as test patterns.

e The faults are detected instantaneously during the use of the LSI chip, hence the first
faulty data pattern caused by a certain fault is detected. Thus, the user can rely on the
correctness of his output results within the degree of fault coverage provided by the
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error detection code used. In explicit approaches, on the other hand, nothing can be
said about the correctness of the results until the chip is explicitly tested.

e Transient faults, which may occur during normal operation, are detected if they cause
any faulty data pattern. These faults cannot be detected by any explicit
testing method.

Unfortunately, the concurrent testing approach suffers from several problems that
limit its usage in LSI testing:

e The application patterns may not exercise all the storage element or all the internal
connection lines. Defects may exist in places that are not exercised, and hence the
faults these defects would produce will not be detected. Thus, the assumption that
faults are detected as they occur, or at least before any other fault occurs, is no
longer valid. Undetected faults will cause fault accumulation. As a result, the fault
detection mechanism may fail because most error detection codes have a limited
capability for detecting multiple faults.

® Using error detecting codes to code the information signals used in an LSI chip
requires additional I/O pins. At least two extra pins are needed as error signal indica-
tors. (A single pin cannot be used, since such a pin stuck at the good value could go
undetected.) Because of constraints on pin count, however, such requirements can-
not be fulfilled.

e Additional hardware circuitry is required to implement the checkers and to increase
the width of the data carriers used for storing and transferring the coded information.

e Designing an LSI circuit for concurrent testing is a much more complicated task
than designing a similiar LSI circuit that will be tested explicitly.

e Concurrent approaches provide no control over critical voltage or timing parameters.
Hence, devices cannot be tested under marginal timing and electrical conditions.

® The degree of fault coverage usually provided by concurrent methods is less than
that provided by explicit methods.

The above-mentioned problems have limited the use of concurrent testing for most
commercially available LSI circuits. However, as digital systems grow more complex and
difficult to test, it becomes increasingly attractive to build test procedures into the UUT
(unit under test) itself. We will not consider the concurrent approach further in this
article. For a survey of work in concurrent testing, see Hayes and McCluskey.?

Explicit Testing

All explicit testing methods separate the testing process from normal operation. In gen-
eral, an explicit testing process involves three steps:

® Generating the test patterns. The goal of this step is to produce those input pat-
terns which will exercise the UUT under different modes of operation while trying
to detect any existing fault.
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e Applying the test patterns to the UUT. There are two ways to accomplish this

step. The first is external testing — the use of special test equipment to apply the test
patterns externally. The second is internal testing — the application of test patterns
internally by forcing the UUT to execute a self-testing procedure.2 Obviously, the
second method can only be used with systems that can execute programs (for exam-
ple, with microprocessor-based systems.) External testing gives better control over
the test process and enables testing under different timing and electrical conditions.
On the other hand, internal testing is easier to use because it does not need special
test equipment or engineering skills.

Evaluating the responses obtained from the UUT. This step is designed with
one of two goals in mind. The first is the detection of an erroneous response, which
indicates the existence of one or more faults (go/n0-go testing). The other is the iso-
lation of the fault, if one exists, in an easily replaceable module (fault location test-
ing). Our interest in this article will be go/no-go testing, since fault location testing
of LSI circuits sees only limited use.

Many explicit test methods have evolved in the last decade. They can be distin-

guished by the techniques used to generate the test patterns and to detect and evaluate
the faulty responses (Figure A.1.1). In what follows, we concentrate on explicit testing

LSt

TESTING
EXPLICIT CONCURRENT
TESTING TESTING
1
) | ]
TEST TEST RESPONSE
GENERATION APPLICATION EVALUATION
: l_l_l
| 1
MANUAL RANDOM INTERNAL EXTERNAL
1 |
ALGORITHMIC SIMULATION-
AIDED GOOD
COMPACT
RESPONSE i
GENERATION
STORED TRANSITION SIGNATURE
RESPONSE COMPARISON COUNTING ANALYSIS

Figure A.1.1 LSI Test Technology
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and present in-depth discussions of the methods of test generation and response evalu-
ation employed with explicit testing.

A.2 TEST GENERATION TECHNIQUES

The test generation process represents the most important part of any explicit testing

method. Its main goal is to generate those test patterns that, when applied to the UUT,

sensitize existing faults and propagate a faulty response to an observable output of the

UUT. A test sequence is considered good if it can detect a high percentage of the possible

UUT faults; it is considered good, in other words, if its degree of fault coverage is high.
Rigorous test generation should consist of three main activities:

® Sclecting a good descriptive model, at a suitable level, for the system under consid-
eration. Such a model should reflect the exact behavior of the system in all its possi-
ble modes of operation.

e Developing a fault model to define the types of faults that will be considered during
test generation. In selecting a fault model, the percentage of possible faults covered
by the model should be maximized, and the test costs associated with the use of the
model should be minimized. The latter can be accomplished by keeping the com-
plexity of the test generation low and ‘the length of the tests short. Clearly these
objectives contradict one another — a good fault model is usually found as a result
of a trade-off between them. The nature of the fault model is usually influenced by
the model used to describe the system.

e Generating tests to detect all the faults in the fault model. This part of test genera-
tion is the soul of the whole test process. Designing a test sequence to detect a cer-
tain fault in a digital circuit usually involves two problems. First, the fault must be
excited; i.e., a certain test sequence must be applied that will force a faulty value to
appear at the fault site if the fault exists. Second, the test must be made sensitive to
the fault; i.e., the effect of the fault must propagate through the network to an
observable output.

Rigorous test generation rests heavily on both accurate descriptive (system)
models and accurate fault models.

Test generation for digital circuits is usually approached either at the gate-level or
at the functional level. The classical approach of modeling digital circuits as a group of
connected gates and flip-flops has been used extensively. Using this level of descrip-
tion, test designers introduced many types of fault models, such as the classical stuck-at
model. They also assumed that such models could describe physical circuit failures in
terms of logic. This assumption has sometimes restricted the number of physical fail-
ures that can be modeled, but it has also reduced the complexity of test generation
since failures at the elementary level do not have to be considered.

