














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































BEGIN EQUATION
stateReg.ar=clr;
turnedOn=1;
turnedoff=0;
On=1;

END EQUATION

BEGIN STATE_pIAGRAM
state Start: goto A0 with
greenA:=turnedOff; yellowA:=0n; redA:=turnedOn;
greenB:=turnedOff; redB:=turnedOn;
endwith;
state A0: goto Al with .
greenA:=turnedOn; redA:=turnedOff;
endwith;
" state Al: if ( sensorA & !sensorB ) then Al
else if (!sensorA & sensorB ) then A5 with
greenA:=turnedoff; yellowA:=0On;
endwith
else if ( sensorA == sensorB ) then A2;
state A2: goto A3;
state A3: goto A4;
state A4: goto AS with
greenA:=turnedOff; vellowA:=0n;
endwith;
state AS5: goto BO with
redA:=turnedOn;
yellowB:=0n;
endwith;
state B0: goto Bl with
greenB:=turnedOn; redRB:=turnedOff;
endwith;
state Bl: if (!sensorA & senscrB ) then Bl
else if ( sensorA & !senscrE ) then B5 with
greenB:=turned0off; yellcwB:=0n;
endwith
else if ( sensorA == gaznsnrB ) then B2;
state B2: goto B3;
state B3: goto B4;
state B4: goto B5 with
greenB:=turnedOff; yellowB:=0n;
endwith;
state BS5: goto AQ0 with
redB:=turnedOn;
yellowA:=0n;
endwith;
state undefine: goto Start;
END STATE DIAGRAM

TL/L/11296-9

3-93

018-NV




AN-810

This simple state machine also fits into a GAL 22V10 using
D flip-flops. It would consume about one-third of the
22V10’s product terms, and all 10 outputs. In the efficient
PLA architecture of the MAPL, however, only 14 product
terms are needed, less than one of the 8 pages of the de-
vice. Since the state bits can be buried, more 1/0 are free
for additional functions as well. Even in this basic example,
the advantages of the MAPL architecture for state machine
design is evident.

The entire traffic signal controller can also be defined in the
Berkeley PLA format shown below. This OPEN PLA format
allows the same design to be transferred from one design
tool package to another. National’s OPAL software com-
piled the state machine above into a Berkeley PLA filg, per-
formed the minimization and page assignment required by
the MAPL, and generated the revised PLA file shown below.
This output can then be compiled into a JEDEC map for
programming the MAPL128.

The PLA file format is extremely compact. The lines begin- -

ning with “#$" are comments used by Nationalfs software

for device or tool-specific information. The line beginning
with ““.i” defines the number of PLA inputs and the line be-
ginning with “.0” defines the number of PLA outputs. “.ilb”
defines the input label names, while “.ob” defines the out-
put names. Notice that the software has automatically creat-
ed the two macrocell inputs required by the MAPL DE or JK
flip-flops, and defined the necessary polarity seléctions with
the “-” suffix. The “.type” and “.phase” definitions are.not
used by the OPAL software. The “.p” line shows the total
number of product terms in the design, including the 4 iden-
tical asynchronous reset terms at the bottom. The PLA map
itself is in truth-table format, with each column defining an
input or output in the order defined above. Each product
term is represented by a single row. A “-” defines a “don’t
care” input, while “~ " defines the same for outputs.

This is the format which allows software from different ven-
dors to interchange PLD design information. Any software
package which generates this file can be used as the design
entry vehicle for the MAPL device. A PLD design tool with
specific MAPL support, such as OPAL, can then perform the

JEDEC map creation ’required for programming.

#$ TOOL NSC ; , - LT

#$ TITLE OPAL Traffic Signal Controller, D. Hawley, NSC, 15 Aug 1991
#$ TITLE T ‘
#$ DEVICE MAPL128

.1 10
.0 26 i : .
#$ PINS 10 clk:6 clr:5 senscrR:4 sensorB:3 greenA:12 redA:13 greenB:15
redB:16 yellowA:11 yellowR:10 : : : .
#$ NODES 6 s3:37 s2:30 s1:31 20:32 pb2:39 pbl:38

.1lb clk clr sensorA sensorB s3 s2 sl s0 pb2 pbl

.0b s83.j s3.k s2.3 s2.k sl1.j sl.k s0.3j sO.k greenA.d greenA.ce redA.d
redA.ce greenB.d greenB.ce redB.d redB.ce yellowA.d yellowA.ce-
yellowB.d yellowB.ce- sO.ar sl.ar s2.ar s3.ar pb2.reg pbl.reg

.type f c B

.phase 13111111111111111111111111

.p 18 L

--01 010000 11110000 010000001000000000 o

~---- 100000 00000000 00110000001000000C =

--10 110000 111113100 000001000010000000

~=00 --0-00 00000011 000000000000000000

--11 --0-00 00000011 000000000000000000

-=--- 100100 00110000 000011010000000000

--~=- 111100 11110000 000001000010000000

---= 000000 00001100 011101000000000000

-=== 00-000 00000011 000000111000000000

-=-=- -11-00 00000011 000000000000000000

~-~= =-00-00 00000011 000000000000000000

---- 011100 11111100 010000001000000000

---- =10100 00001111 000000000000000000

--==- 001100 00111111 110100000000000000

mlmm cmmmme mnmnnna A n ]~
wloe mmmmme v e ]
rloe cemeee o ne v e o e

-
ERESETE

elme mmmmee ~mamnaan mmnmaanmnmann] v
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A second classic example demonstrates the abilities of the
MAPL to a greater extent. The state machine described by
the following diagram is for the control of a 3-floor lift. It
responds to calls for service and displays the status of the
lift. It has 10 inputs, which include a call button for each
floor, an “open” button inside the lift, and sensor inputs

1st Floor

state upfroml :

which indicate the position of the lift and its doors. 13 out-
puts control the motor and doors, and drive a 7-segment
display and the up and down indicators. No manual state
assignment was performed in this example, so the software
created the 5 state bits automatically. The full state diagram
is too long to present, but a sample is shown below.

TL/L/11296-8

disp:=one; up:=2call+3call;

if ( /arrive2 ) then upfroml with Umotor:=1; endwith
else if ( 2call ) then open2_up
else if ( 3call ) then upfrom2 with Umotor:=1; endwith

else open2_up;

TL/L/11296-12
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In this state example (uf1), the display decode is specified in
the first line. An if-then-else syntax is used to describe the
branch conditions, and the up motor is driven if the lift has
not yet arrived at its destination. The remaining states are of
similar complexity.

The OPAL software generates a log file which summarizes
the total device utilization. This can be used to analyze the
design, and to determine whether it might have fit in another
type of device. In this example, the raw PLA file had 120
product terms. After minimization, the design occupied 70
product terms. In the paged architecture of the MAPL, how-
ever, a few terms needed to be duplicated.on more than
one page, so a final total of 78 of the 128 product terms
were actually consumed. This represents 60% of the terms
available on the device. Notice that although some outputs
require up to 32 product terms, the terms can be split

Device Utilization:

among multiple pages because only a few are used in each
state. The sum of the individual output terms is less than the
total because terms can be shared among multiple outputs
in a PLA architecture.

No PAL could implement this state machine in a single de-
vice. Even the highest-density PAL architecture on the mar-
ket cannot handle the intensive product term requirements
of this design; partitioning would be required. Only a PLA
architecture can provide an efficient implementation. This is
generally true of any complex state machine design. Most
importantly, every signal has the same timing relative to ev-
ery other, impossible to achieve in a partitioned PAL or
FPGA architecture. This design can run at a 45 MHz clock
rate in the MAPL, and modification of the design will not
affect the set-up, hold, or clock-to-output timing parameters
of any signal. This knowledge provides the user with a solid
base on which begin any design.

(100.0%)

No of dedicated inputs used -1 9/9
No of feedbacks used as dedicated inputs t 1/12 (8.3%)
No of dedicated outputs used :4/4 (100.0%)
No of feedbacks used as-dedicated outputs : 9/12 (75.0%)
No of buried feedbacks used : 2/8  (25.0%)
No of page bits used : 3/3 (100.0%)
Pin Label Terms Usage
21 down 9/128 (7.0%)
20 up 8/128 (6.2%)
19 g 6/128 (4.7%)
18 £ 1/128 (0.8%)
17 e 23/128 (18.0%)
7 d 6/128 (4.7%)
8 ¢ 20/128 (15.6%)
9 b 11/128 (8.6%)
10 a 6/128 (4.7%)
12 Umotor 3/128 (2.3%)
13 Dmotor 3/128 (2.3%)
15 opendoor 3/128 (2.3%)
16 closedoor 4/128 (3.1%)
29 statebit~01 5/128 (3.9%)
33 statebit~05 32/128 (25.0%)
37 statebit~04 28/128 (21.9%)
38 statebit~02 20/128 (15.6%)
39 statebit~03 25/128 (19.5%)
Total 78/128 (60.9%)
TL/L/11296-13
SUMMARY

PAL architectures are ideal for high performance logic re-
placement. The new generation of high-density PAL archi-
tectures provide greater integration for applications with a
limited number of product terms. State machine applications
require a large number of shared product terms, and are
best suited to PLA architectures. National’s MAPL128 is the
first of a new family of paged-PLA devices which provide
high performance for complex designs. FPGAs provide high
levels of integration, but performance is extremely variable
due to interconnect delays.

The best way to evaluate a technology is to compile a de-
sign onto a range of devices. Manufacturer support of open
PLA formats guarantees that users have access to the lat-
est devices within a consistent design framework. National
Semiconductor provides access to MAPL devices through
its own OPAL software and by working closely with PLD
software vendors worldwide. In this way, state machines
can be integrated as a part of a board design.




A Smart UART Design
Implemented in a MAPL128

A “smart” UART is often necessary to interface to a PC
when designing a stand-alone circuit. This application note
describes a UART design implemented in a MAPL128 pro-
grammable logic device. The state diagram, sample timing
diagram, and OPALTM entry language listing are included.
This UART design utilizes 77% of the MAPL128 device, al-
lowing the designer the flexibility of changing or adding to
the design. :

The UART uses standard RS-232 signals—TxD, CTS, RxD,
and DTR—and models a standard 8-bit UART running at
9600 baud. An integrated counter divides the clock by 16
from 153.6 kHz to 9.6 kHz. The UART design checks for
parity and framing errors, sending a message back to the
host if these occur, and incorporates an 8-bit interface to a
bidirectional data bus.

National Semiconductor
Application Note 800
David O’Neal

The UART begins receiving when the serial in (SIN) signal
goes low for more than half a bit width. The UART then
samples the middle of each following bit to ensure stable
data, toggling on each occurrence of data = 1 and holding
on data = 0. After the eighth data bit, the UART compares
the parity bit with the parity it has calculated. If these are not
identical, a parity error has occurred. The SIN is sampled
again to detect the stop bit. If SIN is low, a framing error has
occurred. The UART sends a request back to the host and
waits for more data if a parity or framing error has occurred,
otherwise it raises the READY flag and holds the data on
10[0:7]. i

To transmit, the system controller pulls the LOAD signal
high. After checking the host's DTR signal, the UART loads
data into 10[0:7], issues a start bit, and shifts the data seri-
ally. The UART then issues a parity bit and a stop bit and
returns to the idle state.

RESET
-— FROM Pé ) READY
LOAD
RxD SIN |
_’rxo* SOUT T0 SYSTEM
< CONTROLLER
c1s MED MAPL128 8.
DTR DTR UART
—_— > 1/0 BUS
TRANSCEIVER
ERROR_O ERROR_I

h

TL/L/11295-1

3-97

008-NV




AN-800

STARTR
SIN=0*COUNT=7

R

m
S e
(=]

COUNT=F
100:=SIN |

A\

COUNT=F
101:=SIN |

COUNT=F
102:=SIN

QA

=3
w
-

COUNT=F
103:=SIN

S

>

|

4
= 1= @
—_ -
w o~
- o

105:=SIN

[
VALY,

COUNT=F
106:=SIN

R

A
=1
P\,

COUNT=F
107:=SIN

A

PARR

COUNT=F*
PARITY=SIN ¢

( STO!

