














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Output Register Preload 
When testing state machine designs, all possible states and 
state transitions must be verified in the design, not just 
those required in the normal machine operations. This is 
because in system operation, certain events occur that may 
throw the logic into an illegal state (power-up, line voltage 
glitches, brown-outs, etc.). To test a design for proper treat­
ment of these conditions, a way must be provided to break 
the feedback paths, and force any desired (i.e., illegal) state 
into the registers. Then the machine can be sequenced and 
the outputs tested for correct next state conditions. 

The GAL20V8 device includes circuitry that allows each reg­
istered output to be synchronously set either high or low. 
Thus, any present state condition can be forced for test 
sequencing. Figure 3 shows the pin functions necessary to 
preload the registers. The register preload timing and pin 
voltage levels necessary to perform the function are shown 
in Figure 4. This test mode is entered by raising PRLD to 
VIES, which enables the serial data in (SOIN ) buffer and the 
serial data out (SOOUT) buffer. Data is then serially shifted 
into the registers on each rising edge of the clock, DCLK. 
Only the macrocells with registered output configurations 
are loaded. If only 3 outputs have registers, then only 3 bits 
need be shifted in. The registers are loaded from the bottom 
up, as shown in Figure 3. 
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Vee 

DCLK 24 

SOOUT* 

12 13 PRLD 

TLfLf9343-17 

FIGURE 3. Output Register Preload Pinout 

latchup Protection 
GAL devices are designed with an on-board charge pump to 
negatively bias the substrate. The negative bias is of suffi­
cient magnitude to prevent input undershoots from causing 
the circuitry to latch. Additionally, outputs are designed with 
n·channel pullups instead of the traditional 
p·channel pullups to eliminate any possibility of SCR in­
duced latching. 

Vee �v�c�e�~�-�-- 'W, :1 
V::-------- �t�~�~�S�~�I�T�~�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�~�-�!�~�-�-�-�-�-�-�-�-�-�-�-�-�-�-�,�1� PRLD 10% 90% 
ov 

�V�I�H�~�~�7�\�.�~�~�7�\�.�~�~�-�-�-�-�~�~�~�-�-�~�J�r�-�-�-�-�_�:�~�-�-�-�-�-�-�\�/�-�-�~�r�~�r�_�-�-�~�~�-�-�~�~�~�~� 
SOIN �L�,�l�j�~�~�~�~�~�~� ..... �-�.�.�.�.�:�;�~�-�-�-�'�I�'�~�-�.�.�.�.�:�8�.�:�.�:�.�1�T�.�.�;�1�-�-�.�.�.�J�"�-�.�.�,�I�~�~� �_�.�.�.�.�.�:�8�;�:�:�;�I�T�:�.�.�;�N�:�:�.�.�.�.�.�.�.�.�.�J�"�I�C�~�~�~� V1L - �~� 

ID 
V1H - - - - - - - - - - - - - - - 1,.----...... 1 

DCLK 
V1L-----------------'1 

�V�O�H�-�-�-�-�-�-�-�-�-�"�"�"�\�J�I�_�-�~�~�~�-�"�-�-�-�~�~�-�-�- .... ,.---+-
SOOUT* VALID DATA 

VoL----------'II'--------' �~�-�-�.�.�.�"� 

TLfLf9343-16 

FIGURE 4. Register Preload Waveforms 

·Note: The SCOUT output buffer is an open drain output during preload. This pin should be terminated to Vee with a 10 k!l resistor. 
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ycc Oy----J 

ClK YIH~~'O"i~'Ut:70~:70~:70~Ir---~y:-::A::-Ll::::D-::C::-:lO::C:::'K-::S::IG:'NA:'l----­
YIL~~CL:~lPCL:~~CL:~I'----':':'::::;';=':'::;=;""---

INTERNAL ~:70~:70~;;~~~~~~~~~~;J INTERNAL REGISTER 
REG.Q~~~~~~~~~~~~~~~~~~RE~S~~~T~O~l~O~GI~C~O __ __ 

FEEDBACK/EXTERNAL ~:70~:70~:70~"'~"'~7':J~",~",~Vr.miiN.i-;;;~m;---REG. Q EXTERNAL REGISTER 
OUTPUT ~~~~~~~~~~~~t:J.!,~~~QIj OUTPUT=lOGIC 1 

FIGURE 5. Power-Up Reset Waveforms 

Power-Up Reset 

TL/L/9343-18 

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 (tAESET)' As a 
result, the state on the registered output pins (if they are 
enabled through OE) will always be high on power·up, reo 
gardless of the programmed polarity of the output pin!!. 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 Vee rise must be monotonic. 
Second, the clock input must become a proper TTL level 
within the specified time (tpA). The registers will reset within 
a maximum of tAESET 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 

VIH Input Voltage (High) 2.40 Vee V 

VIL Input Voltage (Low) 0.00 0.50 V 

VIES Register Preload Input Voltage 14.5 15 15.5 V 

VOH Output Voltage (High) (Note 1) , 2.40 Vee V 

VOL Output Voltage (Low) (Note 1) 0.00 0.50 V 

IIHo IlL Input Current (Pgmg.) ±1 ±10 ILA 

tpwv Verify Pulse Width 1 5 10 ILs 

tD Pulse Sequence Delay 1 5 10 ILs 

tpA Reset Circuit Power· Up 100 ns 

tRESET Register Reset Time From Valid Vee 45 ILs 

Note 1: The 500UT output buffer is an opan drain outpu\. This pin should be terminated to Vee with a 10k resistor. 
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Programming and Development Support 
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 
GAL20VS -20 

L~i LTEMPERAlIJRE: 

LPACKAGE: 

POWER: 

L------SPEEO: 

'---------DEVICE NAME: 

C - COMMERCIAL (OOTO + 75OC) 
I-INDUSTRIAL (-400 TO +S5OC) 

M- MILITARY (-550 TO +125OC) 

N - PLASTIC DIP 
J-CERDIP 
V- PLCC 
Q - QUARTER POWER 
L - HALF POWER 

- 20=20 ns: AND 
-15=15 ns:} COMMERCIAL 

: ~~~~~ ~:: INDUSTRIAL 

- 20=20 ns:} MILITARY 
- 30=30 ns: 883C 

GAL20VS 

TL/L/9343-20 

Note: All fields are adjacent with no embedded spaces. 

PROGRAMMER/DEVELOPMENTSYSTEMS 

Vendor System Revision 

Data 110 MODEL29B V04 
Logic Pak 

PIT Adapter 
303A-Ol1 V03 

SOFTWARE DEVELOPMENT TOOLS (Note 1) 

Package Vendor Revision 

PLANTM (Note 2) National Semiconductor 2.01 

CUPL Assisted Technology 2.1 

ABEL Data 110 2.0 

PLDtest Data 110 (Note 1) 

PALASM Monolithic Memories (Note 1) 

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 

Speed Power 
GAL 

Device 

15ns 90mA -15L 
15ns 180mA Use -15L 

'20 ns 90mA -20L 
'20 ns 210mA Use -20L 

25ns 45mA -250 
25ns 90mA -25L 
25ns 180mA Use -25L 

"30 ns 50mA -300 
"30 ns 90mA -30L 
"30 ns 210mA Use -30L 

35 ns 45mA -350 
35 ns 90mA -35L 
35 ns 180mA Use -35L 

·Military, commercial and industrial temperature ranges 

•• Military only 

Bipolar 
PAL Device 

D-2 
B 

D-2MIL 
8MIL 

D-4 
8-2 
A 

D-4MIL 
8-2 MIL 
AMIL 

8-4 
A-2 
STD 
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Typical Device Characteristics 
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Physical Dimensions inches (millimeters) 

0025 :hl 1.290 (0:635) RAD ·..-------(32.771 MAX----------I 

24 

0.295 
--MAX 
(7.493) 

0.009 - 0.015 
(0.229-0.381) 

0.300 - 0.320 

GLASS 
SEALANT\ 

0.060 ±0.005 TYP 
11.524 ±0.127) 

0.030-0.055 

(0.762-1.3911 
RADTYP 

0.020-0.070 (7.l66-8.128) ~ 1 0.290-0.l20 

(5.715) "·r~J" A-
~~_~ __ 'J __ . __ 'J~ __ ,~ ____ ~t~~~~=~M~AX 

t f + 95' ~, 0.008-0.012 

0.092 
(2.337) 
(2 PLS) 

PIN NO.1 
10ENT 

0.065 

~ ____ 'I-_ --- (0.20l-0.l05) 

(~::~:) I 0.310-0.410 I TYP 

MIN I-- (7 .874-10.411--1 

24-Pln, 300-Mil Cerdip (J) 
NS Package Number J24F 

1.243 -1.270 
r--------(~3~1.~57~-~3~2.=26)-------~ 

MAX 

0.040 
(1.016) 

TYP 

J24F(REV G) 

! 
0.260±0.005 
(6.604±0.127) 

I 

0.280~ 
+0 040 (7.112)~ 

0.325 -0:015 MIN 
-+---18255 +1.016) 