Many algorithms have been developed for generating tests for a given fault in com-
binational networks.14:56.7 However, the complexity of these algorithms depends on
the topology of the network; it can become very high for some circuits. Ibarra and
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NP-COMPI"I.KETEKPROBLEMS AR RE S ORI

The theory of NP~completeness is perhaps the most xmportant theoretacal devel~ .
~ opment in algorithm research in the past decade. 29 Its results have meaning for all
researchers:who are developmg computer algomhms

: It is an’ unexplamed phenomenon that for many of the problems We know and
study, the best algorithms for their solution have computing times which cluster
" into two groups. The first group consists of problems whose solution is bounded
by a polynomial of small degree. Examples include ordered searching, which is
0O(log »), polynomial evaluation, which is 0(z), and sorting, which is 0(z log n)30 ’
The second group contains problems whose best-known algorithms are nonpo-
lynomial. For example, the best algorithms described in Horowitz and Sahni’s -
. book? for the traveling salesman and the knapsack problems have a complexity of *
- 0(n?2") and 0(2"2), respectively. In the quest to develop’ efficient algorithms, no -
= one has been able to develop a. polynommltlme algorxthm for any problem in the
second group. . = o NS :

~_The theory of NP- completeness does not pmvide a method for obtammg
polynomial-time algorithms for these probiems But neither does it say that alg0~ B

- rithms of this complexity do not exist. What it does show is that many of the

_“problems for which there is no known polynomml -time algonthm are computa ,’;
tionally related. In fact, 2 problem that is NP-complete has the property that it can.
be solved in polynomial time if all other NP-cornplete problems c¢an also be
solved in polynomial time.

" References

29. M. Garey and D. }ohnson Computers and Intmcmbsz y: A Guz’de to tbe“’
Theory of NP-Completeness, W.H. Freeman, San Francxsc ‘ ’

30. E.Horowitz and S. Sahni, Fundamentals of ComputerAlgorztbms Com
Science Press, \Vashmgton DC, 1978.

Sahni have shown that the problem of generating tests to detect single stuck-at faults in
a combinational circuit modeled at the gate level is an NP-complete problem.8 More-
over, if the circuit is sequential, the problem can become even more difficult depending
on the deepness of the circuit’s sequential logic.

Thus, for LSI cicuits having many thousands of gates, the gate level approach to
the test generation problem is not very feasible. A new appoach, the functional level, is
needed.

Another important reason for considering faults at the functional level is the con-
straint imposed on LSI testing by a user environment — the test patterns have to be gen-
erated without a knowledge of the implementation details of the chip at the gate level.
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The only source of information usually available is the typical IC catalog, which details
the different modes of operation and describes the general architecture of the circuit.
With such information, the test designer finds it easier to define the functional behavior
of the circuit and to associate faults with the functions. He can partition the UUT into var-
ious modules such as registers, multiplexers, ALUs, ROMs, and RAMs. Each module can
be treated as a “black box™ performing a specified input/output mapping. These modules
can then be tested for functional failures; explicit consideration of faults affecting the
internal lines is not necessary. The example given below clarifies the idea.

Consider a simple one-out-of-four multiplexers such as the one shown in Figure
A.2.1. This multiplexer can be modeled at the gate level as shown in Figure A.2.1(a), or at
the functional level as shown in Figure A.2.1(b).

X 4 z w
Co LDC
c, T
]
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@ X Y zZ W co1 (;" ::
L1 11

Co— o | 1 |v
o ] 1-out-oF-4 mux

1 1 0| z

(b) 1” 1 1 w

Figure A.2.1 (a) A One-out-of-four Multiplexer-gate-level Description;
(b) Functional-level Description.

A possible fault model for the gate-level description is the single stuck-at fault
model. With this model, the fault list may contain faults such as the line labeled with
“f’’ is stuck at 0, or the control line “Cy” is stuck at 1.

At the functional level, the multiplexer is considered a black box with a
well-defined function. Thus, a fault model for it may specify the following as possible
faults: selection of wrong source, selection of no source, or presence of stuck-at faults
in the input lines or in the multiplexer output. With this model, the fault list may con-
tain faults such as source “X” is selected instead of source “Y,’ or line “Z” is stuck at 1.
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Ad hoc methods — which determine what faults are the most probable — are
sometimes used to generate fault lists. But if no fault model is assumed, then the tests
derived must be either exhaustive or a rather ad hoc check of the functionality of the
system. Exhaustive tests are impossible for even small systems because of the enor-
mous number of possible states, and superficial tests provide neither good coverage
nor even an indication of what faults are covered.

Once the fault list has been defined, the next step is to find the test patterns
required to detect the faults in the list. As previously mentioned, each fault first has to
be excited so that an error signal will be generated somewhere in the UUT. Then this
signal has to be sensitized at one of the observable outputs of the UUT. The three exam-
ples below describe how to excite and sensitize different types of faults in the types of
modules usually encountered in LSI circuits. .

Consider the gate-level description of the three-bit incrementer shown in Figure A.2.2.

Xo X4 X2
. L c
oo [ D—-
l f
-
Yo Y4 Y2

Figure A.2.2 Gate-level Description of a Three-Bit Incrementer

The incrementer output, Y, Y; Y, is the binary sum of C; and the three-bit binary
number X;,X1Xq, while Cg is the carry-out bit of the sum. Note that Xy(Yy) is the least
significant bit of the incrementer input (output).

Assume we want to detect the fault “line fis stuck at 0.” To excite that fault we will
force a 1 to appear on line fso that, if it is stuck at 0, a faulty value will be generated at
the fault site. To accomplish this both X, and C; must be set to 1. To sensitize the faulty
0 at f, we have to set X; to 1; this will propagate the fault to Y, independent of the value
of X;. Note that if we set X, to 0, the fault will be masked since the AND gate output
will be 0, independent of the value at f. Note also that X; was not specified in the above
test. However, by setting X, to 1, the fault will propagate to both Y, and Cy, which
makes the response evaluation task easier.

Consider a microprocessor RAM and assume we want to generate a test sequence
to detect the fault “‘accessing word 7 in the RAM results in accessing the word j instead.”
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To excite such a fault, we will use the following sequence of instructions (assume a
microprocessor with single-operand instructions):

Load the word 00 . . . 0 into the accumulator.
Store the accumulator contents into memory address j.
Load the word 11 . . . 1 into the accumulator.

Store the accumulator contents into memory address 7.

If the fault exists, these instructions will forcea 11 . . . 1 word to be stored in mem-
ory address j instead of 00 . . . 0. To sensitize the fault, we need only read what is in
memory address j, using the appropriate instructions. Note that the RAM and its fault
have been considered at the functional level, since we did not specify how the RAM is
implemented.