COUNT=F*SIN=1
READY:=1

\

AALALA:
VAVAVAVAVAY)

SIN=0
READY:=0

COUNT=F*
PARITY!=SIN

COUNT=F*
SIN=0

RST

10:=FF
ERROR:=

LOAD=1

SOUT:=0

COUNT=F
SOUT:=100

BIT

COUNT=F
SOUT:=101 |

BIT

COUNT=F
SOUT:=102

A

o
=
ol

COUNT=F
SOUT:=I03

ALATA
VAVAVAVAY

COUNT=F
SOUT:=104

COUNT=F
SOUT:=I105

[\

COUNT=F
SOUT:=l06

=4
=1
~

(=]
o
(=
z
S
-

SouT:=107

SOUT:=PARITY ¢

ST
=F
SOUT:=1
READY:=!ERROR

Q
o
<
z
=
-

af
V

(=3
<
-

(=]
o
c
=
3
|

STARTT

N

1

S
—

T

T

T

T

T

T

ERROR:=0

TL/L/11295-2

3-98




$§ UART .

008-NVY

.J
PAGE 3T+ 646 5 17 517 o a6 a4 65T 7 5] 7ol 1] o

00 XX 03 X723 FF

i E H

IRRARARRR R RN AR RN R R R A AR R R R R R AR R R R R R AR AR R R R R NN R R R R R U R RN R R RN RN RN R RN

A:BADSEND.LST o . <ESC> TO EXIT
8 J\_ J
~" ~N
RECEIVED A3 SEND RESEND
WITH BAD PARITY MESSAGE
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4136 $ UARTY
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begin header

This device is the serial interface controller for the serial port MAPL Eval board project.
The UART section is clocked 16 times faster than the data communication rate, uses 1 stop bit
and even parity. It is implemented on a MAPL128.

end header
begin definitions

device MAPL128;

inputs ‘ . L
sin=6,dtr=5,error_i=2,load=25,rst=26;

feedbacks (JK,HOLD)
io7=23,1i06=22,i05=21,1i04=20,i03=19, 102-18 iol=17, ioo—11,

feedback (JK,RST,BURIED)
clear;

feedbacks (JK,HOLD,BURIED)
parity,send, iomode, count3,count2,countl;

feedbacks (JK,TOGGLE,BURIED)
count0;

statebits (JK,HOLD)
sb3-7 sb2— 8,sb1=9,sb0=10;

output (JK, HOLD)
sout=12;

output (JK,HOLD) ]
: error_o=15,ready=16,cts=13;

set count = [count3,count2,countl, couhtb] B
set io = [i07,i06,i05,i04,1i03,102,1i01,100];

state names
IDLE=~h0,START="h7, PAR="h2 ,ERR="h1,STOP="h4, .
BITO0=*h8,BIT1=*h9, BIT2="hA BIT3"‘“hB,BIT4—"hC BITS—"hD,
BIT6="hE, BIT'?"'"hF'
end definitions
begin equations-
io.oe = iomode; (allows you to tristate IO outputs with a variable.)
end equations
begin truth_taple
ttin
clear, count3,count2,countl counto,

send,sb3,sb2,sbl, sbo,
io7, i06, ios, io4 ’ io3, io2,iol,i00;

TL/L/11295-5
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ttout

count3,count2, countl,counto,
sb3,sb2,sbl, sbo,
io7,i06,1i05,i04,1i03,1i02,101,1i00;

008-NV

1 - 0001 ==== —=——=—=-— {counter used as a clock

}

O===1 = === ~me—m———— ~=l= === ——————w- (divider. It resets to }

0~=11 = ==== =———————— o R {0001 to account for the }

0-111 = —=== =——————— === ==== ==—=---- {one clock needed to reset}
----- 1 0111 1l=~-==-==  ==== 1000 1------- (this part of the truth }
----- 1 0111 -1------  -—--- 1000 -1------ {(table loads the IO )
————— 1 0111 --1--=-=  =-=—- 1000 --1----- {variables using only 8 }
————— 1 0111 ---1---=  =——— 1000 ---1---- {product terms (since in}
----- 1 0111 ====1===' ==== 1000 ----1--- {the previous state they)
----- 1 0111 -----1--  ---- 1000 -----1-- {were all set to zero). )
----- 1 0111 1- 1000 1- (Normally with T ff’s it)
----- 1 0111 1 1000 1 {would take 16 product )
{terms. )

end truth_table
begin state_diagram

state ALL : ; {set the reset conditions)

if rst then IDLE with
send := 0;
iomode := 1;
error o := 0;
sout := 1;
ready := 1;
cts := 1; endwith;

state IDIE :

if /sin then START with : {detect a start bit}
clear := 1;
send := 0;

cts := 0; endwith
else if load*dtr then START with {begin a send cycle})

send := 1;
iomede := 0;
io := ~h00;
cts := 0;

ready := 0; endwith
else IDLE with iomode := 1;

sout := 1; endwith;
state START :
case
{waiting to verify) /send* (count != ~h8) : START;

{start bit)

{start bit verified) /send#* (count == ~h8)*/sin*/clear : BITO with
clear := 1; :
ready := 0;
parity := 0; endwith;
{false start bit ) /send* (count == ~h8)*sin*/clear .: IDLE with
{return to IDLE) cts := 1; endwith; :

TL/L/11295-6
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{send out start bit) send : BITO with
clear := 1;
parity := 0;
sout := 0;
iomode := 1; endwith;
- endcase; :
state BITO :. -
if count!=Ahf then BITO
else if /send then BIT1 with
"io0 2= 51n, .
parlty j = sin; L
parity.k = sin; endwith
else BIT1 with’ o
'sout := io0;
parity.j = i 0;
parity.k = io0; endwith;
state BIT1 :
if count!=Ahf then BIT1
else if /send then BIT2 with
iol := sin;
parity.j = sin;
parity.k = sin; endwith
else BIT2 with
sout := iol;
parity.j = iol;
parity.k = iol; endwith;
state BIT2 :
if count!=*hf then BIT2
else if /send then BIT3 with
io2 := sin;
parity.j = sin;
‘parity.k = sin; endwith
else BIT3 with
sout := io2;
parity.j = io2; .
parity.k = io2; endwith;
state BIT3 :
if count!=~hf then BIT3
else if /send then BIT4 with
io3 := sin;
parity.j = sin; o
parity.k = sin; endwith
else BIT4 with
sout := io3;
parity.j = io3;
parity.k = io3; endwith;
state BIT4 :
if count!=~hf then BIT4
else if /send then BITS with
io4 := 51n, :
parlty j = sin;
parity.k = sin; endwith

else BITS with
sout := io4;
parity.j = io4;

{states BITO - BIT7 are)
{identical. Wait until)
{the counter reaches 15}
{then receive input or )
{send output. In either)
{case, toggle parity )
{bit if a one is sent }
{or received. }

oS
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parity.k = io4; endwith;

state BITS :
if count!=~hf then BIT5
else if /send then BIT6 with

io5 := sin;
parity.j = sin;
parity.k = sin; endwith

else BIT6 with .
sout := io5;
parity.j = io5;
parity.k = io5; endwith;

state BIT6 :

if count!=~hf then BIT6

else if /send then BIT7 with
jo6 := sin;
parity.j = sin;
parity.k = sin; endwith

else BIT7 with
sout := io6;
parity.j = io6;
parity.k = io6; endwith;

([

state BIT7 :
if count!=~hf then BIT7
else if /send then PAR with
io7 := sin;
parity.j = sin;
parity.k = sin; endwith
else PAR with
sout := io7;
parity.j = io7;

[

parity.k = io7; endwith;
state PAR :
case
count != ~hf : PAR;
{error if parity} (count == ~hf)*/send*(sin != parity) : ERR with
{does not match ) error_o := 1; endwith;

{continue if it does) (count == ~hf)*/send*(sin == parity) : STOP;

{output parity on send} (count == ~hf)*send : STOP with
iomode := 1;
sout := parity; endwith;
endcase;

state STOP :

case
count != ~hf : STOP;

{error if no stop) (count == ~hf)*/send*/sin : ERR with

{bit is detected ) error_o := 1; endwith;

{return to IDLE if ) (count == ~hf)*/send*sin : IDLE with
{there is a stop bit) cts := 1;
: ready := 1; endwith;

TL/L/11295-8
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{return to IDLE with} (count == ~hf)*send*/error_i : IDLE with
{ready high if this } cts := 1;
{was a normal send } sout := 1;

ready := 1; endwith;
{return to IDLE with } (count == ~hf)*send*error_i : IDLE with
{ready low if this ) cts := 1; :

{was an error message)
{being sent )

endcase;

state ERR :
if dtr then START with
iomode := 1;
io := ~hff;

sout := 1;
error_o :=

send := 1; endwith

else ERR;

end state diagram

endwith;

{load error message (FF) in)
(IO registers and send it )
{to the host. )

TL/L/11295-9
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State Machine Design

Multiple Array Programmable Logic, or MAPLT™ is National
Semiconductor's new family of high density programmable
logic devices. These PLDs are ideally suited for state ma-
chines, controllers, and synchronous logic applications. The
purpose of this application note is to show how easy it is to
implement state machines in MAPL devices. It is assumed
that the reader is familiar with the MAPL128 data sheet,
general principles of logic design, and has knowledge of
PLD design.

e State machine fundamentals

® The state machine design process

® State machine design using MAPL and OPAL™M
* The MAPL state machine architecture advantage

STATE MACHINE FUNDAMENTALS

Implementing a complex state machine with a MAPL device
is much easier than with conventional programmable logic.
To facilitate a MAPL implementation, an understanding of
state machine design principles may be needed. This sec-
tion and the next will review these principles. Once a design
example is illustrated, the capabilities of MAPL will become
more apparent.

National Semiconductor
Application Note 801
Bill Carlson, Snr. Field
Applications Engineer

State machines are used in nearly all digital systems. State
machines often resolve timing dissimilarities between differ-
ent devices and enable them to work together. They also
perform the functions of complex counters and micro-in-
struction sequencers. A state machine is needed when a
microprocessor interfaces to another large VLS| device,
such as a storage controller. State machines are also need-
ed when an adapter board needs to gain access to the sys-
tem bus, or when a CPU needs to interface to a complex
memory architecture. In a slave mode or bus master mode
transfer, state machines are used to translate the signals of
a bus to those of a device the bus is accessing. In bus
masters, state machines implement bus arbitration, the bus
transfer protocol, and limiting bus tenure times upon being
pre-empted. There are also serial protocols that need a
complex state machine to do frame and address recogni-
tion, frame stripping, encoding/decoding and controllmg the
serializing and de-serializing of data.

State machines are based on sequential logic design where
the inputs of the circuit along with the previous outputs de-

_ termine what the next outputs will be. There are two differ-

ent types of state machines, the Mealy and the Moore mod-
els as shown in Figure 1.

Moore State Machine Model

CLK

F 3
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4

-

Tsu Telk Tpd
Inputs ﬁ
Noxt-stale |l € output ) Outpt
Combina.iional ‘ :3‘3 ‘ C:nfruol e
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Output is a function of state only
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Mealy State Machine Model
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In the Moore model, the outputs are only dependent upon
the current state. In the Mealy model, by contrast, the out-
puts are dependent not only on the present state, but also

.on the present inputs. Once a certain state is entered, the

state bits are fed back to the combinational logic where
output functions change asynchronously with respect to the
clock. When an input changes, a corresponding output will
change as well, even between clock periods. This is in con-
trast to the Moore model where an input change won't af-
fect the output until the next clock cycle has occurred and a
new state is entered. This application note will focus on the
more common Moore type.

A state is defined as the current value of a group of state
registers; each individual register value is called a state bit.
The outputs are decoded from the current state and are
used to control the actual functions in the system. The next-
state logic is combinatorial in nature and combines the cur-
rent state information with the inputs to form the logic need-
ed to determine the next state. This logic can be represent-
ed by equations defining the inputs to the flip-flops in the
state registers. These equations are dependent upon the
register used, whether D/E, J/K, R/S, or T. The type of
register chosen affects the complexity of this logic.

Each type of register has its advantages and disadvantages.
In order to derive the equations for transitioning a register
from one state to another, a transition table is needed for
the type of register being implemented. These tables are
somewhat different than the flip-flop truth tables as they are
usually defined. The register transition tables define tran-
sitions only and assume a known current state to a known
next state. Flip-flop truth tables on the other hand define
Hold and Toggle functions as well as Set and Reset func-
tions.