~J (1.651) 

0.075±0.015 I 
(1.905 ±0.381) I--

90' ±4' TYP 
~ . -0.381 

24-Pin, 300-Mil Plastic DIP (N) 
NS Package Number N24C 

N2,*C(RE'\1 F) 
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Physical Dimensions inches (millimeters) (Continued) 

l (co::]i~1fIONI [ 0.020 ~ 0.013-0.018 

(0.813-1.0161 MIN TYP (4.111-4.5721 
0.032-0.040 iD.5oii I (0.330-0.4571 0.1115-0.1111 

t t-=t .5. c---_-L-t -Lt 
~-0.015 r=~- f 

(0.127-0.3111 I:N NO.lj _ 0.026-0.032 t ..!!l!!!.=.t!.! 
10ENT jl (0.6&0-0.8131 12.642-2.9971 

0.450 TYP 

ii1.i3i 
REF SQ 

0.485 - 0.495 
~ 

SQUARE 

28·Pin, Plastic Leaded 
Chip Carrier (PLCC) 

NS Package Number V28A 

V28AIAEVGj 
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12.3 ECl PAL DEVICES 

Eel Programmable Array 
logic (PAl®) Family 

December 1985 

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 I 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-

Ordering Information 

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 
• Programmable replacement for conventional ECl logic 
• Offered in a 10 kH 1/0 compatible version with a 100k 

version coming 
• Simplifies prototyping and board layout 
• 24-pin thin DIP packages. 
• Programmed on standard PAL programmers 
• Special feature reduces possibility of copying by 

competitors 
• Reliable titanium-tungsten fuses 
• Also offered in Ceramic Chip Carriers 

,----- PROGRAMMABLE ARRAY LOGIC FAMILY 

I ECL 110 COMPATIBLE 
10 = 10KH 
100= lOOK 

NUMBER OF ARRAY INPUTS 

OUTPUT TYPE 
P = PROGRAMMABLE 
RP = REGISTERED AND PROGRAMMABLE 
LP = LATCHED PROGRAMMABLE f. NUMBER OF OUTPUTS 

!r= PACKAGE 
N = PLASTIC DIP 
J = CERAMIC DIP 

r- TEMPERATURE RANGE 
t C = O"C TO +75'C 

PAl1016P8Jc 

PLANTt.I is a trademark of National Semiconductor Corp 
PAle is a registered trademark of and used under license with Monolithic Memories, Inc. 
PALASMTM is a trademark of and under license with Monolithic Memories, Inc. 

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. 

VEE Relative to Vee -7Vto +0.5V 

Any Input Relative to Vcc 

Temperature Under Bias (Ambient) - 55'C to + 125'C 
Lead Temperature (Soldering, 10 seconds) 

Storage Temperature Range -65'Cto + 150'C 

Electrical Characteristics Over Recommended Operating Temperature Range for ECL PALs. 
TA = O'C to +75'C (PAL1016P8)/TA = O'C to +85'C (PAL10016P8), VEE = -5.2V ±5% (PAL1016P8)IVEE = 
±5% (PAL10016P8), Output Load = 500 + 5 pF to -2.0V. 

Symbol Parameter Conditions TA Min Max 

VIH High Level Input Voltage Guaranteed input voltage O'C -1170 
high for all inputs 10 kH + 25'C -1130 

+ 75'C -1070 

100k O'Cto 85'C -1165 -880 

VIL Low Level Input Voltage Guaranteed input voltage O'C -1480 
low for all inputs 10kH + 25'C -1480 

+ 75'C -1450 

100k O'Ct085'C -1810 -1475 

VOH High Level Output Voltage VIN = VIH Max. or VIL Min. O'C -1020 -840 
10kH + 25'C -980 -810 

+ 75'C -920 -735 

100k O'Cto 85'C -1025 -880 

VOL Low Level Output Voltage VIN = VIH Max. or VIL Min. O'C -1950 -1630 
10kH + 25'C -1950 -1630 

+ 75'C -1950 -1600 

100k O'Ct085'C -1810 -1620 

IIH High Level Input Current VIN = VIH Max. 10 kH 
O'C 

+ 75'C 220 

100k O'Cto 85'C 

IlL Low Level Input Current VIN = VIL Min. Except I/O Pins 10 kH O'C 
+ 75'C 0.5 

100k O'Cto 85'C 

lEE Supply Current VEE = Max. All inputs and 10 kH O'Cto 75'C -240 
outputs open 100k O'Cto 85'C 

Operating Conditions 
Symbol Parameter Min Typ Max 

VEE Supply Voltage 10kH -5.46 -5.2 -4.94 

100k -4.8 -4.5 -4.2 

RL Standard 10 kH/100k Load 50 

CL Standard 10 kH/100k Load 5 

TA Operating Ambient Temperature (Note 2) 10 kH 0 +75 

100k 0 +85 

300'C 

-4.5V 

UnHs 

mV 

mV 

mV 

mV 

p.A 

p.A 

mA 

Units 

V 

0 

pF 

'C 

Note 1: This product family has been designed to meet the specification in the test table after thermal equilibrium has been established. The clreu" is in a test 
socket or mounted on a printed circu" 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 PALl 00 16PS are preliminary data. 

~ ~t ~Il RL =50n 
cL~5iir 

(INCLUDING JIG AND 
-2 V -= STRAY CAPACITANCE) TL/L/6161-4 
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Connection Diagram 
Dual-In-Llne Package 

.. Vcc 

" " 110 " 110 

10 0 
Vtel ,. VCC2 

0 18 0 
110 17 110 

I " I 
10 " 11 " VEE 12 " TL/L/6161-2 
Top View 

Switching Characteristics 
Over Recommended Ranges of Temperature and Vee. T A = 00 to 7S·C (PALl 016PB)/T A = O·C to + BS·C (PALl 0016PB), VEE 
= -S 2V ±S% (PAL1016PB)IVEE = -4.SV ±S% (PAL10016PB), RL = son +S pF to -2.0V. 

Symbol Parameter Test Conditions 

tpD Input to Output' 

tr Output Rise Time 

tf Output Fall Time 

• Measure tpD 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/O 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 pro~ided 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. 

Min Typ Max Units 

4 6 ns 

1 ns 

1 ns 

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 PAL1 016PBI 
PAL10016PB) to the fuse representing the most significant 
product lines (output pin B for the PAL1 016PBI 
PAL10016PB) are numbered from 204!3to 20S1 for a 4-out­
put device and ending at 20SS for an B-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 PAlASMTM formats, plus test vectors which 
the user generates as acceptance criteria for the finished 
product. 
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Logic Diagram PAL 1016P8/PAL 10016P8 
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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) 

ECLLOGIC 

1 24 Vee 

2 23 I 

I I 

I/O I/O 
0 0 

Veel Vee2 

0 0 

I/O I/O 

10 

11 14 

VEE 12 13 

TL/L/6161-5 
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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. 

A 

A 

A 

0 

0 

Veel 

0 

0 

A 

A 

A 

VEE 

TTL PROGRAMMING 

2 

10 

11 

12 

15 

14 

13 

Vee 
A 

A 

0 

0 

Vee2 

0 

0 

VER 

A 

A 

A 

TlIlI6161-6 

FIGURE 1. Connection Diagrams 

Software Support Programmer Support 
Software Vendor Availability Model Vendor Availability 

PLAN 
National 

Now 
Semiconductor 

ECL-1 IMI Now 

Data I/O Now 
ABEL Data I/O Now E-100 ALPS Nov 85 

CUPL 
Assisted 

Nov 85 
Technology 
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Array Fuse Addressing 
When programming or verifying a fuse location, the output 
(equation) is addressed by the 3 address pins 13, 14, and 
15. The eight product lines, within the equation, are selected 
by the 3 address pins 9, 10, and 11. The fuse pair locations 
representing the logical inputs are selected by the 4 ad­
dress pins 2, 3, 22, and 23, with the complementing fuse 
within the pair by the address pin 1. The programming ad­
dress data is detailed in Tables I-III. 

Table I. Logic Output (Equation) Selection vs. 
Programming Address Inputs. 

Output Address Pin 
Pin 15 14 13 

21 0 0 0 
4 0 0 1 

20 0 1 0 
5 0 1 1 
18 1 0 0 
7 1 0 1 
17 1 1 0 
8 1 1 1 

Note that the sequence of outputs represent the physical, not numeric, order 
of logical outputs. 

Table II. Product Line (within Equation, or Output) vs. 
Programming Address Inputs. 

Product Address Pin 
Pin 11 10 9 

0 0 0 0 
1 0 0 1 
2 0 1 0 
3 0 1 1 
4 1 0 0 
5 1 0 1 
6 1 1 0 
7 1 1 1 

Table III. Input Line Selection vs. Programming Address 
Inputs. 