Consider the program counter (PC) of a microprocessor and assume we want to gen-
erate a test sequence that will detect any fault in the incrementing mode of this PC, i.e.,
any fault that makes the PC unable to be incremented from x to x + 1 for any address x.
One way to excite this fault is to force the PC to step through all the possible addresses.
This can be easily done by initializing the PC to zero and then executing the no-operation
instruction x + 1 times. As a result, the PC will contain an address different than x + 1. By
executing another no-operation instruction, the wrong address can be observed at the
address bus and the fault detected. In practice, such an exhaustive test sequence is very
expensive, and more economical tests have to be used. Note that, as in the example
immediately above, the problem and its solution have been considered at the functional
level.

Four methods are currently used to generate test patterns for LSI circuits: manual
test generation, algorithmic test generation, simulation-aided test generation, and ran-
dom test generation.

Manual Test Generation

In manual test generation, the test designer carefully analyzes the UUT. This analysis
can be done at the gate level, at the functional level or at a combination of the two. The
analysis of the different parts of the UUT is intended to determine the specific patterns
that will excite and sensitize each fault in the fault list. At one time, the manual
approach was widely used for medium-and small-scale digital circuits. Then, the for-
mulation of the D-algorithm and similar algorithms eliminated the need for analyzing
each circuit manually and provided an efficient means to generate the required test pat-
terns. !> However, the arrival of LSI circuits and microprocessors required a shift back
toward manual test generation techniques, because most of the algorithmic techniques
used with SSI and MSI circuits were not suitable for LSI circuits.

Manual test generation tends to optimize the length of the test patterns and pro-
vides a relatively high degree of fault coverage. However, generating tests manually
takes a considerable amount of effort and requires persons with special skills. Realizing
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that test generation has to be done economically, test designers are now moving in the
direction of automatic test generation.

One good example of manual test generation is the work done by Sridhar and
Hayes,? who generated test patterns for a simple bit-sliced microprocessor at the func-
tional level.

A bit-sliced microprocessor is an array of #z identical ICs called slices, each of which
is a simple processor for operands of kbit length, where % is typically 2 or 4. The inter-
connections among the 7 slices are such that the entire array forms a processor for #nkbit
operands. The simplicity of the individual slices and the regularity of the interconnec-
tions make it feasible to use systematic methods for fault analysis and test generation.

Sridhar and Hayes considered a one-bit processor slice as a simplified model for
the commercially available bit-sliced processors such as the Am2901.10 A slice can be
modeled as a collection of modules interconnected in a known way. These modules are
regarded as black boxes with well-defined input-output relationships. Examples of
these functional modules are ALUs, multiplexers, and registers. Combinational mod-
ules are described by their truth tables, while sequential modules are defined by their
state tables (or state diagrams).

The following fault categories were considered:

e For combinational modules, all possible faults that induce arbitrary changes in the
truth table of the module, but that cannot convert it into a sequential circuit.

e For sequential modules, all possible faults that can cause arbitrary changes in the
state table of the module without increasing the number of states.

Only one module was assumed to be faulty at any time.

To test for the faults allowed by the above-mentioned fault model, all possible
input patterns must be applied to each combinational module (exhaustive testing), and
a checking sequencel!! to each sequential module. In addition, the responses of each
module must be propagated to observable output lines. The tests required by the indi-
vidual modules were easily generated manually — a direct consequence of the small
operand size (& = 1). And because the slices were identical, the tests for one slice were
easily extended to the whole array of slices. In fact, Sridhar and Hayes showed that an
arbitrary number of simple interconnected slices could be tested with the same num-
ber of tests as that required for a single slice, as long as only one slice was faulty at one
time. This property is called C-testability. Note that the use of carry-lookahead when
connecting slices eliminates C-testability. Also note that slices with operand sizes equal
to 2 or more usually are not C-testable.

The idea of modeling a digital system as a collection of interconnected functional
modules can be used in modeling any LSI circuit. However, using exhaustive tests and
checking sequences to test individual modules is feasible only for toy systems. Hence,
the fault model proposed by Sridhar and Hayes, though very powerful, is not directly
applicable to LSI testing.
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PATH SENSITIZATION AND THE D-ALGORITHM

One of the classical fault detection methods at the gate and flip-flop level is the D-
algorithm!>> employing the path sensitization testing technique.* The basic prin-
ciple involved in path sensitization is relatively simple. For an input X; to detect a
fault “line a is stuck at j, / = 0,1,” the input X; must cause the signal ¢ in the nor-
mal (fault-free) circuit to take the value j. This condition is necessary but not suf-
ficient to detect the fault. The error signal must be propagated along some path
from its site to an observable output.

To generate a test to detect a stuck-at fault in a combinational circuit, the fol-
lowing path sensitization procedure must be followed:

e Excitation—The inputs must be specified so as to generate the appropriate
value (0 for stuck-at 1 and 1 for stuck-at 0) at the site of the fault.

® Error propagation—A path from the fault site to an observable output must be
selected, and additional signal values to propagate the fault signal along this
path must be specified.

o Line justification—Input values must be specified so as to produce the signals
values specified in the step above.

There may be several possible choices for error propagation and line justifica-
tion. Also, in some cases there may be a choice of ways in which to excite the
fault. Some of these choices may lead to an inconsistency, and so the procedure
must backtrack and consider the next alternative. If all the alternatives lead to an
inconsistency, this implies that the fault cannot be detected.

To facilitate the path sensitization process, we introduce the symbol D to repre-
sent a signal which has the value 1 in a normal circuit and 0 in a faulty circuit, and
D to represent a signal which has the value 0 in a normal circuit and 1 in a faulty
circuit. The path sensitization procedure can be formulated in terms of a cubical
algebral> to enable automatic generation of test. This also facilitates test genera-
tion for more complex fault models and for fault propagation through complex
logic elements.

We shall define three types of cubes (i.e., line values specified in positional
notation):

® For a circuit element E which realizes the combinational function f, the “primi-
tive cubes” offer a typical presentation of the prime implicants of f and f.
These cubes concisely represent the logical behavior of E.

® A “primitive D-cube of a fault” in a logic element E specifies the minimal input
~conditions that must be applied to E in order to produce an error signal (D or
~ »+ . D)at the output of E.
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e The “propagation D-cubes” of a logic element E specify the minimal input con-
ditions to the logic element that are required to propagate an error signal on. an
input (or inputs) to the output of that element.