Transition D Input E Input -

0—>0 0
0—1
1—>0

1 =1

| o~

q
1
0

Transition T Input

0—0 0
00— 1

1
1—0 : 1
1—=>1 0

Transition J Input K Input
0—0 0 —
0—1 1 —_
1—>0 — 1
1—1 —

Transition Slinput R Input
0—0 0 —_
0—1 1 ) —
1—0 . 1
1= 1 L—_ 0

Some PLDs have only one type of register, such as the
D-type found in most PAL® and GAL® devices. Some PLDs,
such as MAPL have all four types available for maximum
flexibility. When a design is implemented using PLD soft-
ware tools, they will often optimize the design based on the
available register type. The JK type is the most flexible and
can implement all needed functions such as Set, Reset,
Hold, and Toggle. The hold function is useful because no
further product terms are required to hold the newly tran-
sitioned state of a register. When state machine language is
used in the software design tools, the JK type register can
easily implement the “If-Then-Else” statement. The T-type
register implements only the toggle function and requires a
reset to bring it to a known state. An active input causes the
output to toggle states and it defaults to a hold state. The
T-type register is good in counter applications where only a
few product terms can implement a very large counter. The
RS register is a simpler version of the JK without the toggle
function:

. There are several timing parameters that affect the integra-

tion of the state machine into a system. Minimizing timing
constraints of the input signals is an important factor.
Figure 2 is a timing diagram based on the Moore model as
illustrated in Figure 1.

‘Tsy is the set-up time required By the state registers of the

input signals. It must be guaranteed that all inputs and cur-
rent state feedback information be stable before a Tgy time
period prior to the clock arriving to avoid any metastability
problems. T, is the time period that the data must be held
valid after the clock edge has occurred. These parameters
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must have specified maximum values that are as short as
possible to guarantee that the inputs get properly latched
into the register. TgLk is the clock to output delay of the
state registers. The output logic decodes the current state
information and forms the outputs to the system. Tpp is the
propagation delay of this logic to do this decoding function.
For controlling the output functions, the Tg g and Tpp pa-
rameters must be as short as possible as well. A very fast
TcLk and Tpp ensure that once a state is entered, the func-
tion being controlled by the output control logic will be exe-
cuted as soon as possible.

Determining the overall speed of a state machine is depen-
dent on various timing parameters and implementations.
The maximum clock rate is dependent in many cases on the
kind of state feedback that is implemented. When buried
registers are used in PLDs, the signals are fed back directly
to the AND array and do not pass through a highly capaci-
tive 170 pin that would excessively slow the signal down.

When signals are fed back through these pins the maximum
clock rate is lowered by about 10%. With 1/0 feedback, the
clock rate is dependent on two timing parameters, Tgy and
TeoLk- These two combine together to form the time period
of the state information being clocked through the register
(TcLk) followed by the time delay through the logic array
Tsy). Thus the clock frequency is Fmax = 1/(Tsy + Tork)-
When there is no feedback at all, the set up times aren’t an
issue and the flip-flops can run much faster. However, in a
state machine this clock rate is misleading because there
will be feedback in the circuit. The MAPL128, for example,
has a clock rate of 62.5 MHz with no feedback and
a 40 MHz speed using 170 feedback. The more typical situa-
tion is when the state bits are stored in the buried registers
which allows the device to operate at a higher clock rate of
45.5 MHz like in MAPL144. Many programmable logic devic-
es, especially the newer, high density varieties, specify a
maximum clock rate that the device will operate at without

feedback. In a general logic replacement application, this

may be suitable but with the inherent feedback in state ma-
chines, it should be questioned if those devices were de-
signed with this application in mind. The MAPL devices are
specified with respect to this buried feedback. This parame-
ter, as all others, should be viewed from the system per-
spective of the actual application. There is an architecture
dependence on performance as well. In certain devices,
having one too many product terms can halve the maximum
clock frequency the device will run at. These architectures
will be discussed later.

THE STATE MACHINE DESIGN PROCESS

The state machine design process follows a speciﬁc proce-
dure and has been simplified greatly with today’s poweriul
design tools.

1. Description of the sequential circuit
2. State Diagram

3. Solving asynchronous design and metastability prob-
lems

4. State/transition tables

5. Minimization

6. Flip-flop determination and equation generation
7. PLD selection and programming

This process defines a procedure for implementing state
machine designs. Describing the sequential circuit involves
examining the timing diagrams, protocols, etc. that define
the exact nature of the problem. The state diagram is the
actual solution to the problem described in a flow-chart type
manner. The state diagram is the heart of the state machine
and its accuracy is crucial for the circuit to operate properly.
Here, the proper inputs, control outputs, clock frequency,
and state flow are chosen. The state diagram, although it
shows the exact flow of the circuit as it steps through the
various states, doesn't provide a structured format for de-
scribing each state and the conditions required to transition
to the next state. The state transition table provides this
structure and is derived from the state diagram. At this
point, the design tools that support state machine language
can be used to implement the logic straight from the state
diagram or the state transition table. This makes for an easy
transition to the actual implementation in the MAPL device.
Traditionally, once the state diagram and state transition ta-
ble were derived, the designer had to implement this infor-
mation into simplified logic equations by way of Karnaugh
maps, a manual process that was time consuming and only
practically suitable for a small number of state bits and input
signals. Equations may still be used to derive the output
control functions, but today design software is able to take
the information directly from the state diagram and state
transition table and generate simplified equations in a com-
mon file format that different software tools can easily ac-
cess and manipulate.

Once the state machine has been properly implemented in
the PLD device, the output control equations are derived
from the state diagram or the state tansition table. There are
a few ways of doing this. One way is to use an external PLD
with combinational logic or the PAL array that is internal to
the MAPL2 family. This combinational logic would then de-
code the state information for each of the output functions.
This is illustrated in the Mealy and Moore models as de-
scribed above and in the MAPL2 family illustrated in
Figure 3. ) } S

Another way to implement the output functions that. are
common with PLDs, is to add extra state bits and have the
state bits implement the actual output functions, as shown
in Figure 4. ' :

This implementation assigns state bits that identically repre-
sent the needed output coding, hence the state bits become
the output signals. By eliminating the output control logic,
the Tpp parameter is no longer a factor and faster state
machine performance will result. The designer has to en-
sure that there are enough state bits and that they corre-
spond to the needed outputs. If more outputs are needed
than state bits available, duplicating next-state logic equa-
tions or increasing the number of state bits and assigning
them to unused outputs in the PLD will ensure the right
number of output control signals.

Figure 5 shows an example of a state diagram. A state dia-
gram is usually based on a detailed timing analysis of the
circuit being implemented; however, for this simple example
the timing analysis will be skipped.
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The state diagram (Figure 5) is the core of the state ma-
chine circuit. It defines the inputs, outputs and the condi-
tions required to make a state transition. The diagram as-
sumes a specific clock frequency to ensure’ proper timing
parameters are met. The time between state transitions is
the period of this clock. Within each bubble, the state is
coded in binary. Each binary bit corresponds to a state reg-
ister.- The name of the state may be included as well if de-
sired for reference purposes. The various paths the state
machine may take are indicated by the arrows. The tran-
sitions (arrows) are labeled by the input signal conditions
needed to cause that transition and by the values the out-
puts will take after the transition (enclosed in parenthesis).

Once the sequential circuit has been described and com-
pletely defined in the state diagram, the state transition ta-

ble is derived to facilitate the PLD implementation. The table
is essentially a modified truth table that extracts from the
state diagram all of the state and input conditions required
to make a transition and the output signal values based on
the newly transitioned state. Every possible combination of
signals is defined here. The table is created by starting with
a state, usually a default or reset state, and examining what
conditions cause a state transition. These conditions could
be a change in an input signal value, or an unconditional
transfer where there are no branches and the next state is
transferred to regardless of input conditions. This process is
then done for all the remaining states and the output signal
values are defined for each of the new states. The state bits
are the actual register outputs in the implemented design.
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Every state transition and input condition is listed. It should
become quite apparent, when creating the state transition
table, that its accuracy is entirely dependent upon that of
the state diagram. The state transition table for this example
is shown in Figure 6.

c;:::t Inputs :t:’:; Outputs
S§2 S1 SO R S2 S1 SO X Y
0O 0 © 0 0 o0 o 0 0
0O 0 o©0 1 0 0 1 1 0
0o o 1 X 0 1 0 0 1
0 1 0 [o] 1 1 0 1 1
0 1 0 1 0 1 1 1 0
0 1 1 X 1 0o o 0 0
1 o 0 1 1 0 o0 1 1
1 0 0 0 0O 0 O 0 0
1 1 0 X 1 1 1 0 0
1 1 1 X 1 0 1 1 1
1 0 1 1 1 0 1 1 1
1 0 1 0 0 O O 0 0

FIGURE 6

STATE MACHINE DESIGN USING MAPL AND OPAL

An important need of the designer is in implementing the
next-state combinational logic and output control equations
from the state diagram, or state transition table, as efficient-
ly as possible. To meet this requirement, the MAPL architec-
ture allows the use of common and well established hard-
ware and software design tools. These include popular

third-party tools such as ABEL-4 and CUPL. National Semi-
conductor’'s own OPAL-Open Programming Architecture
Language is a powerful, open software tool for designing
with PAL and GAL devices, as well as the MAPL family.
Figure 7 shows a flow chart of the design process using
OPAL.

OPAL allows the designer to describe a design with Boole-
an equations, truth tables and state machine entry format.
OPAL features pull-down menus, a text editor and an auto-
matic fitter that are all easy to use. The OPAL source file is
in the .OPL format. The OPL2PLA module compiles this
.OPL file to the industry standard Berkeley .PLA format. The
Berkeley .PLA format is an open standard format that differ-
ent software tools can read and process. For example, a

" PLA file generated by ABEL-4 can also be read by OPAL.

This allows designs to be transferred from one tool set to
another, giving the designer the option to use tools that he
is already familiar with. Espresso can be used to minimize
the design and reduce any redundant logic. The traditional
method of logic minimization using Karnaugh maps is re-
placed by Espresso, a public domain program from the Uni-
versity of California at Berkeley. Once minimized, the .PLA
file is “fitted” to the MAPL device or compiled to a JEDEC
file to program standard PLD devices. The fitter allows the
designer to implement his design without a specific device
in mind. Design tools equipped with various fitters give the
'designer different device options when the design is nearing
completion. The MAPL fitter “FITMAPL" is available from
third parties and is also included with OPAL. The next step
is translating the fitted, minimized .PLA file to the .EQN for-
mat via the PLA2EQN module. Arriving at the JEDEC map is
obtained by running the EQN2JED module. Finally, the de-
sign can be simulated using the modules as described in
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the OPAL flow chart. With OPAL, the modules can be exe-
cuted individually, or the sequence can be automated using
the translate command. This allows a quick analysis of the
design as it is being implemented.

Other important features of OPAL are the PAL2GAL,
JED2EQN and EQN20PL modules. The PAL2GAL module
converts the JEDEC fuse map of a wide variety of bipolar
PALs to the JEDEC fuse map required by GALs. GALs are
growing in popularity due to their electrically erasable
CMOS process, low power consumption, and macrocell
flexibility that allow one GAL device to replace multiple PAL
devices. Refer to the PAL to GAL conversion application
note that describes this process in more detail. JED2EQN
and EQN20OPL modules convert an arbitrary JEDEC file to
the OPAL source format. This allows muitiple PAL/GAL de-
signs to be combined in a single MAPL device. Each GAL
JEDEC file is converted to the OPAL language. The individ-
ual files are then merged in a single text file to be processed
by OPAL and fitted to a single MAPL device.

THE MAPL STATE MACHINE ARCHITECTURE
ADVANTAGE

The latest generation of PLDs today are able to integrate
the logic functions that before would require several of the
simpler 20 and 24 pin PLDs. However, these newest devic-
es have significant limitations and may not meet all of the
designers needs. Most complex PLDs are designed for gen-
eral purpose logic replacement and often don't have the
features needed for high speed, complex state machine de-
sign. FPGAs and many complex PLDs have focused on inte-
gration at the expense of overall system speed. Some inte-
grate dozens of product terms throughout the chip, but each
output cell may have access to only a few, a severe limita-
tion in state machines where the total number of product
terms and the number per output are both important. To
increase the number of product terms per output some de-
vices fold back buried arrays, adding logic levels and in-
creasing delays. Programmable gate arrays, while offering
flexibility also need to be routed and predetermined internal
delays may be unknown. The increase in density also brings
with it performance limitations due to longer and more ca-
pacitive routing channels.