Input Address Pin 
Line 23 22 3 2 1 

0 0 0 0 0 0 
1 0 0 0 0 1 
2 0 0 0 1 0 
3 0 0 0 1 1 
4 0 0 1 0 0 
5 0 0 1 0 1 
6 0 0 1 1 0 
7 0 0 1 1 1 
8 0 1 0 0 0 
9 0 1 0 0 1 

10 0 1 0 1 0 
11 0 1 0 1 1 
12 0 1 1 0 0 
13 0 1 1 0 1 
14 0 1 1 1 0 
15 0 1 1 1 1 
16 1 0 0 0 0 
17 1 0 0 0 1 
18 1 0 0 1 0 
19 1 0 0 1 1 
20 1 0 1 0 0 
21 1 0 1 0 1 
22 1 0 1 1 0 
23 1 0 1 1 1 
24 1 1 0 0 0 
25 1 1 0 0 1 
26 1 1 0 1 0 
27 1 1 0 1 1 
28 1 1 1 0 0 
29 1 1 1 0 1 
30 1 1 1 1 0 
31 1 1 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 ON 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. 

2. After TO, VCCI (pin 6) can be raised from 5.0 to 10. 75V at 
a slew rate not to exceed 1 OVI ",S, or not less 
than 1V / ",s. 

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. 
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4. After VCCI has been stable at 10. 75V for period Tl 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/",S. 

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

6. With VCCI atl0.75V and after VCC2 has been stable at 
5.0V for the period T3, VEA 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. If 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 VCCI at VCCP and 
VCC2 at VCC verification may occur within the defined tim­
ing constraints. (See Table V) 

1----5 mS MAXIMUM 20% DUTY CYCLE -----+\ 

0 

ON VIL 
POLARITY FUSE 

ADDRESSING 
VIL 

V1H 

AN 
V1L 

VER 

VOL 
TLlLl6161-7 

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

Symbol Description Min Nom Max 

Vcc Pin 24 Voltage While Programming or Verifying (Pin 
4.75 5.00 5.25 

19 Verifying) (Note 1) 

Icc Pin 24 Current While Programming (Note 2) 200 300 

Vccp VCC1IVCC2 (Pins 6 and 19) Voltage While 10.50 10.75 11.00 
Programming (Note 3) 

ICCl VCCl (Pin 6) Current While Programming (Note 2) 300 450 

ICC2 VCC2 (Pin 19) Current While Programming (Note 2) 10 25 

VIL Input LOW Level-If Left Open, Pins 4, 5, 7, 8, 17, 0 0.8 
18,20, and 21 are Held Low by Internal50K 
Resistor 

IlL Input LOW Current - Pins; -1.0 -1.5 
1-3,9-11,13-15,22, and 23 
VCCIVCC1IVCC2 = Max, VIN = 0.4V 

4,5,7,8,17,18,20, and 21 (Note 4) -0.25 -1.5 
VCCIVCC1IVCC2 = Max, VIN = 0.8V 

VIH Input HIGH Level 2.20 Vcc 

IIH Input HIGH Current 90 300 
VCCIVCC1IVCC2 = Max, VIN = VCC Max 
Pins 1-3, 9-11,13-15, 22, and 23 

4,5,7,8, 17, 18,20, and 21 3 5 

VOL Output (Pin 16) LOW Level 0.8 
VCCIVCC1IVCC2 = Min, IOL = 4 mA 

VOH Output (Pin 16) HIGH Level 2.20 
VCCIVCC1IVCC2 = Max, IOH = -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 VcclVcc,lVcC2 at maximum and with all device inputs and outputs open. 

Note 3: The difference between Vcc and vccp must not exceed SY. 

Units 

V 

mA 

V 

mA 

mA 

V 

mA 

mA 

V 

/LA 

mA 

V 

V 

Note 4: If VIN (VII) is less than 0.8 volts at pins 4.5.7,8,17,18,20, or 21, means must be provided to IimH the current sourced by the device pins to 10 mAo 

Note 5: Ali 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 VCCl (Note 1) 0 500 ns 

Tl VCC1 at Vccp Before Raising VCC2 400 500 ns 

T2 Address Set-Up TIme to VCC2> VCCP 400 500 ns 

T3 VER Valid After VCC2 at Vcc (Note 2) 200 500 ns 

T4 VCC2 at Vcc Before Lowering VCCl 400 500 ns 

T5 VER Valid After Raising VCCl (Note 2) 200 500 ns 

T5b Address Set-Up Time to VER Valid (Note 2) 200 500 ns 

T6 VER Valid Hold Time From Address 0 ns 

T7 VCC2 at Vcc Before Address Change 400 500 ns 

T8 VER Valid Hold Time From VCC2 > VCCP (Note 2) 0 100 ns 

T9 VCCl at VCC Before Power Down 0 ns 

TP Programming Pulse 10 10 30 /Ls 
Note 1: Observe ti1e mBXImum power-up time or 5 ms and dut'; c,,/cfG of 20% for VCC/VCC1/VCC2 dunng progiamming. 

Note 2: VER is valid when VCC2 = Vcc and Vcc, = VccP. 
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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 VIH. Verification is determined by the inability to further 
verify the array. 

r----5mS MAXIMUM 20% DUTY CYCLE-----., 

Vce 

D 

o 

o 

ALL OUTPUTS HIGH 
TO SELECT SECURITY FUSE 

TLlL/6161-8 

FIGURE 3. Security Fuse Programming Diagram 
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Physical Dimensions inches (millimeters) 

::,RAD 

0.0D9-0.015 
'0.229-0.3811 

~------------~~,MAX------------~ 

0.300-0.328 
i7.i2=i.iiii 

24-Pln Dual-In-Llne Package (J) 
Order Number PAL 1016P8J/PAL 10016PBJ 

NS Package Number J24F 

0.1192 
,2.337, 

. ,2PlSI 

PIN NO, 1 
'DENT 

~----------'~:=~~I----------~ 
MAX 

24-Pln Dual-In-Une Package (N) 
Order Number PAL 1016P8N/PAL 10016P8N 

NS Package Number N24C 

N"'CtREYfl 
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Eel Registered and latched Programmable 
Array logic (PAl®) Family 

PRELIMINARY 
September 1986 

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 SSIIMSI 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: 

• Output registers 

• Output latches 

• 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 

PLANTU Is a trademark 01 National Semiconductor Corporation. 
PALe Is a registered trademark of and used under license from Monolithic Memories, Inc. 

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 
• High speed: 

Combinatorial and latched outputs 
tpd = 6 ns max 

Registered outputs 
tsu = 5 ns min 
telk = 3 ns max 
fmax = 125 MHz max 

• Both 10 KH and 100K 1/0 compatible versions 
• Eight output functions with feedback; eight dedicated 

inputs 
• 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 
• Security fuse to prevent direct copying 
• Programmed on most PlD programmers 
• Fully Supported by PLANTM Software 

• Packaging: 
24-pin thin DIP (0.300") 
28-pin SCC (leadless Square Chip Carrier) 
24-pin QUAD CERPAK 

Applications 
• Programmable replacement for ECl logic 
• Programmable state machine 
• Address or instruction decoding 
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Absolute Maximum Ratings 
VEE Relative to Vee 
Any Input Relative to Vee 

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

Temperature Under Bias (Ambient) -55°C to + 125"C 
Lead Temperature (Soldering. 10 seconds) 

-7Vto +0.5V 

VEE to +0:5V 

300°C 

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

Electrical Characteristics Over Recommended Operating Temperature Range for ECL PAL Devices. (Note 1) 

10 KH: TA = O"Cto + 75°C, VEE = -5.2V ±5% 
100K:TA = O"Cto + 85°C, VEE = -4.5V ±5% 

Output Load = 50n + 5 pF to -2.0V 

Symbol Parameter Conditions TA Min Max Units 

VIH High Level Input Voltage Guaranteed Input Voltage O°C -1170 
High For All Inputs 10 KH + 25°C -1130 mV + 75°C -1070 

lOOK O°Cto +85°C -1165 -880 

VIL Low Level Input Voltage Guaranteed Input Voltage O°C -1480 
Low For All Inputs 10KH + 25°C -1480 mV +75°C -1450 

lOOK O°Cto +85°C -1810 -1475 

VOH High Level Output Voltage VIN = VIH Max. or VIL Min. O°C -1020 -840 
10KH + 25°C -980 -810 mV + 75°C -920 -735 

lOOK O°Cto +85°C -1025 -880 

VOL Low Level Output Voltage VIN = VIH Max. or VIL Min. O"C -1950 -1630 
10KH + 25°C -1950 -1630 mV + 75°C -1950 -1600 

lOOK O°Cto + 85°C -1810 -1620 

IIH High Level Input Current VIN = VIH Max. 10 KH O°C 
(Note 4) + 75°C 220 /LA 

lOOK O°Cto +B5°C 

IlL Low Level Input Current VIN = VIL Min. Except 1/0 Pins 10KH O"C 
+ 75°C 0.5 /LA 

lOOK O°Cto +B5°C 

lEE Supply Current VEE = Max. All Inputs and 10KH O°Cto + 75°C -260 mA Outputs Open lOOK O°Cto +B5·C 

Operating Conditions 
Symbol Parameter Min Typ Max Units 

VEE Supply Voltage 10 KH -5.46 -5.2 -4.94 V 
lOOK -4.B -4.5 -4.2 

TA Operating Ambient Temperature (Note 2) 10KH 0 +75 °C 
lOOK 0 +B5 

RL Standard 10 KH/l00K Load 50 n 

CL Standard 10 KH/l00K Load 5 pF 

tsu Input Setup Time (Note 3) 5 ns 

tH 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 t: This product family has been designed to meet the specification In the test table after thenmal eqUlhbnum has been estabhshed. The CircUit IS '" a test 

socket or mounted on a printed clrcu" board and transverse air flow graater than 500 linaar fpm is maintained. 