To generate a test for a stuck-at fault in a combinational circuit, the D-algorithm
must perform the following:

1. Fault excitation—A primitive D-cube of the fault under consideration must be
selected. This generates the error signal D or D at the site of the fault. (Usually a
choice exists in this step. Theé initial choice is arbitrary, and it may be necessary to
backtrack and consider another choice).

2. Implication—1In Step 1 some of the gate inputs or outputs may be specified so
as to uniquely imply values on other signals in the circuit. The implication proce-
dure is performed both forwards and backwards through the circuit. Implication .
is performed as follows: Whenever a previously unspecified signal value becomes
specified, all the elements associated with this signal are placed on a list B and.
processed one at a time (and removed). For each element processed, it is deter-:
mined if new values of 0, 1, D, and D are implied; based on the previously speci-
fied inputs and outputs. These implied line values are determined by intersecting
the test cube (which specifies all the previously determined signal values of the.
circuit) with the primitive cubes of the element. If any line values are implied; the
are specified in the test cube, and the associated gates are placed on the list B:An
inconsistency occurs when a value is implied on a line which has been specified
previously to a different value. If an inconsistency occurs, the procedure must
backtrack to the last point a choice existed, reset all lines to their values at that ~
point, and begin again with the next choice. h

3, D-propagation—All the elements in the circuit whose output values are unspec-
ified and whose input has some signal D or D are placed on a list called the D-
frontier. In this step, an element from the D-frontier is selected and values are
assigned to its unspecified inputs so as to propagate the D or D on its inputs to
one of its outputs. This is accomplished by intersecting the current test. cube
describing the circuit signal values with a propagation D-cube of the selected ele-
ment of the D-frontier, resulting in a new test cube. If such intersection is impos-
sible, a new element in the D-frontier is selected. If intersection fails for all the
elements in the D-frontier, the proccdure backtracks to the last point at which a
choxce existed, ‘

4, Imphcatlon of D-propagation—Implication is performed for the new. test cubeyj\":
derived in Step 3. : 7

5. Steps 3 and 4 are repeated until the faulty signal has beenpmpagated to-an. aut
put of the circuit. o
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6. Line justification—Execution of Steps 1 to 5 may result in specifying the out-
put value of an element E but leaving some of the inputs to the element unspeci-
fied. The unspecified inputs of such an element are assigned values so as to
produce the desired output value. This is done by intersecting the test cube with
any primitive cube of the element which has no specified signal values that differ
from those of the test cube.

7. Implication of line justification—Implication is performed on the new test
cube derived in Step 6.

. 8. Steps 6 and 7 are repeated until all specified element outputs have been justi-
fied. Backtracking may again be required.
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Algorithmic test generation

In algorithmic test generation, the test designer devises a set of algorithms to generate the
I’s and 0’s needed to test the UUT. Algorithmic test techniques are much more economi-
cal than manual techniques. They also provide the test designer with a high level of flexi-
bility. Thus, he can improve the fault coverage of the tests by replacing or modifying
parts of the algorithms. Of course, this task is much simpler than modifying the 1’s and
0’s in a manually generated test sequence.

Techniques that use the gate-level description of the UUT, such as path sensitiza-
tion? and the D-algorithm,> can no longer be used in testing complicated LSI circuits.
Thus, the problem of generating meaningful sets of tests directly from the functional
description of the UUT has become increasingly important. Relatively little work has
been done on functional-level testing of LSI chips that are not memory ele-
ments.912:13,14,15,16,17 Functional testing of memory chips is relatively simple because
of the regularity of their design and also because their components can be easily con-
trolled and observed from the outside. Various test generation algorithms have been
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developed to detect different types of faults in memories. 18 In the rest of this section
we will concentrate on the general problem of generating tests for irregular LSI chips,
i.e., for LSI chips which are not strictly memory chips.

It is highly desirable to find an algorithm that can generate tests for any LSI circuit,
or at least most LSI circuits. One good example of work in this area is the technique
proposed by Thatte and Abraham for generating tests for microprocessors.12:13
Another approach, pursued by the authors of this article, is a test generation procedure
capable of handling general LSI circuits. 15,1617

The Thatte-Abraham Technique

Microprocessors constitute a high percentage of today’s LSI circuits. Thatte and Abra-
ham12:13 approached the microprocessor test generation problem at the functional
level.

The test generation procedure they developed was based on:

e A functional description of the microprocessor at the register-transfer level. The
model is defined in terms of data flow among storage units during the execution of
an instruction. The functional behavior of a microprocessor is thus described by
information about its instruction set and the functions performed by each instruc-
tion.

e A fault model describing faults in the various functional parts of the UUT (e.g., the
data transfer function, the data storage function, the instruction decoding and con-
trol function). This fault model describes the faulty behavior of the UUT without
knowing its implementation details.

The microprocessor is modeled by a graph. Each register in the microprocessor
(including general-purpose registers and accumulator, stack, program counter, address
buffer, and processor status word registers) is represented by a node of the graph.
Instructions of the microprocessors are classified as being of transfer, data manipula-
tion, or branch type. There exists a directed edge (labeled with an instruction) from
one node to another if during an execution of the instruction data flow occurs from the
register represented by the first node to that represented by the second. Examples of
instruction representation are given in Figure A.2.3.

Having described the function or the structure of the UUT, one needs an appropri-
ate fault model in order to derive useful tests. The approach used by Thatte and Abra-
ham is to partition the various functions of a microprocessor into five classes: the
register decoding function, the instruction decoding and control function, the data
storage function, the data transfer function, and the data manipulation function. Fault
models are derived for each of these functions at a higher level and independently of
the details of implementation for the microprocessor. The fault model is quite general.
Tests are derived allowing any number of faults, but only in one function at a time; this
restriction exists solely to cut down the complexity of test generation.
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Figure A.2.3 Representations of Microprocessor Instruction — I;, (a) Transfer
Instruction, Ry—Rj; (b) Add Instruction, R3—Rj;+Ry; (c) I3, OR
Instruction, R;—R; OR Ry; (d) I4 Rotate Left Instruction.

The fault model for the register decoding function allows any possible set of regis-
ters to be accessed instead of a particular register. (If the set is null then no register is
accessed.) This fault model is thus very general and independent of the actual realiza-
tion of the decoding mechanism.