For high performance state machine applications, the new
MAPL family of programmable logic is designed to solve
these problems. MAPL is designed specifically for imple-
menting state machines. By focusing on a particular applica-
tion, the device gives the designer important benefits. MAPL
achieves these through the use of a proprietary State Ma-
chine Architecture that is optimized for state machine imple-
mentation.

FPLA ARRAY STRUCTURE

Programmable logic devices can be designed with either the
PAL or the FPLA structure. While the PAL architecture is
very popular for absorbing random logic, the Field Program-
mable Logic Array-FPLA is the best architecture where a
large number of product terms are needed for each output
function.

Both the PAL and the FPLA are composed of an “AND”
array and an “OR” array. The AND” array is essentially a
large number of multiple input AND gates whose inputs
come from external sources or internal feed back signals.
This AND array is programmable. This means that each
AND gate can have a programmable number of input vari-
ables from the array's pool of input sources. This program-
mable array gives flexibility to use only the inputs needed to
define a particular function. The OR array consists of a large
number of multi-input OR gates. The macrocells consist of
various types of flip-flops (D/E, J/K, R/S, or T type) and/or
combinational logic outputs. The macrocells may be buried;
the outputs are fed back to the AND array and don’t have a
direct output to a pin. They can also be dedicated as an
output or used as both an input and output.

The PAL has a fixed OR array whereas the FPLA has a
programmable OR array. Each OR gate in a PAL has a fixed
number of product term inputs. The FPLA has a program-
mable number of inputs to the OR gate. Not only does the
FPLA have this programmable array, but the product terms
defined in the AND array can be shared among the different
functions. A product term used in output function F2, for
example, can be shared by output F3. By sharing product
terms, the FPLA is very efficient in logic utilization where
product terms are needed by various macrocells within the
device. In a PAL by contrast, output F3 would have to dupli-
cate the product term used by output F2.

Since the FPLA shares product terms across the device,
each product term is defined only once and each output has
access to it. For example, MAPL has 128 total product
terms and each output or buried macrocell has access to all
of them. Because of this sharing of product terms, the state
machine is best implemented in a FPLA architecture. In a
state machine there are multiple state bits which use com-
mon product terms based on the current state and/or input
conditions to cause transitions. This can be seen in the
state transition table as defined in the previous example. In
complex applications where dozens of product terms are
shared by various state bits, the PAL structure would be
prohibitively large if it were to integrate that many product
terms because of the large amount of duplication that would
occur. While the FPLA is more flexible, the propagation de-
lay through the programmable OR array increases and
could cause set-up time constraints with external input sig-
nals. The sharing of product terms by the state bits and
output functions means product term utilization is most effi-
cient with the FPLA. A PAL array of the same 128 product
term per output density as MAPL would be the equivalent of
more than 4 GAL22V10s.
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MULTIPAGED ARCHITECTURE

Whereas most new architectures make compromises to fit a
broad range of applications, the MAPL architecture is opti-
mized for state machine applications. Figure 9 is a popular
architecture that integrates multiple PAL blocks with routing
resources.’ ‘

While Figure 10 is a generalization, some important charac-
teristics should be noted. The architectures have focused
on a PAL architecture with a small, fixed number of product
terms per macrocell array. If a macrocell array isn't large
enough, to increase the number of product terms for a par-
ticular function the signal paths must travel through multiple
arrays to gather the required number of product terms. This
brings with it performance degradations that are proportion-
al to the number of arrays traversed. A path through two
15 ns arrays would increase the propagation delay to 30 ns
or more if delays through the routing resources are included.
A function that uses 16 or fewer product terms can operate
full speed at 45 MHz, however, a function needing more

product terms must be implemented by two or more PAL
blocks arranged serially. Thus, if 41 product terms are need-
ed for a function, then three trips through the array are
needed, decreasing the maximum clock rate by a factor of 3
to 15 MHz. The MAPL architecture, on the other hand, has
the same high clock rate regardless of the number of prod-
uct terms used for a function, up to the maximum in
the device. o o T

Not only is there a performance limitation with the architec-
ture in Figure 9, but fitting the logic equations to the specific
device can be excessively complex. When product terms
are needed by one function from an adjacent PAL array,
assigning signals to pins becomes very difficult and in some
applications may be impossible. This may force the designer
to use a larger, more expensive device, even though it's full
1/0 and logic capabilities are underutilized. MAPL, on the
other hand is very flexible in its fitting process, allowing the
designer to optimize pin assignment that would best suit the
application.
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How is MAPL able to integrate this large number of product
terms while maintaining a high clock rate and keeping pow-
er consumption down to a minimum? The answer is the mul-
tipaged architecture. MAPL’s dynamic paging architecture
allows an output function to use all 128 available product
terms without incurring a performance limitation. The paging
mechanism also means power consumption is reduced to
110 mA, the same as a single GAL22V10 while containing
four times the density. This is critical in many of today's
battery operated notebook computers and other power limit-
ed designs.

As shown in Figure 11 there are 8 separate FPLAs each
with 16 product terms interconnected with a global intercon-
nect bus. Each of these FPLAs is called a page, and at any
point in time, there is only one active page while the other
seven are deactivated. Due to the multi-paged FPLA archi-
tecture, each of the outputs and buried registers has access
to all 128 product terms of which a maximum of 16 are
available at any given point in time. How does this paging
architecture increase the maximum clock rate and decrease
the maximum current consumption? When a page is active,
sense amps from the AND array drive the product terms into
the OR array. These activated sense amps consume power
and contribute a capacitive load to the OR array. When the
sense amps are deactivated (tristated) their capacitive load-
ing is minimized and won’t slow down the product term bus.
Also, these deactivated sense amps consume considerably
less power than an activated one. By deactivating 7 of the 8
pages capacitive loading and power consumption is de-
creased significantly. Are there any limitations with this con-
dition? The only limitation is that any one particular state
cannot require more than 16 product terms. A state ma-
chine that does have this condition would be an extraordi-
narily rare condition and shouldn’t be considered a limitation
to the designer.

When an output function needs product terms in a page that
currently isn’t active, the page macrocells deselect the cur-
rent page and multiplexes the needed page. This dynamic
page switching takes advantage of a state machine charac-

Inputs E——)

" AND

1/0
| _Feedback

teristic in which only the product terms associated with the
current state are relevant at any given point. Product terms
associated with other than the current state are not needed
and are a don't care condition. This paging architecture
gives each output function or state bit the resources of a
large 128 product term FPLA while keeping only a small
number of product terms active without slowing the maxi-
mum clock rate down. General purpose PLDs must keep all
product term arrays active which wastes power and de-
creases performance levels in medium to large state ma-
chine applications.

FLEXIBLE INPUT AND OUTPUT MACROCELLS

In state machine applications, having flexible input and out-
put macrocells offer important advantages. Having D/E,
J/K, R/S, or T types available enable large counters and
sequencers to be integrated efficiently. In the MAPL2 se-
ries, the ILMCs (Input Logic MacroCells) are specifically de-
signed for expanding the range of possible applications by
enabling the device to capture a wide variety of asynchro-
nous input signals.

Input signals and current state information logically combine
to determine the next state. As mentioned previously these
input signals must meet certain set-up and hold times for
the registers. For MAPL, the Tgy = 17 ns while the Tyg =
0 ns. If these requirements aren’t met the signal is asyn-
chronous to the main system clock. The ILMCs are de-
signed to be used to solve this problem. When a metastabili-
ty condition manifests itself, more than likely the register will
hold the previous value without changing; however, there is
the possibility of the output oscillating or being in a floating
state. A very undesirable situation. The output is indetermi-
nate, so guaranteeing that the set-up times of the state and
170 registers are met is critical.

If an input signal is asynchronous and is required to change
states, the signal must be latched in a register and held until
after the next clock cycle so the Tgy of the following cycle
will be met. This method of latching the asynchronous input
signal is implemented by the ILMCs of the MAPL2 family, as
shown in Figure 12.
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The ILMCs provide double buffering of 16 inputs coming
from the input pins. Either single, double, or no buffering at
all can be selected via the select mux. The ILMC registers
may be preset via an intialization product term and the input
data can be clocked by three selectable clock sources: the
system clock, a separate input clock, and by a global prod-
uct term shared by all ILMCs. The solution for metastability
prevention is to synchronize the asynchronous signal by
preventing it from appearing until after the system clock so it
will have the proper Tgy for the following system clock.

This is done by first latching the signal in a register, probably
using the input clock or global product term, and then isolat-

ing the latched output using a second buffer which is

clocked by the system clock. The first register must be iso-
lated from the AND array because if it's output occurs too
soon, the Tgy of the next clock cycle may still not be met.
By clocking the second register by the system clock, it will
be guaranteed that the Tgy of the following clock cycle wnII
be met.
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MAPLT™ Demonstration
Board

1.0 Introduction

The goals of this project are to show the versatility and func-
tionality of National Semiconductor’s Multipaged Array of
Programmable Logic, MAPL, as well as provide the custom-
er with a design and testing tool. The MAPL products were
designed for high speed complex state machine applica-
tions. The MAPL demo board demonstrates the MAPL’s
high speed performance and verify the customer’s MAPL "
designs in silicon. The demo board takes user defined test
vectors from an IBM® AT and inputs them to a programmed
MAPL at 40 MHz and reads back the outputs. There are two
MAPLs demonstrating key applications on this card: a PC
bus interface for a plug in card, and a loadable 13-bit ad-
dress counter. ’

2.0 Functional Description

The MAPL demo board can store up to 8192 user defined
test vectors with 16 input terms available for each. First, the
user writes the number of test vectors to the circuit to initial-
ize the address counter. Then the test vectors are loaded
sequentially into the input RAM with a bulk write. When the
write is done and a test command is given, the circuit steps
through the test vectors, one per clock cycle, inputting them
to the customer’s programmed device at 40 MHz. Up to 16
outputs of the tested device are stored in the output RAM
with each clock cycle. During the testing process, the CPU
can check if the board is still testing with the status bit.
Once testing is complete, the user can read the results from
the output RAM. ) :

3.0 Hardware Description

The MAPL demo board is made up of four major compo-
nents:

1. AT bus interface, a MAPL128

2. Address generator, a MAPL144

3. Clock and Memory controller, a PAL16L8

4. Device under test, either a MAPL128 or MAPL144
Figure 1 is a detailed block diagram.

3.1 AT BUS INTERFACE
This MAPL128 device controls the modes and data flows on
the demo board dependant upon the software instructions.
It uses the standard AT bus interface protocol for a memory
mapped device, i.e.,, SMWR, SMRD, AEN, RST, and the 20-
bit address bus. The demo board occupies a 64K memory
segment in the lowest 1M of the address space, specifically
D0000 to DFFFF. Within this segment, it is split up by the
following modes: -

D0000—D3FFF Input RAM on write, output RAM on

read
D8000—DBFFF Address generator initialization

DCO00—DFFFF Begin test on write, circuit status check
on read

National Semiconductor
Application Note 802
David O’Neal -

The OPAL™™ listing for the AT interface is listed as Figure 2.
Following is a description of the AT bus interface modes.

3.1.1 Address Generator Initialization

This is the first mode necessary to set up the circuit. Here
the user declares the first RAM address used. The AT inter-
face device latches the data bus, then signals a load to the
address generator with the AD_LATCH signal. It then re-
turns the IDLE state after ample loading time. Writing to any
address between 8000 and BFFF will initialize the counter.

3.1.2 RAM Write Mode

A system write to any address between D0000 and D3FFF
will signal a MAPL demo board RAM write. The AT interface
latches the data bus and sends out a WRITE__| flag to the
Clock and Memory controller which in turn enables the input
RAM. The AT interface then strobes the WE on the input
RAM and advances the address generator to the next ad-
dress. Then it returns to the IDLE state when the system
write (SMWR) is unasserted.