Nota 2: Mounted in socket or printed circuit board with transverse airflow exceeding 500 linear feet per minute. 

Nota 3: Applies to registered and latched outputs. 

Nota 4: Except for clock inputs (350 ,.A) and MR (1 mAl. 

Dout 

J ~± 
TLlLl8785-2 



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: 

Part 
Description 

Number 

PAL1016RC8 8 Registered Outputs with Common 
PAL 10016RC8 ORedClock 

PAL1016RD8 8 Registers with Dual Clocks 
PAL10016RD8 (4 Registers Each) 

PAL1016RC4 4 Registers (Common Clock) 
PAL 1 0016RC4 Plus 4 CombinatorialllOs 

PAL1016RD4 4 Registers (Dual Clocks) 
PAL 1 0016RD4 Plus 4 CombinatorialllOs 

PAL1016LC8 8 Latched Outputs with Common 
PAL10016LC8 ORedClock 

PAL1016LD8 8 Latches with Dual Clocks 
PAL10016LD8 (4 Latches Each) 

PAL1016LC4 4 Latches (Common Clock) 
PAL 1 0016LC4 Plus 4 CombinatorialllOs 

PAL1016LD4 4 Latches (Dual Clocks) 
PAL10016LD4 Plus 4 CombinatorialllOs 

Switching Characteristics 

Symbol Parameter 

tclK (Note 1) Clock to Output 

tLE (Note 2) Enable to Output 

tpD (Note 2, 3) Input to Output 

tpLH (Note 1, 2) Output Enable 

tpHl (Note 1, 2) Output Disable 

From 

Cn t 
L,;-J, 

I 

G-J, 

Cit 
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r-----PROGRAMMABlE ARRAY lOGIC FAMilY 

.-----ECl I/O COMPATIBilITY 
10= 10KH 
100= lOOK 

...... ---NUMBER OF ARRAY INPUTS 

OUTPUT TYPE 
RC = REGISTERED W /COMMON CLOCKS 
RD =1iEGISTERED W /DUAL CLOCKS 
LC = LATCHED W/COMMON CLOCKS 
LD = LATCHED W/DUAl CLOCKS 

~ 
NUMBER OF REGISTERED/ LATCHED OUTPUTS 

fr PA~~g~RAMIC DIP 
W = QUAD eERPACK 
E = CERAMIC LCC r TEMPERATURE RANGE 
C=OOC TO +75OC FOR 10KH, 

DOC TO +85OC FOR 100 K 
PAllO 16RD 8 J C 

TL/Ll8765-1 

Measured 
Min Max Units 

To 

a 3 ns 

a 3 ns 

OorllO 6 ns 

at 4.5 ns 

O-J, 4.5 ns 

tMR (Note 1, 2) Master Reset to Output MR t O-J, 4.5 ns 

fMAX (Note 1, 4) Maximum Frequency 

tr Output Rise Time 

t, Output Fall Time 

Note 1: Applies to regIstered outputs. 

Note 2: Applies to latched outputs. 

Note 3: Applies to combinatorial outputs. 

Note 4: 'MAX = (tsu + !eLK)-1 

125 MHz 

Measured Between 1 3.5 ns 
20% and 80% points 1 3.5 ns 
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Timing Waveform-All Registered Outputs 

c ---{: ~ 5:r tw ~ ______________ _ 

_ C IsU+ tH ::1_ 
I 111&" 50%~""":/~/rl"'/"7'/"7/~/"'T"l/~/rl"'/"7'/"71~/"'T"l/~/rl"'/"7'/"7/~/"'T"l/~/rl"'/"7'1"7/~{ 

i--IcLK =I. 
:G ________ 50#~--t:-tP-H:O-j (~j r- ~:9 
_________ ...;5.;..;.,0" IF 50" _ I 

1=~IIR=:j 
IIR ________________ ~5~0"~ S;~ 

TLlL/8765-3 

Timing Waveform-All Latched Outputs 

[~€ ... "",1 ~ ::L 
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TL/Ll8765-4 



Connection Diagrams (24-pin Dual-In-Line Packages) 

PAL 1016RC8/PAL 10016RC8 
PAL 1016RD8/PAL 10016RD8 

MR 24 Vee 
I I 

I I 

Q Q 

Q Q 

Vcco Vcco 
Q Q 

Q Q 

C,CI C,C2 

I I 

I 

VEE G 
TLlL18765-5 

PAL 1016LC8/PAL 10016LCB 
PAL 1016LD8/PAL 10016LD8 

MR vee 
I 

I I 
Q Q 

Q Q 

Veeo Vcco 
Q Q 

Q 0 

L,Li L.L2 
I 

I I 

VEE G 

TLlLl8785-7 

Pin Descriptions 
Pin Description 

I Eight dedicated inputs to logic array. 

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

1/0 Four outputs from combinatorial logic functions on 
'RC4, 'RD4, 'LC4 and 'LD4. 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. 

C, L 1 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 

C,L2 

MR 
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PAL 1016RC4/PAL 10016RC4 
PAL 1016RD4/PAL 10016RD4 

MR 24 Vee 
2 23 

I 22 I 

I/O 21 I/O 

Q Q 

Vcco Vcco 
Q 0 

I/O I/O 

C,CI 9 C,C2 

I 10 

II 14 

VEE 12 13 G 
TLILl8765-6 

PAL1016LC4/PAL10016LC4 
PAL1016LD4/PAL10016LD4 

MR 24 Vee 
I 23 I 

I I 

I/O I/O 

0 Q 

Veeo Vcco 
0 0 

I/o I/O 

L,Li L,L2 

VEE 12 13 G 

TLIL18765-8 

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. 

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

Q 

Q 

Vcco 
NC 

Q 

Q 

C,Cl 

Q 

Q 

Vcco 
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5 25 

24 

23 

10 

11 

- - 1:1 u "" - -> z 

PAL 1016LC8/PAL 10016LC8 
PAL 1016LD8/PAL 10016LD8 

"" u .}--_ ::IE 
Z 

5 

6 

7 

8 
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Q I/O 
Q Q 

Vcco Vcco 
NC NC 

Q Q 

Q I/O 
L.L2 L,U 

TL/L/B765-19 

PAL 1016RC4/PAL 10016RC4 
PAL 1016RD4/PAL 10016RD4 
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Q 
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NC 
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Connection Diagrams (24-pin Quad Car-Pack) 

PAL 1016RC8/PAL 10016RC8 PAL 1016RC4/PAL 10016RC4 
PAL 1016RD8/PAL 10016RD8 PAL 1016RD4/PAL 10016RD4 

1:1 1:1 _ _ ICt > - - ,e» > 

C,C2 1 18 C,Cl C,C2 18 C,Cl 

a 2 17 a I/O 2 17 I/O 
a 3 16 0 a 3 16 a 

Vcco 4 15 Vcco Vcco 4 15 Veeo 
a 5 14 Q a 5 14 a 
a 6 13 a I/O 6 13 I/O 

0<>: 
~::IE - - J! ~ 

TL/LlB765-21 TL/L/B765-22 

PAL 1016LC8/PAL 10016LC8 PAL 1016LC4/PAL 10016LC4 
PAL 1016LD8/PAL 10016LD8 PAL 1016LD4/PAL 10016LD4 

1:1 1:1 _ _ Ie > 
- - '" > 

L.LZ 1 18 I,ll CL2 1 18 I,Ii 
a 2 17 a I/O 2 17 I/O 
a 3 16 a a 3 16 0 

Vcco 4 15 Vcco Vcco 4 15 Vcco 
a 5 14 a Q 5 14 a 
a 6 13 a I/O 6 13 I/O 

- - >!:l ~ - - J! ~ 
TL/L/B765-23 TL/L/B765-24 
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Logic Diagram PAL 1016RC8/PAL 10016RC8 

1 3 5 7 9 11 13 15 17 19 21 23 2S 11 29 31 --INPUT LINE NUt.tBER-+O 2 4 6 8 10 12 14 11 18 20 22 24 26 28 30 Vee 2~ 

;-t>- 23 

22 

PRODUCT LINE 

~'j!J~ FIRST CELL NU~9ER-:~ 32 
96 ~ D Qrr 128 '60 :R:t- R 

192 22~ of:)-, 

3 

.iQ;" poat!G~ 
256288 
320352 
384 ~16 

R ;:<:I 4-18<180 

512 5« 

§:~D> q [Y 576 608 
6~ 672 
70~ 736 ~ 

10 ~ kJc¥<51~ 
768 800 
832 ~ VCC019 
896 928 --

B:I 960 992 .. 
. "0-

102~'056 ~ 2)!:l[)o Q [Y 6 Veeo 
1088 1120 
"52"8~ --
'2'6'2~ ~ 

>---
-<>' 

LQ ~ ~~m 
12801312 
13«1376 
,~,«O 

KJ 
,m,~ 

,536 ,568 

~~[)o q D-,600 ,632 

'66~'696 
17281760 B= 

!(] tJ kJ&<55~ '792'82~ 
1856'888 
,920 ,952 

~ '9M 2016 

~ 
!t>-

15 

14 

11 

~ 12 VEE 
--

Q 
TL/LlB765-9 

JEDEC logic array cell number = product line first cell number + input line number. 
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Logic Diagram PAL 1016RD8/PAL 10016RD8 
INPUT LINE NUM8ER-+O 2 " 6 8 10 12 1. 16 18 20 22 24 26 2B.3Q Vee 2. 