For the instruction decoding and control function, the faulty behavior of the
microprocessor is specified as follows. When instruction I, is executed any one of the
following can happen:

e Instead of instruction Ij, some other instruction Ip is executed. This fault is denoted
by F(Ij/I,e).

® In addition to instruction I, some other instruction I, is activated. This fault is
denoted by F(Ij/Ij +1p).

® No instruction is executed. This fault is denoted by F(Ij/qS).

Under this specification, any number of instructions can be faulty.
In the fault model for the data storage function, any cell in any data storage module
is allowed to be stuck at 0 or 1. This can occur in any number of cells.
The fault model for the data transfer function includes the following types of faults:

® A line in a path used in the execution of an instruction is stuck at 0 or 1.

e Two lines of a path used in the instruction are coupled; i.e., they fail to carry differ-
ent logic values.

Note that the second fault type cannot be modeled by single stuck-at faults. The
transfer paths in this fault model are logical paths and thus will account for any failure
in the actual physical paths.

Since there is a variety of designs for the ALU and other functional units such as
increment or shift logic, no specific fault model is used for the data manipulation func-
tion. It is assumed that complete test sets can be derived for the functional units for a
given fault model.

By carefully analyzing the logical behavior of the microprocessor according to the
fault models presented above, Thatte and Abraham formulated a set of algorithms to
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generate the necessary test patterns. These algorithms step the microprocessor through
a precisely defined set of instructions and addresses. Each algorithm was designed for
detecting a particular class of faults, and theorems were proved which showed exactly
the kind of faults detected by each algorithm. These algorithms employ the excitation
and sensitization concepts previously described.

To gain insight into the problems involved in using the algorithms, Thatte investi-
gated the testing of an eight-bit microprocessor from Hewlett-Packard.!? He generated
the test patterns for the microprocessor by hand, using the algorithms. He found that
96 percent of the single stuck-at faults that could affect the microprocessor were
detected by the test sequence he generated. This figure indicates the validity of the
technique.

The Abadir-Reghbati technique

Here we will briefly describe a test generation technique we developed for LSI cir-
cuits.15:16 We assumed that the tests would be generated in a user environment in
which the gate-and flip-flop-level details of the chip were not known.

We developed a module-level model for LSI circuits. This model bypasses the gate
and flip-flop levels and directly describes blocks of logic (modules) according to their
functions. Any LSI circuit can be modeled as a network of interconnected modules
such as counters, registers, ALUs, ROMs, RAMs, multiplexers, and decoders.

Each module in an LSI circuit was modeled as a black box having a number of func-
tions defined by a set of binary decision diagrams (see box, page 521).1° This type of
diagram, a functional description tool introduced by Akers in 1978, is a concise means
for completely defining the logical operation of one or more digital functions in an
implementation-free form. The information usually found in an IC catalog is sufficient to
derive the set of binary decision diagrams describing the functions performed by the dif-
ferent modules in a device. These diagrams — like truth tables and state tables — are
amenable to extensive logical analysis. However, unlike truth tables and state tables, they
do not have the unpleasant property of growing exponentially with the number of varia-
bles involved. Moreover, the diagrams can be stored and processed easily in a digital com-
puter. An important feature of these diagrams is that they state exactly how the module
will behave in every one of its operation modes. Such information can be extracted from
the module’s diagrams in the form of a set of experiments.'>20 Each of these experiments
describes the behavior of the module in one of its modes of operation. The structure of
these experiments makes them suitable for use in automatic test generation.

We also developed a functional-level fault model describing faulty behavior in the
different modules of an LSI chip. This model is quite independent of the details of
implementation and covers functional faults that alter the behavior of a module during
one of its modes of operation. It also covers stuck-at faults affecting any input or output
pin or any interconnection line in the chip.

Using the above-mentioned models, we proposed a functional test generation pro-
cedure based on path sensitization and the D-algorithm.!> The procedure takes the
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module-level model of the LSI chip and the functional description of its modules as
parameters and generates tests to detect faults in the fault model. The fault collapsing
technique' was used to reduce the length of the test sequence. As in the D-algorithm,
the procedure employs three basic operations, namely implication, D-propagation, and
line justification. However, these operations are performed on functional modules.

We also presented algorithmic solutions to the problems of performing these oper-
ations on functional modules.1© For each of the three operations, we gave an algorithm
which takes the module’s set of experiments and current state (i.e., the values assigned
to the module inputs, outputs, and internal memory elements) as parameters and gen-
erates all the possible states of the module after performing the required operation.

We have also reported our efforts to develop test sequences based on our test gen-
eration procedure for typical LSI circuits.!” More specifically, we considered a one-bit
microprocessor slice C that has all the basic features of the four-bit Am2901 microproc-
essor slice.19 The circuit C was modeled as a network of eight functional modules: an
ALU, a latch register, an addressable register, and five multiplexers. The functions of the
individual modules were described in terms of binary decision diagrams or equivalent
sets of experiments. Tests capable of detecting various faults covered by the fault model
were then generated for the circuit C. We showed that if the fault collapsing technique
is used, a significant reduction in the length of the final test sequence results.

The test generation effort was quite straightforward, indicating that the technique
can be automated without much difficulty. Our study also shows that for a simplified
version of the circuit C the length of the test sequence generated by our technique is
very close to the length of the test sequence manually generated by Sridhar and Hayes?
for the same circuit. We also described techniques for modeling some of the features of
the Am2909 four-bit microprogram sequencer!? that are not covered by the circuit C.

The results of our case study were quite promising and showed that our technique
is a viable and effective one for generating tests for LSI circuits.

Simulation-aided Test Generation

Logic simulation techniques have been used widely in the evaluation and verification of
new digital circuits. However, an important application of logic simulation is to inter-
pret the behavior of a circuit under a certain fault or faults. This is known as fault simu-
lation. To clarify how this technique can be used to generate tests for LSI systems, we
will first describe its use with SSI/MSI-type circuits.

To generate a fault simulator for an SSI/MSI circuit, the following information is
needed:!

® the gate-level description of the circuit, written in a special language;
® the initial conditions of the memory elements; and

® 2 list of the faults to be simulated, including classical types of faults such as stuck-at
faults and adjacent pin shorts.
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The above is fed to a simulation package which generates the fault simulator of the
circuit under test. The resulting simulator can simulate the behavior of the circuit
under normal conditions as well as when any faults exist.