3.1.3 Begin Testing and Status Check

By writing the address of the first test vector (on the data
bus) to any address between DC000 and DFFFF, the AT
interface begins 40 MHz testing. It latches, the data bus and
gives a load signal to the address generator (AD_LATCH).
It also outputs CLKSEL, signaling the Clock and Memory
controller to start the 40 MHz clock, and TEST, to configure
the input and output RAMSs. The AT interface then waits until
the address generator gives the DONE signal. During this
time, the user can check the status bit to see if the demo
board is ready to read the data back. If the CPU reads an
address between DC000 and DFFFF, the AT interface chip
enables the STATUS output, which is equal to the TEST
signal, and connected to bit 15 of the data bus.

3.1.4 RAM Read

After all the outputs of the programmed device are entered
into the output RAM, the user can randomly access this
data. The AT interface responds to a system read between
DO0000 and D3000 by latching the lower 13 bits of the data
bus to the output RAM and driving the data onto the data
bus, just like any normal RAM access.

3.2 ADDRESS GENERATOR

This device generates the address for the input and output
RAMs when loading and clocking through the test vectors. It
is a 13-bit loadable count-down counter implemented in a
MAPL144. It loads a user defined address from the data bus
when the AD__LATCH signal is high. Due to MAPL’s limit of
16 active product terms per page, it takes two clock cycles
to load the address. When AD_LATCH goes low again, the
device counts down to zero, one address per clock cycle.
Upon reaching zero, it outputs a DONE flag to signal the AT
interface and remains idle. There are 13 inputs for a total of
8K addresses. The OPAL listing is included as Figure 3.
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3.3 CLOCK AND MEMORY CONTROLLER

This PAL16L8 device controls the clock timing and enables
the memory chips with respect to the AT interface modes. It
has two clock inputs, one system clock and one 40 MHz
clock, and two clock enable lines, PULSE for the system
clock and CLKSEL for the 40 MHz. The system clock is
used during the address generator initialization to clock that
device through the loading states and prepare it to count.
The system clock is also used to decrement the address
generator after each RAM write to prepare for the next
write. The system clock is inverted to allow the AT interface
outputs to settle before clocking. The 40 MHz clock is used
in three different phases during the test mode. The first ris-
ing edge goes to the address generator to decrement the
address. After 8 ns, the address is stable at the input RAM,
and the data is stable at the tested device 12 ns later. The
MAPL has a 15 ns setup time, thus the device under test
needs to be clocked a total of 35 ns (8 + 12 + 15) after the
address generator. By using a 16L8B with a nominal propa-
gation time of 11 ns, we can feedback the signal once and
generate a clock skewed by 11 ns per cycle, thus giving a
rising edge to the customer’s design 36 ns (11 + 25 ns
clock period) after the address generator. 8 ns after the
design is clocked, the data is ready to be written into the

output RAM. With a 6.5 ns data setup time. The RAM’s write
enable can be strobed anywhere from 14.5 ns to 22 ns (ad-
dress becomes invalid) after the design is clocked. Thus,
feeding the design clock back twice, we have the 22 ns
delay to strobe the write enable.

The Clock and Memory controller also signals the chip en-
able and output enable for both input and output RAM. The
AT interface device puts out three mode signals, WRITE_I,
READ_O, and TEST. On RAM write, the Clock and Memo-
ry controller enables the input RAM with disabled outputs;
on RAM read, it enables the output RAM with the chip en-
able, output enable, and not write enabled. In the test mode,
the input RAM is read enabled and the output RAM is write
enabled. Figure 4 shows the OPAL listing.

4.0 Summary

The result of this is not only a demonstration of how to use
the MAPL products in a typical application, but the demo
board also provides customers with a product to test their
MAPL designs in silicon. All the device designs were creat-
ed and simulated using National’s OPAL, Open Program-
ming Architecture Language, software. These files and tim-
ing diagrams are included.

STATUS DATA_OE
PCADD_OE
SMWR ADDR_OE |
SMRD RST .
AEN AD_LATCH -
PCRST AT INTERFAGE |, DONE ADDRESS
< GENERATOR
HARD_RST MAPL128 WRITE_ MAPL144
TEST ADDCLK
PCA[14:19]
ﬂ READ_O
A yr Vv y A Y ADDRESS
CLKSEL [0:12]
REG_G PULSE CLOCK AND MEMORY FASTCLK | 40
> CONTROLLER N MHz 2
PAL16L8
REG00 SYSCLK
ADDRESS
BUS
— | [— secaver [(mm—
AD_IN[0:12] DUTCLK T4LS541 [0:12)
WE|CE OF CE| WE OF
A 4 A A 4 a A y A A
l—
DATA BUS DEVICE UNDER TEST DATA BUS
LATCH I:ia.r ﬁ MAPL128 OR" q Ol;m:" \# DRIVER ﬁ
PCD[0:15] 7405374 DATA IN MAPL144 DATA OUT 7415541 § PCD
[0:15] [0:15] [0:15)

TL/L/11303-1

FIGURE 1. Block Diagram
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begln header

- This MAPLJZB desxgn is the PC interface for parallel add-in card
based MAPL demo board. - It is a generic bus manager for a memory
mapped device. )

end header
begin definitions
device mapl128;

inputs )
smwr,smrd, aen,pcrst, hard_rst,
pcal9,pcals, pca17,pca16,pca15,pca14,
done,

feedbacks (DE, RST)
test,

outputs (DE,RST)
reg_g,/reg_oc,ad_latch,/rst, /addr_oe,
pulse,status,clksel,write_i,read_o,
/we_i,/pcadd_oe;

end definitions

begin equations
{reading DCXXX at anytime will put the)
{status bit on data[lS] and tell the '}
{cpu if the board is currently testlng}
status.oe = /smrd*/aen*pca19*pca18*/pcal?*pcals*pca15*pca14‘
status := test,

end equations
begin state_diagram

state ALL :
if /hard_rst + pcrst then IDIE
wlth rst :=1; endwith;

state IDIE :
CASE i
/smwr*/aen*pcalQ*pcalB*/pca17*pcalG*/pcalS*/pca14 ¢ RAMW1
w1th reg g, := 1;

reg_oc := 1; {writing to ODOXXX will write }

write i :=1; {the data bus to the' input RAM)

/wq_l := 0} {and increment the address }

pulse := 0; {counter. - }
endwith; )

/smrd*/aen*pcalQ*pcalB*/pca17*pca16*/pca15*/pca14 ¢ RAMR1
with read o := 1;
/addr_oe t= 0; ({reading ODOXXX will put the }
/pcadd_oe := 0; {contents of the output RAM
endwith; {at address XXX on the data bus)

/smWr*/aen*pcal9*pcal8*/pcal7*pcal6é*pcal5+/pcald : ADDW1
with reg g := 1;

TL/L/11303-2

FIGURE 2
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ad_ latch = 1;

endwith;

{writing to 0D8XXX will write)
{the data bus to the address )
{generator. )

/smwr*/aen*pcal9*pcal8*/pcal7*pcal6*pcalS*pcal4 : TEST1

with reg g := 1;
reg_oc := 1;

ad_latch := 1;

test := 0;
endwith;
ENDCASE;

state RAMW1 :
if smwr then IDLE

reg_oc := 1; endwith;

state RAMR1 :

goto RAMR2

with read o := 1;
/addr oe := 0;
/pcadd oe := 0;

endwith;

state RAMR2 :
goto IDLE with
/addr_oe := 0; endwith;

state ADDW1 :
goto ADDW2
with reg_oc := 1;
ad_latch :=
pulse := 1;
endwith;

state ADDW2 :
goto ADDW3
with reg oc := 1;
ad_latch :=
pulse := 1;
endwith;

1;

state ADDW3 :

if smwr then IDLE

with reg_oc := 1;
ad_latch := 0;
pulse := 1; endwith

else ADDW3

with reg oc := 1;
ad_latch := 0;
pulse := 0; endwith;

{(writing to ODCXXX will write }
{the data bus to the address )}
{generator and begin test mode}

{RAM write: }
{1 - latch the data bus )
{2 - write enable the memory )
{3 - wait for smwr to go low }
{ . (to avoid double write) )
{4 - increment addr generator)

{RAM read: }
{1 - disable addr.gen. address)
{2 - enable PC address

{3 - read enable output RAM
{ and data bus driver

{4 - hold for 2 clocks

S S

{Address write: }
{1 - latch data bus }
{2 - send ad_latch to addrgen})
{ to read address }
{3 - strobe addrgen twice }
{ (two clocks to read) }

{4 - wait for smwr to go low }

FIGURE 2 (Continued)

TL/L/11303-3
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state TEST1

goto TEST2

with reg_oc

~ ~e

=1
clksel := 1
ad_latch :=

= 1;
test := 1;

endwith;

state TEST2

.
.

goto TEST3

with ad latch :

=1;
clksel := 1;

test := 1;

endwith;

state TEST3

if done then IDLE
else TEST3

end state_diagram

with clksel :=
test := 1;
endwith;

1;

FIGURE 2 (Continued)

{Test mode:)

{1 - load address as above }
{2 - set addclk to fastclk }
{3 - assert test flag )
{4 - wait for done signal )

TL/L/11303-4
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begin header
address’ generator for MAPL Demo Board
This design is a loadable 13-bit countdown counter
implemented on the MAPL144 device

end header

208-NV

begin definitions
device MAPL144;
inputs
rst,ad_latch,addr_oe,
ini2, 1n11 inl0,in9,in8,in7,in6,in5,in4, in3,in2,in1,ino;

statebits (D,RST, BURIED)
sb2,sbl,sb0;

feedbacks (JK,HOLD)
adl2,adll,ad10,ad9,ads8,ad7,ad6,ad5,ad4,ad3,adz2, adl ado;

output (D,SET)
done;

set count = [adl2,adll,adl0,ad9,ads8,ad7,ad6,ad5,ad4,ad3,ad2,adl,ado];
set ins = [inl12,inl1,inl0,in9, 1n8 1n7 1n6 1n5 in4, 1n3 1n2 1n1 1n0],

end definitions
begin equation

count.oce = addr_oe;
done.oe = 1;

end equation
begin truth_table

ttin

rst,ad_latch,

'sb2,sbl, sbo,
adl2,adll,ad10,ad9,ads,ad7,ad6,ad5,ad4,ad3,ad2,adl,ado,
in12,inl11,inl10,in9,in8,in7,in6,in5,in4,in3,1in2,in1,ino;

ttout

adl2,adll,adl10,ad9,ads8,ad7,ad6,ad5,ad4,ad3,ad2,adl,ado,

sb2,sbl, sbo,

done;

0= === 0000000000000 000 1 {IDLE}
10 000 0000000000000 000 1

11 000 2222222222222 001 1

1- 001 0 0 010 1 (LOAD HI}
1- 001 1 1 010 1

1- 001 -0 -0 010 1

1- 001 -1 -1 010 1

1- 001 --0 --0 010 1

1- 001 -1 -1 010 1

1- 001 --=0 --=0 010 1

1- 001 —-—=] e § 010 1

TL/L/11303-5
FIGURE 3
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1- 001
1- 001
1- 001
1- 001
1- 001
1- 001

1- 010

10 100
10 100
10 100
10 100

-0 111
11 111

end truth table

o

o

= O

= o

= o

= o

= O

0

00

000

0000

00000

000000
==-~==0000000
----- 00000000
~===000000000
~==0000000000
=-=00000000000
=000000000000
0000000000001

0000000000000

FIGURE 3 (Continued)

0000000000000

0000000000000
2222222222222

111

000

001

PRHEHEHBBRERRERRRE PR

PR

oo

(SR

[=NeReolloRoNoNoNoNaNoNoNoNo NN o)

(LOAD_I0)

{WAIT)}

{ COUNT )

{END_COUNT)

TL/L/11303-6
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begin header

208-NV

Clock and Memory controller for MAPL demo board
end header ‘
begin definition
device 16L8;
inputs
ad_latch,done,clksel,pulse, fastclk, test,