1 , 5 7 9 11 13 1 5 17 19 21 2l 25 27 29 31 --

;-t>- 23 

22 

FIRST ~~~~U~~i~~~_O 32 

I?~ 6. 96 o Q 21 
128 160 §:1 R 192 22• 

3 

Di w~; 
256 288 
320 352 

38-< .,6 
4<18"", 

512 5 •• ~~[)c 0 V 576 60B 
640 672 j:Ct-" 
70. 736 -0-

l(] ~ ~c¥C~ 
768 BOO 
832 as. Veeo 19 
896 928 --

R:l 960 992 

h ...,... 
,024 ,056 ~~[)o ~ D-e Veeo 
10881120 
115211B4 -- ,216,248 

Rt-'" 
0-

I----."., 
~ 

LQ lfJ rat¥(J~ 
12801312 
13«1376 
1408, ..a 

.-<:I 
,472,504 

1536'56B ~~[)o Pr 0 ,600 ,632 
,66',696 
172B1760 B= 

!CJ ~ ra&<l 
1792 182• 
1856 1888 
,920 ,952 
1984 2016 

<J7s 1..1': 15 

10 .... 14 

11 

~ 12 VEE --
TL/L/B765-10 

JEDEC logiC array cell number = product line first cell number + input line number. 
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Logic Diagram PAL 1016RC4/PAL 10016RC4 
INPUT LINE NUMBER .... O 2 .. 6 8 10 12 '4 16 18 20 22 24 26 28 30 

1 , , 7 9 11 13 15 17 19 21 23 25 27 29 31 --

:--t>-
23 

2 22 

PRODUCT LINE 

~D FIRST CELL NUMBER-+~ 32 21 
96 

128 '60 
192 224 8: 