Now, by applying various input patterns (either generated by hand, by an algo-
rithm, or at random), the simulator checks to see if the output response of the correct
circuit differs from one of the responses of the faulty circuits. If it does, then this input
pattern detects the fault which created the wrong output response; otherwise the input
pattern is useless. If an input pattern is found to detect a certain fault, this fault is
deleted from the fault list and the process continues until either the input patterns or
the faults are finished. At the end, the faults remaining in the fault list are those which
cannot be detected by the input patterns. This directly measures the degree of fault
coverage of the input patterns used.

Two examples of this type of logic simulator are LAMP — the Logic Analyzer for
Maintenance Planning developed at Bell Laboratories,?! and the Testaid I1I fault simula-
tor developed at the Hewlett-Packard Company. 2 Both work primarily at the gate level
and simulate stuck-at faults only. One of the main applications of such fault simulators
is to determine the degree of fault coverage provided by a test sequence generated by
any other test generation technique.

There are two key requirements that affect the success of any fault simulator:

e the existence of a software model for each primitive element of the circuit, and

e the existence of a good fault model for the UUT which can be used to generate a
fault list covering most of the actual physical faults.

These two requirements have been met for SSI/MSI circuits, but they pose serious
problems for LSI circuits. If it can be done at all, modeling LSI circuits at the gate level
requires great effort. One part of the problem is the lack of detailed information about
the internal structure of most LSI chips. The other is the time and memory required to
simulate an LSI circuit containing thousands of gates. Another severe problem facing
almost all LSI test generation techniques is the lack of good fault models at a level
higher than the gate level.

The Abadir-Reghbati description model proposed in the previous section permits
the test designer to bypass the gate-level description and, using binary decision dia-
grams, to define blocks of logic according to their functions. Thus, the simulation of
complex LSI circuits can take place at a higher level, and this eliminates the large time
and memory requirements. Furthermore, the Abadir-Reghbati fault model is quite effi-
cient and is suitable for simulation purposes. In fact, the implication operation16
employed by the test generation procedure represents the main building block of any
fault simulator. It must be noted that fault simulation techniques are very useful in opti-
mizing the length of the test sequence generated by any test generation technique.

a
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BINARY DECISION DIAGRAMS

Binary decision diagrams are a means of defining the logical operation of digital
functions.!® They tell the user how to determine the output value of a digital func-
tion by examining the values of the inputs. Each node in these diagrams is associ-
ated with a binary variable, and there are two branches coming out from each
node. The right branch is the 17 branch, while the left branch is the “0” branch.
Depending on the value of the node variable, one of the two branches will be
selected when the diagram is processed.

To see how binary decision diagrams can be used, consider the half-adder
shown in Figure A.2.4(a). Assume we are interested in defining a procedure to
determine the value of C, given the binary values of X and Y. We can do this by
looking at the value of X. If X = 0,then C = 0, and we are finished. If X = 1, we look
at Y. If Y=0, then C=0, else C= 1, and in either case we are finished. Figure
A2.4(b) shows a simple diagram of this procedure. By entering the diagram at the
node indicated by the arrow labeled with C and then proceeding through the dia-
gram following the appropriate branches until a 0 or 1 value is reached, we can
determine the value C. Figure A.2.4(c) shows the diagram representing the func-
tion S of the half-adder.

1‘ 1 c s
HALF-ADDER
0
] A YA
c s

(@) (b) (c)

Figure A.2.4 (a) A Half-adder; (b) Binary Decision Diagram for C = X e Y; (¢) Binary
Decision Diagram for S = X@Y

To simplify the diagrams, any diagram node which has two branches as exit
branches can be replaced by the variable itself or its complement. These variables
are called exit variables. Figure A.2.5 shows how this convention is used to sim-

. plify the diagrams describing the half-adder.
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Figure A.2.5 Simplified Binary Decision Diagrams ft(aﬁf the ﬁalf%ddef :

a node variable, say g, while tracing a path, he mu:
ing g to determine the value of g, and then return to° ‘the omgmal fode

programmmg languages.
For example, consider the full-adder defined by:
Cjv 1 =EC+EiAy
Sv=Ej + Cp
where E;=A; + B;. Figure A.2.6 shows the diagrams for these’ three equaﬁi@ns ‘

inputs A, B;, and C are all 1's, he enters the Cj 4+ 7 diagram, where he ﬁncotmters

In the previous discussion, we have considered only simple diagrams in which -
the variables within the nodes are primary input variables. However, we can expand
the scope of these diagrams by using auxiliary. v*mables as the node variables. These
auxiliary variables are defined by their diagrams. Thus;’ whcn user encounters such .
st process. d}g ‘diagram defin- -
¢ cf,take the =
appropriate branch. This process is similar to the use of subroutmes in hlgh~level 4

the user wants to know the value of C;, ; when the values of the chreé“ p"rrmary ;
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the node variable E;. by traversing the E; diagram, he obtains a value of 0. Return-
ing to the original C; , ; diagram with E; = 0 will result in taking the 0 branch and
exiting with C;, ; =A;=1.

Since node variables can refer to other auxiliary functions, we can simply
describe complex modules by breaking their functions into small subfunctions.
Thus, the system diagram will consist of small diagrams connected in a hierarchi-
cal structure. Each of these diagrams describes either a module output or an auxil-

~ liary variable,

Akers!? described two procedures to generate the binary decision diagram of a
combinational function f. The first one uses the truth table description of f, while
the other uses the boolean expression of f. A similar procedure can be derived to
generate the binary decision diagram for any sequential function defined by a
state table.

Binary decision diagrams can be easily stored and processed by a computer
through the use of binary tree structures. Each node can be completely defined
by an ordered triple: the node variable and two pointers to the two nodes to
which its 0 and 1 branches are directed. Binary decision diagrams can be used in
functional testing.2?
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Random Test Generation

This method can be considered the simplest method for testing a device. A random
number generator is used to simultaneously apply random input patterns both to the
UUT and to a copy of it known to be fault-free. (This copy is called the golden unit.)
The results obtained from the two units are compared, and if they do not match, a fault
in the UUT is detected. This response evaluation technique is known as comparison
testing; we will discuss it later. It is important to note that every time the UUT is tested,
a new random test sequence is used.