" write_i,read o,rst,sysclk:

outputs (com) ‘
/ce_o,/ce_i,/oe i,/we_o,/0e o;

feedbacks (com)
/delay, /dutclk, /addclk;

end definition
begin equations
/addclk = pulse*/sysclk + /rst + (ad_. 1atch+/done)*clksel*fastclk-

dutclk = addclk + done + /test;
delay = dutclk;

we_o = delay*test:;

ce_o = (test + read_o)*/write_i;
ce_i = (write_i + test)*/read o;
oe_i = /write_i * test * /read_o:
oe_o = /write_i * /test * read o;

end equations

TL/L/11303-7
FIGURE 4
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% MAPL_DEM.CKT '
: . -
I 1 1 T 1
]
1
[}
i
1
HE | 1 1 —
| - -
1 '
. | - LT Jj B j -
I .
1
|
1 | 1 I 1 1.
g By W g m i
003 X 000 -
X 003 X 002 XZ 001 X
i L
Wmmmmmﬂﬂwmmmwmm
A:\MAPL_DEM.LST | . I ' <ESC> TO EXIT
‘g&’;‘;‘g RAM WRITE

TL/L/11303-8

$ MAPL_DEM.CKT

A:\MAPL_DEM.LST <ESC> T0 EXIT

T I T e e I T I T T T e e T e e T T e T i v T e et T e e v rer rrrirerrevr i vy e e rerervr vt

TL/L/11303-9
Beginning of Test
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2902 $ MAPL_DEM.CKT

208-NV

010 )-< 1 00E_»C__000__»__oac__ »__ooe X _00A_ X009 X _oo8

v
I

N

A:\MAPL_DEM.LST <ESC> TO EXIT

TL/L/11303-10
Testing

3336 $ MAPL_DEM.CKT

L ST I | [ : L I ' 1

— 000
006 X 005 X 004 X 003 X 002 X 001 X 000
]
e LT T T T TS R S U RS
-
1 :
T e T e T e e T T T T e T e e T T e T e ey e e ey T e Ty Ty e T T I T T ra T e v rrTTaT
A:\MAPL_DEM.LST <ESC> TO EXIT
TL/L/11303-11
End of Test

3-125



AN-802

$ MAPLLDEM.CKT
T H
. LI L S| B
P I N s
| : 1
1 l : 1 :
| | ! H
: H
T B B - . .
—_ — —_ .
! ! ! | | I :
! | 1 H
— P . H
i Y T L
-1 1 o : . H
! 1 ! -
N H
) ! ! ! ;
- i
N 010X L 000 :
T
Mo oo TN G001} 1 =
DONE M s [ = — ~ '
j——f-.----T-----] ___I__ -:
[ i I R B
L N :
1
T
. - 1 1 j [ T |
i I 1
A:\MAPL_DEM.LST v : ' 1 : LSRN : <ESC> TO EXIT
U ostaws ! : Vo ostatus ) READ RAM
!ocheek ! I !ocHeck !
. I ! L
TESTING '
TL/L/11303-12
$ MAPL_DEM.CKT i
I L |

. 4+
.
o
—
0001 T} I - = )
L — i — ]
I | | : : : . :
cmmmpme—— : . o .
. S , . . :
e EERLAY SO S SR

L

I

A:\MAPL_DEM.LST X ' I \ X <ESC> TO EXIT
- : — —
v ostatus ! I Iostatus ) )
'oomeek ! X I oemeck ! READ RAM
'
TESTING !

TL/L/11303-13

3-126




Address Generator
RESET

TL/L/11303-14

PC Interface
RESET

TL/L/11303-15
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@National

Semiconductor

OPAL™

‘Open Programmable Architecture Language

PLD Development Software

General Description

The OPAL software package is a comprehensive PLD (Pro-
grammable Logic Device) development design tool offered
by National Semiconductor. It supports state machine, truth
table and Boolean equation entry, as well as optimization,
verification and implementation in a wide variety of PLDs.

The OPAL software package consists of: a graphical shell
environment, executable modules, a graphical simulation
package, a device library file, examples and an overall dem-
onstration of the software package.

The example entry files contain circuit designs which are
written in state machine, truth table and equation file for-
mats. The entry files are used by the modules to create
JEDEC maps, which contain the programming data for a
target device. The designer can implement new designs by
creating new entry files, or by borrowing from existing de-
signs in a variety of file formats.

Features

m Supports all NSC MAPLTM/GAL®/ECL PAL® devices

m User friendly menu shell

® Multiple entry formats )
m Device independent entry

® Minimization

m Open design environment

m Logic simulation viewer

. m Extensive error checking

W Automatic pinlist generation -

m Full design documentation

m PAL to GAL conversion

m Demonstration of software package
m Windows 3.0, Sun4 Support

OPAL Software Diagram

OPAL Software Flow

TRUTH
TABLE

BOOLEAN
EQUATIONS

STATE
MACHINE

I EQN20PL I l FITMAPL
Z 3

JED2EQN

ABEL™-4 AND OTHER 3RD
PARTY SOFTWARE

OPALsim

I PAL2GAL I PROGRAMMER |
BOARD
FIGURE 1

TL/L/9989~1
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PLD Development Tools

OPAL Software Chart
Software OPAL OPAL OPALjr
Modules PC UNIX® PC
OPAL2PLA X X
FITMAPL X X
PLA2EQN X X
EQN2JED X X X
JED2EQN X X X
EQN20PL X X
PAL2GAL X X X
ESPRESSO X X
JED2CKT X
OPALsim X X
OPALview X
SHELL X X
FIGURE 3
OPALjr

OPAL]r is a subset of and is fully compatible with the com-
plete high-level OPAL PLD development software. OPALjr

contains five comprehensive OPAL demonstrations and is |

available for use as equation entry PAL/GAL design soft-
ware and OPAL demo. OPAL]jr allows the designer to go
from Boolean equation design description to a JEDEC file
and also includes the PAL2GAL module to upgrade JEDEC
files from PAL to GAL format.

Hardware Requirements
To run OPAL or OPALjr software you will need:

* [BM® PC-AT®, PC-XT® or compatible, with at least 350k
RAM

® VGA, EGA, Hercules®, (CGA can be used without wave-
form viewer)

* MS-DOS® 2.1 or later
® Mouse supported

OPALjr Software Flow

BOOLEAN EQUATIONS

CUSTOMER BOARD

TL/L/9989-2
FIGURE 2

Open Architecture

OPAL is an open architecture language. This means the
software is modularized so that there is a standard interface
format between modules. These standard interface formats
allow the modules to communicate with 3rd party software,
thereby letting the user use existing, familiar software tools
in conjunction with OPAL. While OPAL is a powerful stand-
alone PLD development tool, it complements the user’s ex-
isting tools (rather than superceding them) to form an even
more powerful and flexible toolbox. The following three sec-
tions address these modules in more detail.

Functional Description

User Interface: OPAL includes ‘a user friendly menu driven
shell with built-in help and debugging support. The shell al-
lows the user to compile individual modules (Figure 4), or
lets OPAL compile the design in one step (Figure 5). During
compilation, many of the modules document compilation in-
formation and errors to a .LOG file. This is done so the
designer can inspect and record the compilation process.
Files can be edited with an on-board text editor or the exter-
nal editor of choice.

OPL2PLA compiles an OPAL source file (.OPL) and produc-
es an OPEN-PLA file as output. The OPAL source file can
contain a mixture of state machine, truth table and Boolean
equation definition blocks. The OPEN-PLA format (.PLA) is
an industry standard allowing interface to 3rd party software
tools. i

PLA2EQN module translates an OPEN-PLA format file to a
standard sum-of-products (SOP) Boolean equation file. The
input PLA file can be: )

1. The output of the OPL2PLA module.

2. The output of the ESPRESSO minimizer.

3. The output of the FITMAPL fitting module.

4. A PLA file from 3rd party software. ‘

EQN2JED module converts basic sum-of-products Boolean
equations to a device-specific JEDEC file. The JEDEC file
contains all the necessary design details which can be
downloaded to a device programmer for programming the
target PLD. The JEDEC file is fully compatible with JEDEC
standard 3B which is supported by industry standard pro-
grammers.

4-4




Functional Description (continued)

File Translate View Simulate Modules Help Info

.-
r
[w]
o
@
<
o
OPL2PLA... (=]
FITMAPL ... 'g
PLA2EQN.... =
EQN2JED ... g
JED2EQN ... -
EQN20PL... 3'
JED2CKT ... b1
PAL2GAL... &
ESPRESSO...

F1 Help F2 Save File F3 Close File F10 Menu

TL/L/9989-3
FIGURE 4. OPAL Menu: OPAL Modules

File Translate View Simulate Modules Help Info

OPAL > JEDEC

Input filename [.opl]: MyDesign
OPTIONS

Output filename [.jed]:

Log filename  [.log]:

Vector filename [.vec]:

Device name : MAPL128

TURN OFF diagnostic messages.
Minimize expressions for PAL.
Minimize expressions for PLA.

Fit to a MAPL part.

Automatic pin assignment.

Create circuit file from OPAL vectors.
Simulate design file.
RUN Press <ESC > to cancel
Press return to execute

F1 Help F2 Save File F3 Close File F10 Menu

TL/L/9989-4
FIGURE 5. OPAL Menu: OPAL Entry File to Simulation '

JED2EQN module will disassemble a JEDEC file into the
corresponding basic Boolean equations. This is useful when
taking existing designs in JEDEC file format and modifying
them and/or combining them with other designs. JED2EQN
assigns meaningful labels to all the pins of the device. The
labels used in the basic Boolean equations created by
JED2EQN contain the pin number preceded by the type of
signal. Observing labels makes it easy to determine if the
pin is used as a dedicated input, combinatorial or registered
output, and whether or not the output is used as feedback
into the device.

EQN20PL module converts basic Boolean equations speci-
fied in EQN format to an OPAL (.OPL) format file. EQN20OPL
is useful when modifying or combining existing design, since
it allows the designer modify the design in the more power-
ful OPAL format as opposed to the simpler equation format.
PAL2GAL module converts a PAL JEDEC file into a GAL
JEDEC file. PAL2GAL first checks to ensure that the PAL is
replaceable by a supported GAL before it proceeds to do
the conversion. PAL2GAL allows the user convert from
fused, bipolar PAL devices to the more flexible and lower
power CMOS GAL devices.




PLD Development Tools

Functional Description (continued)

FITMAPL fits a PLA file into any of National's MAPL devic-
es. The process is accomplished by assigning pin/node
numbers to the pin/node labels. FITMAPL optimizes the
PLA file for the MAPL device. One MAPL device can re-
place multiple PAL/GAL devices and provide a higher per-
formance, lower power solution.

ESPRESSO minimizes the logic in the input PLA file and
produces an equivalent, though potentially smaller, PLA file
as output. This is a slightly modified version of the publicly-
available utility from the University of California at Berkeley.

JED2CKT module will translate a JEDEC file into the corre-

ulation.

A Word About MAPL

MAPL128 and MAPL144 from National Semiconductor are
the first in a family of high density EECMOS PLDs optimized
for state machine applications. They use a paged PLA archi-
tecture to provide 128 product terms at a system speed of
45 MHz (with feedback). The OPAL PLD development soft-
ware supports these devices as well as all other National
PLDs. For more information on MAPL devices, consult the
relative MAPL device datasheet.

INPUTS PAGE SELECT

sponding macro file and circuit file that are required for sim- ',/E‘;D,,ACK
BURIED
OPALsim/OPALview form an easy-to-use interactive simu- AND | FeEpBack
lation package (Figure 6). The designer is able to zoom, M o
pan, and group waveforms interactively. This enables much | —
more efficient debugging, saving hours of costly time. Addi- OR
tionally, the designer can print the waveforms to HP® Laser- QUTPUTS
jet® and Epson® dot matrix printers while viewing these MACROCELLS
waveforms by pressing a single key. TL/L/9989-6
FIGURE 7. MAPL128 Block Diagram
5 STA1
1 1

RESET

$
sl e rire 51 ri i ri

OE

STATE

REG_HOLD

C:\OPAL\DEMO\STA1 BUS.LST

T T T T e T T T e T e e e e e i e rrrrrre T rev v e rrrrrrieTT

<ESC> TO EXIT

TL/L/9989-5

FIGURE 6. OPAL Waveform Simulation
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Application Example 1

Multiple GAL to MAPL Conversion
GAL 2 GAL 3

)
0
0

LJEDZEON | | JED2EQN I JED2EQN |

-

-
-
-

| EQNZOPLj I EQNZOPL—I I EQNZOPL I

.OPL

0

A 4

/>

MERGE OPAL DEFINITION BLOCKS
AND RENAME PINS AND/OR NODES.