3 

4 2049 Ea 256288 

!I 
f:8 

320 352 

384 416 
B:I 448..., 

5'2 544 §;~o-n 576 608 ~~ DRQ1~ 
640 672 

704 736 

~~~ 
768 800 

E.(]:j . Q R D ~ 832 864 Veco ,9 

-t:8 896 928 --

"'"' 
960 992 

,,-
"0-

'024'056 I~[)o ~ D-6 Veco 
'088 1120 
11521184 -- 1216 1248 

~ ...,.. 

LQ ~ ra~ 
12801312 
13441376 

1408'440 

KJ 1472'504 

1536'568 ~~D ,7 
'600'632 
1664'696 
17281760 8= 

8 a~ 
'792 '824 

:1 

,856 ,888 
'920 '952 

"'"' 
1984 2016 

~ 
!t>-

IS 

14 

11 W ,2 VEE --

Q 
TL/L/8785-11 

JEOEC logic array cell number = product line first cell number + Input line number. 
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Logic Diagram PAL 1016RD4/PAL 10016RD4 
INPUT LINE NUMBER-f,oO 2 " 6 8 10 12 I. 16 18 20 22 24 26 28 30 

1 , 5 7 911 13 1 5 17 19 21 2.3 25 27 29 31 --

~ 
23 

22 

PRODUCT LlNE-+O 

~~D FIRST CELL NUMBER 64 ~~ 21 

1 128 160 
192 224 S: 

3 

4 at!'G1 256 288 

320 352 

3S4 416 
..... 480 

512 544 
576 608 
640 672 
704 736 

~ ORQ rro -~~ 

1Q;" p-a~~ 
768 800 

832 864 Vcca 19 
896 928 ---
960 992 

........ 
1024'056 ~~Do PI :0-6 Veea 
1088'120 
11521184 -- 12161248 B: --<N 

P ra~~ 
1280'312 

z.o 13441376 
1408'440 
1472'504 

15361568 
1600 1632 
16641696 
1728'760 

2054 17 

8 at¥CI 1792'824 

II 
1856'888 
1920 1952 
1984 2016 

~ 
9 ....... 15 

10 14 

11 W 12 VEE 
--

TLiL/B765-12 

JEOEC logic array cell number = product line first cell number + input line number. 
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Logic Diagram PAL 1016LC8/PAL 10016LC8 
INPUT LINE NUM8ER~O 2 .. 6 8 10 12 14 16 18 ZO 22 24 26 28 30 Vee 2. 

1 3 5 7 9 11 13 15 17 19 21 23 25 T1 29 31 --

:--t>- 23 

2 22 

PRODUCT LlNE_O 

~p~ FIRST CELL NUMBER 6.!! 
~ 0 Q 21 

128 160 L R 
192 22• 

3 

iQ;" w~1 
256 288 

320 352 
384 416 
«11480 

512 544 
576 608 
640 672 
704 736 

~2~[)o 
~- PI a 

D P <It!(]1 768 800 
832 1!6( Veeo 19 
896 928 --
960 992 

... 
"<>-

PI 
1024'056 

~~ :0 6 Veeo 
10881120 

--
,,52 ,,84 
12,6 ,U8 0-1 ---<N 

D P rat!(]1 12801312 
13441376 

'408,~ 
1472t5().( 

1536 1568 
,600 ,632 
1664 1696 

17281760 

~~[)o 
§:- q or 

D ~ ~t!C1 
,792 ,824 
1856 1d88 
,920 ,952 
198(2016 

.A. 16 

9 ....... ""- 15 

10"" 14 

11 

~ 12 VEE 
--

Q 
TLlLl8765-13 

JEDEC logic array cell number = product line first cell number + input line number. 
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Logic Diagram PAL 1016LD8/PAL 10016LD8 
INPUT LINE NUMBER-+O 2 • , 8 10 " .. " 18 20 22 24 26 2B '" Vee 24 

1 3 5 7 9 11 13 1 5 17 19 21 23 2S IT 29 31 --

;-t>-
23 

22 

PRODUCT L1NE-+ 

<C~~ FIRST CELL NUMBER ~ 32 

~ ~ R Q 21 
96 

128 '60 
192 224 

3 

~ wt!Cgj 
256288 
320 352 

Q D 1:>1 
3B4 416 

R L t:8 ""'480 

512 5« 
576 608 
640 672 
704 736 

~[)o 
§:r ~ ~ 

~ ~~tii 
768 BOO 

D 
832 B64 Veco 19 
896 928 --

~ 960 992 .. 
"'0-

or ,024 ,056 ~[)o a 6 Veeo 
10881120 
11521184 -- 12,6,248 a=-- -<>' 

10 <J~~ 
1280'312 

LQ 13«1376 
,408,«0 

.-a '472,51).4. 

1536'568 ~~[)o or a ,6°°,632 
,664,696 
17281760 B:; 

1.Q (] I L ~~ 
1792'82" 
,856 ,888 
1920 '952 
1984 2016 

.A 16 

9 -" 
....., 15 

lD -,.. 14 

11 

~ 12 VEE --
TL/L/8765-14 

JEDEC logic array cell number ~ product line first cell number + input line number. 
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Logic Diagram PAL 1016LC4/PAL 10016LC4 
INPUT LINE NU~BER-+. 2 • • • ,. 12 " 16 18 20 22 2.,. ,. '" Vee 24 

1 , 5 7 9 11 13 15 17 19 21 2l Z:5 'IT 29 31 --

:-t>- 23 

2 22 

PRODUCT lINE_O 
Vee 

FIRST CELL NU~BER 64 32 2048 21 

,28 , : I 192 224 Q-1 

3 

Vee 
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256 288 

320 352 
384 416 
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p-a~~ 
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1(];" 
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896 928 --
960 992 

"0-
Vee 

,024,056 ~2O~Do PI U 6VCCO 
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p ~~~ 12801312 
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,<08,440 

r-o 
1.4721504 

Vee 

1536 '568 B~4 17 ,600 ,632 
16641696 J:C 

I 17281760 s:; 

8 a~~ ,792 ,824 
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1920 1952 -;:§ 1984 2016 

...... 16 

9 ...... ~15 
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11 

--<Joll 
12 VEE 
--

q 
TL/LlB765-15 

JEOEC logic array cell number = product line first cell number + input line number. 
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Logic Diagram PAL 1016LD4/PAL 10016LD4 
INPUT LINE NUMBER-tt-O 2 -4 6 8 10 12 14 16 18 20 22 24 26 28 30 Vee 24 , , 5 7 9 11 13 15 17 19 21 23 25 27 29 31 --

;-t>-
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384416 
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i~[)o 10241056 Pr 0-6 Veeo 
10881120 
11521184 --
1216'248 
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Vee 
r---<'" 

p ~~ 1280'312 

LQ 
1344'376 
1408'«0 

~ 1472,5(U 

1536'568 ~~D 17 
1600 632 

I 1664 ~696 
1728 '760 S: 

Vee 

8 2055~ 1792 ,82,( 

I 
~ 
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-., 
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-v 
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11 W 12 VEE 
--

TL/l/8765-16 

JEOEC logiC array cell number = product line first cell number + input cell number. 



480 Programmable Logic Design Guide 

Functional Testing 
As with all field-programmable devices, the user of the Eel 
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-

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 De~ign Guide for more information 
about the functional testing of PAL devices. 
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Physical Dimensions inches (millimeters) 

0.404 
-(10.26)­

sa 

D 
TOP 

VIEW 
BOTTOM 

VIEW 

28-Pln Ceramic Leadless Chip Carrier 
Order Number PAL 1016XXXE/PAL 10016XXXE 

NS Package Number E28A 

0.025 RAD 
(0.635) 

!.ZaD 
1-------(32.71) MAX--------l 

24-Pln Dual-In-Llne Package (J) 

(3.175) 
MIN 

0.030-0.055 

Order Number PAL 1016XXXJ/PAL 10016XXXJ 
NS Package Number J24F 

0.065-0.076 r- (1.651-1.9301 

SlOE 
VIEW 

E28A(AEVC) 

J24fIR~V GI 
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Physical Dimensions inches (millimeters) (Continued) 

0.250 -0.360 
(6.350-9.144) 

TYP 

PIN NO.1 

IDENT\ 

0.016-0.018 
(0.406 -0.457j-

TYP 

0370 
(9.398) -MIN SQUARE 

1 24 23 22 21 20 1918 

2 17 
3 16 
4 15 
5 14 

6 7 8 9 1011 1213 

-~~ .. ---_ 0.400 _ 

(10.16) 
SQUARE MAX 

GLASS 

0.250 -0.360 
(6.350 -9.144) 

TYP 

0.075 l/i1•905) 8 PLCS 
MAX 

f- 0.050",0.005 
(1.270",0.127) 

TYP 

24-Pin Quad Cerpak 

~I+- 0.004-0.006 II (0.102 0.152) 

0.035 -0.050 
(0.889-1.270) 

0.085 
(2.159) 

MAX 

W24BIREVCI 

Order Number PAL 1016XXXW/PAL 10016XXXW 
NS Package Number W24B 



4 ns Eel Programmable 
Array logic (PAl®) Family 
General Description 
The PAL1016P4A and PAl10016P4A are members of the 
National Semiconductor ECl PAL family. The PAL 101 
10016P4A is a functional subset of the PAL 10/10016P8 
(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 SSIIMSI 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 
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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 
• High speed: 

Combinatorial outputs 
tpd = 4 ns max 

• Both 10 KH and 100K 110 compatible versions 
• Four output functions; sixteen dedicated inputs 
• Individually programmable polarity for all logic outputs 
• Reliable titanium-tungsten fuses 
• Security fuse to prevent direct copying 
• Programmed on many PlD programmers 
• Fully Supported by PLANTM Software 

• Packaging: 
24-pin thin DIP (0.300·) 
24-pin QUAD CERPAK 

Applications 
• Programmable replacement for ECl logic 
• Address or instruction decoding 

,------- PROGRAMMABLE ARRAY lOGIC rAMllY 
,------ ECl I/O COMPATIBLE 

10=10KH 
100=100K 

r----- NUMBER or ARRAY INPUTS 
,---- OUTPUT TYPE 

P = COMBINATORIAL WITH 
PROGRAMMABLE POlA1TY 

NUMBER or OUTPUTS 
SPEED RANGE 

NO SYMBOL = STANDARD SPEED (6 n5) 
A = HIGH SPEED (4 ns) 

J = CERAMIC DIP 
W = ~UAD CERPACK lr PACKAGE 

TEMPERATURE RANGE r C = OoC TO + 75°C rOR 10 KH 
o HOC TO + 850C rOR lOOK 

PAL 10 16 P 4 A J C 

PLANTM is a trademark of National Semiconductor Corporation. 
PAL" is a registered trademark of and used under license from Monolithic Memories, Inc. 

TL/L/913B-1 
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Absolute Maximum Ratings 
If Military/Aerospace specified devices are required, 
contact the National Semiconductor Sales Office/ 
Distributors for availability and specifications. 
Temperature Under Bias -55·C to + 125·C 

Storage Temperature Range -65·C to + 150"C 

Recommended Operating Conditions 
Symbol Parameter 

Vee Supply Voltage 10 KH 

100K 

T Operating Temperature (Note) 10 KH 

100K 

Vee Relative to Vee -7V to + 0.5V 
Any Input Relative to Vee Vee to + 0.5V 
Lead Temperature (Soldering, 10 seconds) 300"C 

ESO rating is to be determined. 

Min Typ Max Units 

-5.46 -5.2 -4.94 
V 

-4.82 -4.5 -4.19 

0 +75 ·C 
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 O·C -1170 -840 
High For Allinpuis 10KH + 25·C -1130 -810 

mV 
+ 75·C -1070 -735 

100K O·Cto +85·C -1165 -880 

VIL Low Level Input Voltage Guaranteed Input Voltage O·C -1950 -1480 
Low For All Inputs 10 KH + 25·C -1950 -1480 

mV 
+ 75·C -1950 -1450 

100K O·Cto +85·C -1810 -1475 

VOH High Level Output Voltage VIN = VIH Max. or VIL Min. O"C -1020 -840 
10KH + 25·C -980 -810 

mV 
+ 75·C -920 -735 

100K O·Cto +85·C -1025 -880 

VOL Low Level Output Voltage VIN = VIH Max. or VIL Min. O·C -1950 -1630 
10 KH + 25·C -1950 -1630 

mV 
+ 75·C -1950 -1600 

100K O·Cto +85·C -1810 -1620 

IIH High Level Input Current VIN = VIH Max. 10KH 
O"C 

+ 75·C 220 /LA 

100K O·Cto +85·C 

IlL Low Level Input Current VIN = VIL Min. 10 KH 
O·C 

+ 75·C 0.5 /LA 

100K O·Cto +85·C 

lee Supply Current Vee = Min. 10KH O·Cto +75·C 
-220 mA 

Allinpuis and Outputs Open 100K O"Cto +85·C 
.. .. .. Note: Operallng temperatures for CIICUIIs In Dual·ln·Une packages are speCified as ambient temperatures (T A) 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 circuils packaged in QUAD CERPAK are specified as 
case temperatures (T C). All specifications apply after thermal equilibrium has been established. 
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Switching Characteristics 
Over Recommended Operating Conditions, Output load: RL = son to -2.0V, CL = 5 pF to GND 

Symbol Parameter Measured Test Conditions 

tpo Input to Output Measured at 50% points 

tr. Output Rise Time Measured between 

tf Output Fall Time 20% and 80% points 

Timing Measurements 
-O.9V---~ 

INPUTS YO% 
-1.7V • -------

tpD=:!, 
:::::::::::::~:5_0-7._.-_-_-_-OUTPUTS 

TlIlI913B-7 

Connection Diagrams 
Dual-In-Line Package 

24 Vee 
2 23 I 

3 22 

4 21 

0 5 0 
0 

Veeo Vcco Veeo 
0 0 0 

I 

VEE 12 13 

TL/L/913B-3 

Top View 

Min 

0.5 

0.5 

Max 

4 

2.5 

2.5 

Output Load 

Dout 

Units 

ns 

ns 

ns 

j ~lu",_, 
24-pin Quad Cerpack 

t:f - - - > 

1. 18 

2 17 I 

3 16 0 

4 15 Veco 
5 14 0 

6 13 

<> -,;-
TL/lI913B-5 
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Logic Diagram PAL 1016P4A/PAL 10016P4A 

INPUT LINE NUMBER-+o 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 Vee 24 
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 --

1 23 

2 22 

3 21 

4 

PRODUCT LINE 512 544 
2050 

FIRST CELL NUMBER 576 608 [)o----1l 
640 672 

704 736 

2051 
768 800 

~ 832 864 Veco 19 
896 928 --

960 992 

10241056 
2052 

6 Veeo 10881120 ~ -- 11521184 
12161248 

2053 12801312 

L-.o(J 13441376 
14081440 
14721504 

17 

8 16 

9 15 

10 14 

11 13 

12 V 
r--<'" 

EE 

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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Physical Dimensions inches (millimeters) 

'.1125 
10.1351 RAD 

1.290 
1---------(32.771 MAX---------o-\ 

0.030-0.055 

10.162-1.3971 

487 

__ ~~ ___ n~ _________ v ____ (~_::_:_:! __ '~_~_IT_Y_P __ ~~ ____ -, ___ ~~R=="~ ~~:::,:, r--

t:=i-_. 
~I 
(2.54 ±O.254I-1 

TYP 

24-Pin Ceramic Dual-In-Llne Package 
Order Number PAL 1016P4AJC/PAL 10016P4AJC 

NS Package Number J24F 

I 0.310-0.410 I ~:~-0.3051 
I--(7.874-10.411-1 

J24F{REVGI 
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Physical Dimensions inches (millimeters) (Continued) 

.. • 0.250 -0.360 
(6.350-9.144) 

TYP 

PIN NO. 1 

IDENT\ 

0.016-0.018 
(0.406 -0.457) 

TYP 

0.370 -19.398) 
MIN SQUARE 

1 24 23 22 21 2Q 1918 

2 17 
3 16 
4 15 
5 14 
6 

7 8 9 10 11 1213 

~~ • I--
I-~ 

(10.16) 
SQUARE MAX 

GLASS 
-

0.250-0.360 
(6.350-9.144) 

TYP 

0.075 

kil.905) 
8 PLCS 

MAX 

'-- 0.D50 ",0.D05 
(1.270",0.127) 

TYP 

24-Pln Quad Cerpak 

-I~ 0.004-0.006 
" (0.102 0.152) 

0.035-0.050 
(0.889-1.270) 

0.085 
12.159) 

MAX 

W24B(REVC) 

Order Number PAL 1016P4AWC/PAL 10016P4AWC 
NS Package Number W24B 



Package Outlines 

0.025 

(0.635) 
RAD 

0.785 

1---(19.939)-----1 

Ililimilffi1 MAX Iiillii1ml 15 14 13 12 11 10 9 -. 

0.290 - 0.320 0.005 GLASS 0.060 t 0.005 

(7.366 - 8.128) (0.127) SEALANT (1.524 t 0.127) 

0.220 - 0.31 0 

0.005 - 0.020 

(0.127 - 0.508) 
RADTYP 

I- MIN-j r-
T,~~~I 0.008-0.012 tk;t;;~~~~~~I-t 
+-H·I.r.J....J-.II\\ (0.203-0.305) ~,r-!,---t----±~86° 94° 

0.180 95°t5° J TYP 
(4.572) 10° MAX 0.080 0.020 - 0.060 
MAX'I +0.0251 (2.032) j 0.018tO.003-l1- 0.125-0.200 (0.508-1.524) 

~0.400 -0.0601- MAX (0.457 t 0.076) (3.175-5.080) 

( 
+0.635) BOTH I- 0.100tO.010 

10.16 -1.524 ENDS (2.540 t 0.254) J11ACReVHI 

Figure 13.1 NS Package J16A 16-Lead Cavity DIP en 

13 
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0.280 

(7.112) 
MIN 

0.090 0.780 

0.130 ± 0.005. 

(3.302 ± 0.127) n (:::::) 0.065 

0.300 - 0.320 I H=MAX ------- •• (1.651) 
(7.62-8.128) b= L _J 

r950±5~ 0.009-0.015 IJ 
I· 1 (0.229-0·~~~~0±0.015 I-J I~h 86° 94° 

0.325 ~~:~~: (0.762 ± 0.381) I- 0.018±0.003 

I +0.635) 
\8.255 _ 0.381 

0.100±0.010 (0.457±0.076) 

(2.540 ± 0.254) 
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Terminology 

PAL Device 

PROM 

FPLA 

Product Term 
(Pn) 

Term 

Summing Term 
(Sn) 

Output Polarity 

Don't Care 

Active High 

Active Low 

+ 
+ 

14 

Explanation 

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 = AoA1A1s, PIO = A2As 

Logical OR operation on product terms. 
Example: S1 = Po + PIO 

= AoA1A1S + 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 

Maximum Clock Frequency, fMAX: 

High Level Input Current, IIH: 

High Level Output Current, 10H: 

Low Level Input Current, IlL: 

Low Level Output Current, 10L: 

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

Short-Circuit Output Current, los: 

Supply Current, Icc: 

Explanation 

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 Vee Supply terminal of an 
integrated circuit. * 



Term 

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

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, tPHZ(or 
Low Level, tPLZ): 

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

Tenninology 499 

Explanation 

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 (oft) 
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 
outP~t changing from a high-impedance (oft) 
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 (oft) 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 
(oft) state. 
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Term 

Propagation Delay Time, tpD: 

Propagation Delay Time, 
Low-to-High Level Output, tpLH: 

Propagation Delay Time, 
High-to-Low Level Output, tpHL: 

Pulse Width, tw: 

Setup Time, tsu 

High Level Input Voltage, VIH: 

Explanation 

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 minimurv limit defines the 
longest interval (between the active 
ttansition 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 



Term 

High Level Output Voltage, VOH : 

Input Clamp Voltage, VIC: 