The important question is how effective the random test is, or, in other words,
what fault coverage a random test of given length provides. This question can be
answered by employing a fault simulator to simulate the effect of random test patterns
of various lengths. The results of such experiments on SSI and MSI circuits show that
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random test generation is most suitable for circuits without deep sequential logic.1,22,23
However, by combining random patterns with manually generated ones, test designers
can obtain very good results.

The increased sequentiality of LSI circuits reduces the applicability of random test-
ing. Again, combining manually generated test patterns with random ones improves
the degree of fault coverage. However, two factors restrict the use of the random test
generation technique:

® The dependency on the golden unit, which is assumed to be fault-free, weakens the
level of confidence in the results.

® There is no accurate measure of how effective the test is, since all the data gathered
about random tests are statistical data. Thus, the amount of fault coverage provided
by a particular random test process is unpredictable.

A.3 RESPONSE EVALUATION TECHNIQUES

Different methods have been used to evaluate UUT responses to test patterns. We restrict
our discussion to the case where the final goal is only to detect faults or, equivalently, to
detect any wrong output response. There are two ways of achieving this goal — using a
good response generator or using a compact testing technique.

Good Response Generation

This technique implements an ideal strategy: comparing UUT responses with good
response patterns to detect any faulty response. Clearly, the key problems are how to
obtain a good response and at what stage in the testing process that response will be
generated. In current test systems, two approaches to solving these problems are taken
— stored response testing and comparison testing.

Stored Response Testing

In stored response testing, a one-shot operation generates the good response patterns
at the end of the test generation stage. These patterns are stored in an auxiliary memory
(usually a ROM). A flow diagram of the stored response testing technique is shown in
Figure A3.1.

Different methods can be used to obtain good responses of a circuit to a particular
test sequence. One way is to do it manually by analyzing the UUT and the test patterns.
This method is the most suitable if the test patterns were generated manually in the first
place.

The method most widely used to obtain good responses from the UUT is to apply
the test patterns either to a known good copy of the UUT — the golden unit — or to a
software-simulated version of the UUT. Of course, if fault simulation techniques were
used to generate the test patterns, the UUT’s good responses can be obtained very eas-
ily as a partial product from the simulator.

e
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The use of a known good device depends on the availability of such a device.
Hence, different techniques must be used for the user who wants to test his LSI system
and for the designer who wants to test his prototype design. However, golden units are
usually available once the-device goes into production. Moreover, confidence in the
correctness of the responses can be increased by using three or five good devices

together to generate the good responses.

The major advantage of the stored response technique is that the good responses
are generated only once for each test sequence, thus reducing the cost of the response
evaluation step. However, the stored response technique suffers from various disadvan-

tages:

® Any change in the test sequence requires the whole process to be repeated.
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® A very large memory is usually needed to store all the good responses to a reason-
able test sequence, because both the length and the width of the responses are rela-
tively large. As a result, the cost of testing equipment increases.

® The speed with which the test patterns can be applied to the UUT is limited by the
access time of the memory used to store the good responses.

Comparison Testing

Another way to evaluate the responses of the UUT during the testing process is to apply
the test patterns simultaneously to both the UUT and a golden unit and to compare
their respconses to detect any faulty response. The flow diagram of the comparison test-
ing technique is shown in Figure A.3.2. The use of comparison testing makes possible
the testing of the UUT at different speeds under different electrical parameters, given
that these parameters are within the operating limits of the golden unit, which is
assumed to be ideal.

Note that in comparison testing the golden unit is used to generate the good
responses every time the UUT is tested. In stored response testing, on the other hand,
the golden unit is used to generate the good responses only once.

The disadvantages of depending on a golden unit are more serious here, however,
since every explicit testing process requires one golden unit. This means that every tester
must contain a golden copy of each LSI circuit tested by that tester.

One of the major advantages of comparison testing is that nothing has to be
changed in the response evaluation stage if the test sequence is altered. This makes
comparison testing highly desirable if test patterns are generated randomly.

Compact Testing

The major drawback of good response generation techniques in general, and stored
response testing in particular, is the huge amount of response data that must be ana-
lyzed and stored. Compact testing methods attempt to solve this by compressing the
response data R into a more compact form f{R) from which most of the fault informa-
tion in R can be derived. Thus, because only the compact form of the good responses
has to be stored, the need for large memory or expensive golden units is eliminated. An
important property of the compression function f is that it can be implemented with
simple circuitry. Thus, compact testing does not require much test equipment and is
especially suited for field maintenance work. A general diagram of the compact testing
technique is shown in Figure A.3.3.

Several choices for the function f exist, such as “the number of 1’s in the
sequence,’ “‘the number of O to 1 and 1 to O transitions in the sequence” (transition
counting),%* or “the signature of the sequence” (signature analysis).>> For each com-
pression function f, there is a slight probability that a response R1 different from the

fault-free response RO will be compressed to a form equal to f(RO), i.e., fiR1) = f(RO).
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Thus, the fault causing the UUT to produce R1 instead of RO will not be detected, even
though it is covered by the test patterns.

The two compression functions that are the most widely accepted commercially
are transition counting and signature analysis.

RESPONSES A0

uuT R

ERROR
SIGNAL

COMPARATOR

GOOD
COMPRESSED
RESPONSES

Figure A.3.3 Compact Testing

Transition Counting

In transition counting, the number of logical transitions (0 to 1 and vice versa) is com-
puted at each output pin by simply running each output of the UUT into a special
counter. Thus, the number of counters needed is equal to the number of output pins
observed. For every m-bit output data stream (at one pin), an »-bit counter is required,
where n = [logym]. As in stored response testing, the transition counts of the good
responses are obtained by applying the test sequence to a golden copy of the UUT and
counting the number of transitions at each output pin. This latter information is used as
a reference in any explicit testing process.

In the testing of an LSI circuit by means of transition counting, the input patterns
can be applied to the UUT at a very high rate, since the response evaluation circuitry is
very fast. Also, the size of the memory needed to store the transition counts of the
good responses can be very small. For example, a transition counting test using 16 mil-
lion patterns at a rate of one MHz will take 16 seconds, and the compressed stored
response will occupy only K 24-bit words, where K is the number of output pins. This
can be contrasted with the 16 million K-bit words of storage space needed if regular
stored response testing is used.