FITMAPL |

OPALsim

PROGRAMMER

MAPL

OPAL view

TL/L/9989-7

Multiple GAL devices can be combined into a MAPL device using OPAL software. This example assumes the original GAL
designs are contained in a JEDEC file. The procedure would be even simpler if the original GAL designs were written in Boolean
equations, since this would save conversion from JEDEC file to equation file.

s]00o] juawdojaAad a'1d




PLD Development Tools

Application Example 2

$ 3bitcom

§ JED2CKT ~ JEDEC File to DLSIM Circuit/Macro Translator (Version 1.00.B06)
$ Copyright (R) Natlional Semiconductor carporation 1990

$ Translated from 3bitcom.jed. Date: 3-7-91

$ DEVICE GALl6V8

.LIB 3bitcom.mac

* Ul 3bitcom 2 a2 al a0 nc compare nc b2 bl b0 GND nc nc 1t ne
+ eq nc gt nc nc VCC

a2 INPUT 0 10 = LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL
a2 INPUT 320 10 = LLLLLLLLHHHHHHHHHHHHHHHHHHHHHHHH
a2 INPUT 640 10 « HHRHHHHH

al INPUT 0 10 = LLLLLLLLLLLLLLLLHHHHHHHHHHHHHHHH
al INPUT 320 10 = HHHHHHHHLLLLLLLLLLLLLLLLHHHHHHHH
al INPUT 640 10 « HHHHHHHH

a0 INPUT 0 10 = LLLLLLLLHHHHHHHHLLLLLLLLLLLLLLLL
a0 INPUT 320 10 = HHHHHHHHLLLLLLLLHHHHHHHHLLLLLLLL
a0 INPUT 640 10 = HHHHHHHH

compare INPUT 0 10 = HHHHHHHHHHHHHHHHHHHHHHHHLLLLLLLL
compare INPUT 320 10 = HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH
compare INPUT 640 10 = HHHHHHHH

b2 INPUT 0 10 = LLLLHHHHLLLLHHHHLLLLHHHHLLLLHHHH
b2 INPUT 320 10 = LLLLHHHRHLLLLHHHHLLLLHHHHLLLLHRHH
b2 INPUT 640 10 = LLLLHHHH

bl INPUT 0 10 = LLHHLLHHLLHHLLHHLLHHLLHHLLHHLLHH
bl INPUT 320 10 = LLHHLLHHLLHHLLHHLLHHLLHHLLHHLLHH
bl INPUT 640 10 = LLHHLLHH

b0 INPUT 0 10 = LHLHLHLHLHLHLHLHLHLHLHLHLHLHLHLH
b0 INPUT 320 10 = LHLHLHLHLHLHLHLHLHLHLBLHLHLHLHLH
b0 INPUT 640 10 = LHLHLHLH

TL/L/9989-8

.TIME 719
+END
6 $ 3BiTCOM
A2 i
Al i
A0 H ]
COMPARE v y
B2 H — - 1
B1 H I'—'_—L__r——l——_l—
80 T r 1 I 1 [ I | | e
L -L_,__l . T
L o] 5 1
a f o —
~T711;]”llllllllllllIIl]lrrl'rll]l|l|'l_l_ll'llll|llTl1lllIlllllllllllIlllIlIIlIIIIIIlII||||IIIIIIIIIIIIIIIIHHII
C:\OPAL\DEMO\3BITCOM .LST <ESC> TO EXIT

TL/L/9989-9
This example is taken from the 3BITBUS demonstration. This portion of the demonstration shows one of the many features of
the interactive simulator, namely, the ability to arrange waveforms in a more meaningful organization by modifying the .CKT file.
The modified portion appears here in larger text.
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Application Example 2 (continued)

$ 3bitcom

$ JED2CKT — JEDEC File to DLSIM Circuit/Macro Translator (Version 1.00.XXX)
$ Copyright (R) National Semiconductor Corporation 1990

$ Translated from 3bitcom.jed. Date: 2-26-91

$ DEVICE GALlé6V8

.LIB 3blitcom.mac

* Ul 3bitcom 2 a2 al a0 nc compare nc b2 bl b0 GND nc nc lt nc
+ eq nc gt nc nc VCC

a2 INPUT 0 10 = LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL
a2 INPUT 320 10 = LLLLLLLLHHHHHHHHHHHHHHHHHHHHHHHH

a2 INPUT 640 10 =~ HHHHHHHH

al INPUT 0 10 = LLLLLLLLLLLLLLLLHHHHHHHHHHHHHHHH

al INPUT 320 10 = HHHHHHHHLLLLLLLLLLLLLLLLHHHHHHHH

al INPUT 640 10 = HHHHHHHH

a0 INPUT 0 10 = LLLLLLLLHHHHHHHHLLLLLLLLLLLLLLLL

a0 INPUT 320 10 = HHHHHHHHLLLLLLLLHHHHHHHHLLLLLLLL

a0 INPUT 640 10 = HHHHHHHH

compare INPUT 0 10 = HHHHHHHHHHHHHHHHHHHHHHRHLLLLLLLL
compare INPUT 320 10 = HHHHHHHHHHHHHHHHHHHHHHHRHHHHHHHH
compare INPUT 640 10 = HHHHHHHH .

b2 INPUT 0 10 = LLLLHHHHLLLLHHHHLLLLHHHHLLLLHHHH

b2 INPUT 320 10 = LLLLHHHHLLLLHHHHLLLLHHHHLLLLHHHH

b2 .INPUT 640 10 = LLLLHHHH . :

bl INPUT 0 10 = LLHHLLHHLLHHLLHHLLHHLLHHELLHHLLHH

bl INPUT 320 10 = LLHHLLHHLLHHLLHHLLHHLLHHLLHHLLHH

bl INPUT 640 10 = LLHHLLHH

b0 INPUT 0 10 = LHLHLHLHLHLHLHLHLHLHLHLHLHLHLHLH

b0 INPUT 320 10 = LHLHLHLHLHLHLHLHLHLHLHLHLHLHLHLH

b0 INPUT 640 10 = LHLHLHLH

nc INPUT 0 = L

b bt etdhay

+TIME 719

.END
18 % 3BITCOM
SITA [=mmmmmemmeememmeeesemmeesreseoeeAmmmmmemeesee———meA Amesmem——m——eee—————
O D N N
e fm e fm e ma e mm——~ ;. m———~ ;= ———— = —m—— ————— o m .~ m———— s m——m——-
S SO e i b S S G S O SO U S N R G S . B U ER uiuint S
COMPARE |
i -| I e I
01 H —
o F : —
T -~
|||l||||Ill]l1f];l|T|ll|IllllllllllllllllllllllIlIIllllf[llll||IIIIIIIIII]III]IIIIIII|||||l|||||l]|||||||||||
C:\OPAL\DEMO\3BITBUS .LST <ESC> TO EXIT

TL/L/9989-11
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PLD Development Tools

Application Example 3

Design Upgrade:
PAL to GAL Conversion
with OPAL or OPALjr

PAL2GAL

PROGRAMMER

TL/L/9989~12

This example shows the conversion from PAL to GAL. Note that this procedure may be accomplished with either OPAL or
OPALjr software packages. . ’ .

Application Example 4

Simple State Diagram:
Two-Bit Counter with Reset

COUNT=0 COUNT_UP

COUNT_UP

COUNT._UP

COUNT_UP

COUNT=2

TL/L/9989-13

This simple example shows how easy it is to implement state machine designs using OPAL. The state machine description,
written in OPAL, can be implemented with “if ... then... else” statements or “case” statements as shown in the following

pages.

4-10




Application Example 4 (continued) \
STATE MACHINE DESCRIPTION USING IF...THEN...ELSE

begin header
This is a two-bit up-down counter with four decoded outputs.

This counter will:
count up if up is 1 and down is 0,
count down if up is 0 and down is 1,
and hold otherwise.

sjoo] juswdojaned a1d

end header
begin definition

inputs clk,up, down, rst, Joe;

outputs (com) ol, 02, 03, 04;

statebits sb2, sbl;

state.names zero=0, one='bl, two='bl0, three=3;
set count = [sb2,sbl];

end definition

begin equation
count.c = clk;
count.oe = oe;

count_up and count.down are not defined in the
definition block, so they are intermediate variables.

count_up = * /down;
count_down = fup * down;
end equation

begin vector
« o« o Vectors . . .
end vector

411




PLD Development Tools

Application Example 4 (continued)
STATE MACHINE DESCRIPTION USING CASE STATEMENTS

begin header

This design is a 2-bit up/down counter with reset using CASE statements.
It is to fit into one GAL16VS8.
It also illustrates the use of intermediate variables UP, DN and HLD.

end header

begin definition

device
inputs
statebits
state_names

output ( com )

set

end definition

begin equation
even = /sb0;

odd = sb0;
UP

HLD = up !§ down
end equation

up * /down
DN = /up * down;

Glevs;
clk=1l,up=2,down=3,reset=4;
sbl=15,5b0=16;
zero=0,one=1,two=2,three=3;
even=12,0dd=13;
cnt=[sbl,sb0]

( Since UP, DN and HLD is not defined in the
( definition block, they are treated as intermediate

( variables/pins.
( If up and down are both 0 or 1, counter will hold.

begin vector
« s+ o Vectors
end vector

4-12
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Application Example 4 (continued)

Simulated Waveforms

sjoo] juawdojaraqg qid

13 $ 2_COUNT
ek L r_ . T /i i i _rir.ri
. :
O G G T N B GO O O SOt U G H. U SO O O SO
4 :
UPJ H
DOWN H
RST E '—_ﬁ
/oE H
4 :
ot _El__l'_-_'l [ 1 r :
o2 — — J_—II_-—_—‘
03 'l r——" : r_'l
o : — r
; :
i :
- :
4 :
- E . 3
M T T T T T T T T T T T T T T T T T T T T T T T T T T T T e T e T e e v T o T T e I T o o o i
C:\OPAL\2_COUNT.LST <ESC> TO EXIT

TL/L/9989-14

This ‘is the simulated waveform resulting from using either of the two previous OPAL input files.
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PLD Development Tools

Devices Supported

MAPL DEVICES
MAPL128 MAPL144 MAPL244 MAPL268
GAL Devices . . )
GAL16V8 GAL16V8A GAL20V8 GAL20VBA GAL20RA10
GAL22V10 GAL6001 - ’ ’
TTL PAL DEVICES ‘ . .
PAL10H8 PAL10L8S PAL12H6 PAL12L10 PAL12L6
PAL14H4 PAL14L4 PAL14L8 PAL16C1 PAL16C4
PAL16H2 PAL16L2 PAL16L6 PAL1 §L8 PAL16P8
PAL16R4 PAL16R6 PAL16R8 PAL16RA8 PAL16RP4
PAL1 SRPG ) PAL16RP8 PAL18L4 _PAL20C1 ~ PAL20L10
PAL20L2 PAL20L8 PAL20P8 PAL20R4 PAL20R6
PAL20R8 PAL20RA10 PAL20RP4 PAL20RP6 PAL20RP8
PAL20X10 PAL20X4 PAL20X8
ECL PAL DEVICES
PAL10/10016P8 PAL10/10016PE8 PAL10/10016P4A
PAL10/10016C4 PAL10/10016RD8 PAL10/10016M4A

Ordering Information
NSC Part Number Description NSC Part Number Description
MAPL-OPAL-PC OPAL PC version MAPL128VC-xx . 28-pin PLCC -33,-40,-45 MHz
MAPL-OPAL-PCW OPAL PC Windows version MAPL144VC-xx 44-pin PLCC -33,-40,-45 MHz
MAPL-OPAL-SUN4 OPAL SUN-4/UNIX MAPL244VC-xx 44-pin PLCC -40, -45, -50 MHz
MAPL-OPAL-xxx Future platforms MAPL268VC-xx Future device . ‘
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3rd Party Software

ABEL™ SOFTWARE

The ABEL package is an example of the second-generation
PLD development tools which are usually referred to as
high-level assemblers.