Low Level Input Voltage, VIL: 

Low Level Output Voltage, VOL: 

Negative-Going Threshold 
Voltage, Vr-

Positive-Going Threshold Voltage, 
Vr+ : 

Terminology 501 

Explanation 

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, Vr + . 

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, VT _ . 

*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. 

• 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 I/O pins. 

• 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. 

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

• 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. 

© 19B3 IEEE, Reprinted, witb permission, from IEEE MICRO, Vol. 3, No.1, pp. 34, February 19B3. 
M.S. Abadir, H.K. Regbbati, Autbors. 
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• 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. 2 

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 
l's and n - m O'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.2 Concurrent testing approaches provide 
the following advantages: 

• 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. 

• 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. 

• 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: 

• 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. 

• , 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. 

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

• 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.2 

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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• 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 DDT 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, internat" 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/no-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.l.l). In what follows, we concentrate on explicit testing 

GOOD 
RESPONSE 

GENERATION 

Figure A.I.I LSI Test Technology 

COMPACT 
TESTING 
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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 ofjault coverage is high. 

Rigorous test generation should consist of three main activities: 

• Selecting 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. 

• 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. 

• Generating tests to detect all the faults in the fault model. This parr 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. 1,4,5,6,7 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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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 
A2.1. This multiplexer can be modeled at the gate level as shown in FigureA.2.1(a), or at 
the functional level as shown in Figure A2.1(b). 

x y z w 

Co~~------~~------.. t---------~------~ 

C,~~-------H~-------+t-----~~~-----, 

u 
C, Co U (a) x y z w 
0 0 x 

0 1 Y 

1 0 Z 

(b) 
u 1 1 W 

Figure A.2.1 (a) A One-out-of-four Multiplexer-gate-Ievel 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 
''/'' is stuck at 0, or the control line "Co" 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 "2" 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 DDT. Then this 
signal has to be sensitized at one of the observable outputs of the DDT. 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 A2.2. 

C1 0---++---1 

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

The incrementer output, Y 2 Y I Yo, is the binary sum of Cj and the three-bit binary 
number X2XIXO, while Co is the carry-out bit of the sum. Note that Xo(Yo) is the least 
significant bit of the incrementer input (output). 

Assume we want to detect the fault "linefis stuck at 0." To excite that fault we will 
force a 1 to appear on linefso that, if it is stuck at 0, a faulty value will be generated at 
the fault site. To accomplish this both Xo and Cj must be set to 1. To sensitize the faulty ° at f, we have to set X I to 1; this will propagate the fault to Y 2 independent of the value 
of X2. Note that if we set Xl to 0, the fault will be masked since the AND gate output 
will be 0, independent of the value atf. Note also that X2 was not specified in the above 
test. However, by setting X2 to 1, the fault will propagate to both Y2 and Co, 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 i in the RAM results in accessing the wordj 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 i. 

If the fault exists, these instructions will force all ... 1 word to be stored in mem­
ory address j instead of 00 ... O. 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 DDT. 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 DDT 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. l •5 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,9 who generated test patterns for a simple bit-sliced microprocessor at the func­
tional level. 

A bit-sliced microprocessor is an array of n identical ICs called slices, each of which 
is a simple processor for operands of kbit length, where k is typically 2 or 4. The inter­
connections among the n 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. 1O 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: 

• 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. 

• 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 sequence ll 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 (k = 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-Iookahead 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
algorithm1,5 employing the path sensitization testing technique.4 The basic prin­
ciple involved in path sensitization is relatively simple. For an input X; to detect a 
fault "line a is stuck atj,j= 0,1," the input X; must cause the signal a in the nor­
mal (fault-free) circuit to take the value;' 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: 

• 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. 

• 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 a in a faulty circuit, and 
i5 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 
algebra 1,5 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 (Le" line values specified in positional 
notation): 

• For a circuit element E which realizes the combinational functionJ, the "primi­
tive cubes" offer a typical presentation of the prime implicants of J and 1 
These cubes concisely represent the logical behavior of E. 

• A "prilll.!tive 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 _ .J,:, 

:;.Dyat the output of E. 
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• The "propagation D<ubes"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. The initial choice is arbitrary, and it may be necessary to 
backtrack and consider another choice). 

2. Implication-In 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 implicat~onproce­
dure is performed both forwards and backwards through the circuit. Impllc;:ltjOn ", 
is performed as follows: Whenever a previously unspecified signal value becomes .... 
specified, all the elements associated with thissignal.are placed on a list B.and. 
processed one at a time (and removed). Foreach element processed, it is deter~ 
mined if new values of 0, 1, D, and D are implied; based on the previously specie' 
fied inputs and outputs. These implied line values are determined by intersecting, 
the test cube (which specifies all the previously determined signal values oft1l.e· 
circuit) with the primitive cubes of the element. If any line values are impliedith~ 
are specified in the test cube, and the associated gates are placed on the listB: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.· ~'~ .. 

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 Dor 15 onits'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 se1ecteq.ele7 
ment of the D-frontier, resulting in a new test cube. If such intersection is impos­
Sible, anew element in the D-frontier is selected. If intersection fails for all the 
elements in the D-frontier, the procedure backtracks to the laSt point at which a' "' 
choice existed. 

" 

4. Implication of D-propagation-Implkation is performed for theIlewJ~tcube>:~: 
derived in Step 3. :'>" '"', ".' 

, . '. . <, "':':~(,\, -.", '< "~ .:.,. . ." .:.';'~., ~~i~'~1i 
5. Step$ 3 and 4 are repeated until the faulty signal has bee'4.RtopaS?-t<::d"t~'~,9~"':':~1 
'put of the circuit. ··h'c,"" .. ".:' . ")'" 

~. " .... ';,,: ',' ~> 
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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 
l's and O'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 l's and 
O's in a manually generated test sequence. 

Techniques that use the gate-level description of the UUT, such as path sensitiza­
tion4 and the D-algorithm,5 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. 9,12,13,14,15,16,17 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. 1, 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 ,16,17 

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: 

• 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 . 

• 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 A2.3. 

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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(a) . (b) (e) Cd) 

Figure A.2.3 Representations of Microprocessor Instruction - 11, (a) Transfer 
Instruction, R2-RI; (b) Add Instruction, R3-RI + R2; (c) 13, OR 
Instruction, R2 - R 1 OR R2; (d) 14 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 If, is executed anyone of the 
following can happen: 

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

• In addition to instruction If' some other instruction Ik is activated. This fault is 
denoted by F(I/If + Ik). 

• No instruction is executed. This fault is denoted by F(I/¢). 

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 a 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 a or 1. 

• 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 AL U 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. 12 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-Ievel 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 nmc­
tions defined by a set of binary decision diagrams (see box, page 521 ).19 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 Ie 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 everyone of its operation modes. Such information can be extracted from 
the module's diagrams in the form of a set of experiments. 15,20 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. 15 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. 16 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.17 More specifically, we considered a one-bit 
microprocessor slice C that has all the basic features of the four-bit Am2901 microproc­
essor slice. 10 The circuit C was modeled as a network of eight functional modules: an 
ALD, 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 Hayes9 

for the same circuit. We also described techniques for modeling some of the features of 
the Am2909 four-bit microprogram sequencerlO 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 asfault simu­
lation. To clarify how this technique can be used to generate tests for LSI systems, we 
will first describe its use with SSIIMSI-type circuits. 

To generate a fault simulator for an SSIIMSI 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 

• a 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,21 and the Testaid III fault simula­
tor developed at the Hewlett-Packard Company. 12 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: 

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

• the existence of a good fault model for the DDT 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 operation 16 
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. 
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BINARY DECISION DIAGRAMS 

Binary decision diagrams are a means of defining the logical operation of digital 
functions. 19 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" 1" 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 A2.4(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 ofX. If X = O,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 ° or 1 value is reached, we can 
determine the value C. Figure A2.4(c) shows the diagram representing the func­
tion S of the half-adder. 

x y 

HALF·ADDER 

c S 
(a) 

c 

o 

(b) 

s 

1 o o 

(c) 

Figure A.2.4 (a) A Half-add~r; (b) Binary Decision Diagram for C = x. Yj (c) Binary 
Decision Diagram for S = X €a y 

To simpUfy 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 A2.5 shows how this convention is used to sim­

':p!iiji the,diagrarns describing the half-adder. 
,~.. , ':, 

".'>..' ' 
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Figure A.2.5 Simplified Binary Decision Diagram~ f~r; theffillf:ad~~ , 

In the previous discussion, we have considered only·Simple'diagrams in which 
the variables within the nodes are primaryillP\;lt,variaNe,s: .. H~eyer, we can expand . 
the scope of these diagrams by using auXjliary,~UWI~saStl>:ehQp.<:; Varl\lbles. These 
auxiliary variables are defined by theii~~.;;rn:us,'when'lis.~~~ll~cNl1ter5.'Such , 
~ node variable: sayg, while, tra,cinga,path, h;e ti1~1~:t,Pi:?~~~, ,'h.,>,d~~",. 
fig g to determme the value of g, and then return to'the oogttJ.:a.l ' . ,~dJaR:ethe, 
appropriate branch. This process is sinlilarrothe,Use of sub.rOutin,e~,ih high-level ' 
programming languages. " , 

For example, consider the full-adder defined by: 

Cj + J =EF~f +;EiAf "., " 

t·' : ~>'~~~)f~) 
> .... ~: ,M 0)-

where Ef:= Aj + Bf. Figure A,2.6 shows the diagrams for theset~~,'e ';,~#~j:ifJk; 
the user wants to know the value of Cj + [when the values~t)le,~~rP~;,\" 
inputs At,Bf' and C are alII's, he enters the Cj+ 1 diagram, w.~r~h~~p.'C8~ntei5", 

, ,; \~{.;).!~";" ~~,":: .. ": ':' __ :: ::;{i··~t~:< 

Figure A.2.6 
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the node variable Ej- by traversing the Ej diagram, he obtains a value of O. Return­
ing to the original Cj + 1 diagram with Ej ;: 0 will result in taking the 0 branch and 
exiting with Cj + 1 = Aj = 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 auxi/­
Bary variable. 

Akers 19 described two procedures to generate the binary decision diagram of a 
combinational functionf. The first one uses the truth table description off, while 
the other uses the boolean expression off. 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.20 ' 
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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 A.3.1. 

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. 
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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 DDT 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 DDT during the testing process is to apply 
the test patterns simultaneously to both the UUT and a golden unit and to compare 
their responses 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 DUT 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 DDT 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 formJtR) 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! 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! exist, such as "the number of 1 's in the 
sequence," "the number of 0 to 1 and 1 to 0 transitions in the sequence" (transition 
counting),24 or "the signature of the sequence" (signature analysis).25 For each com­
pression function!, there is a slight probability that a response Rl different from the 
fault-free response RO will be compressed to a form equal to JtRO) , i.e., JtRl) = JtRO). 
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Thus, the fault causing the DDT to produce Rl 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. 

TEST 
PATTERNS 

Transition Counting 

UUT RESPONSES 
R 

Figure A.3.3 Compact Testing 

ERROR 
~~~SIGNAL 