The test patterns used in a transition counting test system must be designed such
that their output responses maximize the fault coverage of the test.24 The example
below shows how this can be done.
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Consider the one-out-of-four multiplexer shown in Figure A.3.4. To check for mul-
tiple stuck-at faults in the multiplexer input lines, eight test patterns are required, as
shown in Table A.3.1. The sequence of applying these eight patterns to the multiplexer
is not important if we want to evaluate the output responses one by one. However, this
sequence will greatly affect the degree of fault coverage if transition counting is used.
To illustrate this fact, consider the eight single stuck-at faults in the four input lines
X1,X2,X3, and X4 (i.e., X1 stuck-at 0, X1 stuck-at 1, X2 stuck-at 0, and so on). Each of
these faults will be detected by only one pattern among the eight test patterns. For

X1 X2 X3 X4

So Si Y

So — o o0 | Xxi
1/4 MUX 0o 1| X2

- J— 1 0| X3
1 1| x4

'
Figure A.3.4 One-Out-of-Four Multiplexer

example, the fault “X1 stuck-at 0” will be detected by applying the first test pattern in
Table A.3.1, but the other seven test patterns will not detect this fault. Now, suppose we
want to use transition counting to evaluate the output responses of the multiplexer.
Applying the eight test patterns in the sequence shown in Table A.3.1 (from top to bot-
tom) will produce the output response 10101010 (from left to right), with a transition
count of seven. Any possible combination of the eight faults described above will
change the transition count to a number different from seven, and the fault will be
detected. (Note that no more than four of the eight faults can occur at any one time.)
Thus, the test sequence shown in Table A.3.1 will detect all single and multiple stuck-at
faults in the four input lines of the multiplexer.

Now, if we change the sequence of the test patterns to the one shown in Table
A3.2, the fault coverage of the test will decrease considerably. The output responses of
the sequence of Table A.3.2 will be 11001100, with a transition count of three. As a
result, six of the eight single stuck-at faults will not be detected, because the transition
count of the six faulty responses will remain three. For example, the fault X1 stuck-at
1 will change the output response to 11101100, which has a transition count of three.
Hence, this fault will not be detected. Moreover, most of the multiple combinations of
the eight faults will not change the transition count of the output, and hence they will
not be detected either.

It is clear from the above example that the order of applying the test patterns to the
UUT greatly affects the fault coverage of the test. When testing combinational circuits,
the test designer is completely free to choose the order of test patterns. However, he
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Table A.3.1 The eight test patterns Table A.3.2 A different sequence of

used for testing the the eight multiplexer
multiplexer of test patterns
Figure A.3.4

cannot do the same with test patterns for sequential circuits. More seriously, because
he is dealing with LSI circuits that probably have multiple output lines, he will find that
a particular test sequence may give good results at some outputs and bad results at oth-
ers. One way to solve these contradictions is to use simulation techniques to find the
optimal test sequence. However, because of the limitations discussed here, transition
counting cannot be recognized as a powerful compact LSI testing method.

Signature Analysis

In 1977 Hewlett-Packard Corporation introduced a new compact testing technique
called signature analysis, intended for testing LSI systems.25-28 In this method, each
output response is passed through a 16-bit linear feedback shift register whose contents
f(R), after all the test patterns have been applied, are called the test signature. Figure
'A3.5 shows an example of a linear feedback shift register used in signature analysis.

C(

ll lJJl 11]]]1

16-BIT SHIFT REGISTER

SERIAL
DATA
INPUT

Figure A.3.5 The 16-bit Linear Feedback Shift Register Used in Signature Analysis
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The signature provided by linear feedback shift registers can be regarded as a
unique fingerprint — hence, test designers have extremely high confidence in these
shift registers as tools for catching errors. To better understand this confidence, let us
examine the 16-bit linear feedback shift register shown in Figure A.3.5. Let us assume a
data stream of length » is fed to the serial data input line (representing the output
response to be evaluated). There are 2” possible combinations of data streams, and
each one will be compressed to one of the 216 possible signatures. Linear feedback shift
registers have the property of equally distributing the different combinations of data
streams over the different signatures.2” This property is illustrated by the following
numerical examples. '

® Assume n = 16. Then each data stream will be mapped to a distinctive signature
(one-to-one mapping).

® Assume z = 17. Then exactly two data streams will be mapped to the same signa-
ture. Thus, for a particular data stream (the UUT good output response), there is
only one other data stream (a faulty output response) that will have the same signa-
ture; i.e., only one faulty response out of 217 — 1 possible faults will not be
detected.

® Assume n = 18. Then four different data streams will be mapped to the same signa-
ture. Hence, only three faults out of 218 — 1 possible faults will not be detected.

We can generalize the results obtained above. For any response data stream of
length 7> 16, the probability of missing a faulty response when using a 16-bit signa-
ture analyzer is?’

n-16_
20771 p- 16, for n>>16.
27— 1

Hence, the possibility of missing an error in the bit stream is very small (on the order of
0.002 percent). Note also that a great percentage of the faults will affect more than one
output pin — hence the probability of not detecting these kind of faults is even lower.

Signature analysis provides a much higher level of confidence for detecting faulty
output responses than that provided by transition counting. But, like transition count-
ing, it requires only very simple hardware circuitry and a small amount of memory for
storing the good signatures. As a result, the signatures of the output responses can be
calculated even when the UUT is tested at its maximum speed. Unlike transition count-
ing, the degree of fault coverage provided by signature analysis is not sensitive to the
order of the test patterns. Thus, it is clear that signature analysis is the most attractive
solution to the response evaluation problem.

The rapid growth of the complexity and performance of digital circuits presents a
testing problem of increasing severity. Although many testing methods have worked
well for SSI and MSI circuits, most of them are rapidly becoming obsolete. New tech-
niques are required to cope with the vastly more complicated LSI circuits.
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In general, testing techniques fall into the concurrent and explicit categories. In
this article, we gave special attention to explicit testing techniques, especially those
approaching the problem at the functional level. The explicit testing process can be
partitioned into three steps: generating the test, applying the test to the UUT, and evalu-
ating the UUT’s responses. The various testing techniques are distinguished by the
methods they use to perform these three steps. Each of these techniques has certain
strengths and weaknesses.

We have tried to emphasize the range of testing techniques available, and to high-
light some of the milestones in the evolution of LSI testing. The details of an individual
test method can be found in the sources we have cited.
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