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 DDT 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 n-bit counter is required, 
where n = [10g2m]. 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 DDT 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 DDT 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 A3.4. 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 
Xl,X2,X3, and X4 (i.e., Xl stuck-at 0, Xl 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 Sl y 

0 0 X1 
0 1 X2 
1 0 X3 
1 1 X4 

y 

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

example, the fault "Xl 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 A3.1 (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 anyone time.) 
Thus, the test sequence shown in Table A3.1 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 
A.3.2, 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 "Xl 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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0 0 1 0 0 0 1 
0 0 0 1 1 1 0 
0 1 0 1 0 0 1 
0 1 1 0 1 1 0 
1 0 0 0 1 0 1 
1 0 1 1 0 1 0 
1 1 0 0 0 1 1 
1 1 1 1 1 0 0 

Table A.3.1 The eight test patterns 
used for testing the 
multiplexer of 
Figure A.3.4 
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So SI X1 X2 X3 X4 Y 

0 0 1 0 0 0 1 
0 1 0 1 0 0 1 
0 0 0 1 1 1 0 
0 1 1 0 1 1 0 
1 0 0 0 1 0 1 
1 1 0 0 0 1 1 
1 0 1 1 0 1 0 
1 1 1 1 1 0 0 

Table A.3.2 A different sequence of 
the eight multiplexer 
test patterns 

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 
. A.3.5 shows an example of a linear feedback shift register used in signature analysis. 

SERIAL 
DATA 
INPUT 

16-BIT SHIFT REGISTER 

Figure A.3.S 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 n is fed to the serial data input line (representing the output 
response to be evaluated). There are 2n 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.27 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 n = 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 n> 16, the probability of missing a faulty response when using a 16-bit signa­
ture analyzer is27 

2n - 16_1 ____ - 2 - 16, for n> > 16. 

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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