From an early version, which supported many PLD devices
with logic reduction, simulation and generation of design
documentation, it has become one of the standard software
tools, capable of supporting a wide variety of PLDs, includ-
ing PROMSs. The most important feature which the most re-
cent developments of ABEL software have added include:

® Revised simulation to support asynchronous devices and

macrocells

® Syntax support of multiple-feedback paths

o Library of device-specific macros and functions

¢ JEDEC-to-ABEL conversion (for recovering undocument-
ed designs)

ABEL software is available for platforms like the I1BM/PC,

VAX™ and others. The design can be entered using any

standard text editor. Any combination of Boolean equations,

truth tables or state diagrams can be used. The description

falls into four main sections: ‘

e Declarations section, where sets are defined

e Equations section, where Boolean equations are entered

e Truth Table section, where functional tables are entered

* Test Vector section, where the behavior during simula-
tion is given

ABEL automatically performs logic reduction, simulation and

conversion to a JEDEC file without requiring further inter-

vention unless some error is encountered.

ATGEN SOFTWARE .
ATGEN software automatically generates test vectors for
CMOS, TTL, and ECL PLDs. The software generates effec-
tive tests for virtually all PLD designs including those that
contain feedback, state machines, internal memory, and bi-
directional 1/0.

CUPL™ SOFTWARE

The CUPL package is a high-level compiler similar to ABEL
software, which provides a number of functions not normally
found in a standard PLD assembler. The input syntax is
based on the C programming language. The high-level PLD
support language in CUPL software permits development of
designs using a systems approach. To this end, several fea-
tures are supplied, including:

e self-documenting syntax

e state machine input option

® macro substitution

o flexible format

® use of symbolic names

e bit-field capability

® pre-processor functions

® output polarity selection

The macro substitution allows for considerable reduction in
the number of keystrokes required for data entry, particular-
ly for more complex functions. The pre-processor function
allows the source file to be written in a much more general-

ized manner up until the actual compilation by the main as
sembler. This includes definition of the functions in state
machine syntax and generalized arguments.

HITEST-PLD SOFTWARE

HITEST-PLD is an automatic test generation tool designed
specifically to create high-fault coverage test waveforms for
programmable logic devices (PLDs). HITEST-PLD produces
high-quality test vectors that locate common manufacturing
and customization defects in PLD components. HITEST-
PLD’s automatic capabilities eliminate manual test develop-
ment and significantly reduce overall PLD test development
time. '

LOG/IC™ SOFTWARE

LOG/IC is a PLD synthesis tool featuring all the high level
design entry formats required for easy and efficient designs.
LOG/iC’'s HYPERPLD concept allows the user to first enter,
simulate and process and design, without a need to pinpoint
a specific device.

The proprietary PLD optimizer used for logic reduction is an
exact PLD optimizer that is fast enough to be applicable for
large designs. So, the actual minimal number of product
terms is found, ensuring the most cost-effective hardware
design. .

After the reduction process, LOG/iC’s PLD Data Base may
be used to select the best device for the application. This
selection process is based on the results of the HYPERPLD
optimization as well as on additional interactive parameters
like speed, power consumption, packaging, etc.

LOG/iC supports the mainline PALs, GALs as well as ECL
devices. The library of supported parts is updated regularly.
There is also a LOG/iC-GATES compiler available which
accepts the same PLD design files assuring an easy growth
path to gate array designs.

LOG/IC is available on a number of hosts like 1BM-PC,
SUN3, SUN4, SUN386, APOLLO, HP-9000 and VAX work-
stations/mainframes. On all hosts, LOG/iC is .operated
through the same menu driven interface with online help
available. An integrated communications program eases the
device programmer operation and the downloading of
JEDEGC files.

OrCAD SOFTWARE

OrCAD Programmable Logic Design Tools is one part of a
fully integrated system which operates under OrCAD/ESP.
Other OrCAD tool sets include: Schematic Design Tools,
Digital Simulation Design Tools and PC Board Layout Tools.
Programmable Logic Design Tools allows multiple design
entry formats, including schematic capture, logic simulation,
test vector generation, PLA file generation and device fit-
ting.

PGADesigner SOFTWARE

PGADesigner are universal logic synthesis packages allow-
ing the user to design logic functions using PLDs and
FPGAs. PGADesigner allows waveform, schematic and
high-level language entry and permits these entry formats to
be used in combination. PGADesigner also features logic
simulation, automatic device selection and partitioning, and
downloading of the JEDEC file to a Data 1/0 programmer.

4-15

$]00 . Juawdojaaaa aid




PLD Development Tools

PLDIab90 SOFTWARE

PLDIab90 features automatic test vector generation, ambig-
uous timing delay simulation, design-for-test analysis and
feedback and  automatic documentation, PLDIlab90 allows
the testing of muitiple PLDs (clusters) as they might appear
on a board.

PLDtest Plus SOFTWARE

PLDtest combines a testability of a device with fault grading
and automatic test vector generation. PLDtest will analyze
the circuitry and determine the number of faults, how many
of those faults can be tested, and will automatically gener-
ate test vectors to test those faults.

ViewPLD SOFTWARE

ViewPLD is a comprehensive PLD development package
offering multiple design entry formats, automatic partition-
ing, device fitting, VHDL model generation, logic simulation,
waveform analysis and symbol/schematic’ generation. De-
sign entry is accomplished by ABEL input format or by im-
porting JEDEC files. Viewdraw can be used to perform
schematic capture, and the completed design can be auto-
matically partitioned and minimized. Automatic device se-
lection can be performed and device fitters are used to au-
tomatically make the design device specific. Logic simula-
tion can be done either before or after the fitting stage using
Viewwave and Viewsim/SD. A netlist and/or VHDL descrip-
tion can be generated for mlgratlng designs to FPGAs and
gate arrays. .

For more information on the above péckages contact:

ABEL:

Data 170 Corporation

10525 Willows Road NE -
P.O. Box 97046

Redmond, WA 98073-9746
(206) 881-6444
1-800-247-5700

ATGEN:

ACUGEN Software, Inc.

427-3 Amherst Street, Suite 391
Nashua, NH 03063

(603) 891-1995

CUPL .

Loglcal Devices, Inc.:

1201 NW 65th Place

Ft. Lauderdale, Florida 33309
1-800-331-7766

HITEST-PLD

GenRad

510 Cottonwood Drive

Milpitas, CA 95035 -

(408) 432-1000

FAX: (408) 943- 8240 or 432-1890

LOG/IC:

800 Airport Road
Monterey, CA 93940 -
(408) 373-7359

OrCAD:

OrCAD .

3175 NW Aloclek Drive
Hillsboro, OR 97124-7135

Sales and Administration: (503) 690-9881
24-Hour Bulletin Board System: (503) 690-9791

FAX: (503) 690-9891

PGADesigner: ..

Minc Incorporated

6755 Earl Drive

Colorado Springs, CO 80918
(719) 590-1155

FAX: (719) 590-7330

PLDIab90:

Informations- und Nachnchtentechmk
iNt GmbH Bunsenstrasse 6

D-8033 Martinsried

089 857 66 67

FAX: 089 856 12 13

PLDtest Plus: )

Data 1/0 Corporation

10525 Willows Road NE
P.O. Box 97046

Redmond, WA 98073-9746
(206) 881-6444
1-800-247-5700

ViewPLD:

Viewlogic Systems, Inc.
293 Boston Post Road W
Marlboro, MA 01752
(508) 480-0881
1-800-422-4660

FAX: (508) 480-0882
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PLD Programming and Testing

Many programming and test issues exist today that were not
issues a short time ago, due to the increased speed, densi-
ty, and complexity of many of today’s devices. Some of
these issues include: inadequate hardware pin drivers that
cause double clocking and glitches, poor Vgc and ground

planes that cause ground bounce, ESD sensitive CMOS de-

vices, and improper use of test vectors.
PROGRAMMING

The use of NSC-approved programming equupment will en-

sure a quality programmed device. Approved programmers
have undergone extensive evaluation by NSC and must
meet NSC's test criteria in a number of programming related
areas. Use of non-certified programming equipment (such
as IC testers with custom algorithms) may result in improp-
erly programmed devices. National Semiconductor is con-
tinuously evaluating new programming equipment and han-
dlers; please contact a National Semiconductor representa-
tive for the latest list of approved equipment.

QUALITY IN PROGRAMMING (QIP) CENTERS

National Semiconductor has established a worldwide net-
work of distributor QIP centers to guarantee the highest de-
gree of quality and service for programming and testing of
PLD’s. The QIP centers are certified and approved by NSC
after having met stringent requirements including; use of ap-
proved programming and test equipment, programming and
handling procedures. personnel training and ESD protec-
tion.

Being locally situated, our QIP centers are able to meet all
of your programming requirements, and guarantee the out-
put quality. For more information contact your local National
Semiconductor sales representative.

TESTING

Many test installations that have been used successfully in
the past are no longer adequate for testing today’s PLDs.
For example: PLD device programmers have routinely been

used as a functional tester for reliability and quality screen-
ing. This is no longer a valid use of programmers. Analysis
has shown that most of today’s programmers are incapable
of reliably testing high-speed or complex PLDs because
most programmers are not specifically designed to perform
accurate testing. Doing so would mean having to use costly
hardware which makes the programmer very expensive.

HANDLERS AND IC TESTERS

When automatic device handlers are used, additional pro-
gramming and test issues exist that the customer must be
aware of. Some of these include: increased ESD environ-
ments, the inability of pick-and-place equipment to properly
handle new packages and degraded program and test sig-
nals at the handler contacts. Automated environments
should be carefully evaluated to ensure high quality pro-
gramming/testing and high yields.

Even large commercial IC test systems are affected by
these issues, especially when device programming is part of
an automatic flow. The programming algorithms implement-
ed on these systems are usually highly customized and may
violate the NSC programming specifications.

OPTIONS

The end users of high-speed or complex PLDs, especially
users of small quantities, may choose not to test these de-
vices at all, relying on the quality of the devices and of the
programmers used to program them. Many programmers re-
liably program devices, but do not reliably functionally test
these same devices.

End users that use large volumes of a PLD must look be-
yond device programmers for reliable functional testing.
Stand-alone test boxes or more complex IC testers must be
used. )

When using more complex setups perform multiple device
insertions and device labeling, however, extra care must be
taken to ensure that reliable, high-yield resuits are obtained.

4-17
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PLD Development Tools

TABLE 1. Programmer Manufacturers Supporting National PLDs

Manufacturer Model Manufacturer Model
Advantech Digelec 860
Taiwan:  Shing-Tien City, Taipei | PC-UPROG USA: Waest Hills, CA )
886-2-9184567, (818) 887-3755,
.FAX: 886-2-9184566 o FAX: (818) ’887-3693
England:. Dataman OMNIPRO-!I Germany: Munich
44-305-68066, 089-776-098,
: FAX: 44-305-64997 FAX: 089-725-9164
- USA:  SanJosé, CA GP Industrial AP100
. (408) 293-6786, England: Plymouth
FAX: (408) 293-4697 0752-342061,
American Reliance AR9860 TELEX: 42513 SHARET G
(818) 575-5110 -
- HI-LO Systems
ADVIN SAILOR-PAL Taiwan: Taipei ALL-03
USA: Sunnyvale, CA . PILOT 02-764021 5,
(408) 984-8600, FAX: 886-2-7566403
FAX: (408) 736-2503 USA: Tribal Microsystems TUP-300
AVAL Corporation PKW-3100 (415) 623-8860,
Ireland: Deansgrange, Co. PKW-5100 FAX: (415) 623-9925
g:;l;n 892136 Logical Devices ' PALPRO
FAX: 353-1-892070 USA: Ft. Lauderdale, FL ALLPRO
(305) 974-0975,
Japan:  Tokyo FAX: (305) 974-8531
03-344-2001, -
FAX: 03-344-2007 Minato Electronics 1890A
USA:  ElSegundo, CA Japan: Yokohama '
Electramotive 045-591-5611, FAX: 045-
(213) 722-9208, 591-5618
FAX: (213) 322-1716 USA: North Highlands, CA
BP Microsystems PLD-1100 S/I)?-) %"gsgfg'o o6
USA:  Houston, TX CP/PLD-1128 1(016) - — -
(713) 461-9430, SMS GmbH SPRINT PLUS
FAX: (713) 461-4713 Germany: Hergatz SPRINT EXPERT
Great Britain:  Mutek, Ltd. 7522-5018,
FAX: 2216-5083 USA: Redmond, WA 98052
Germany: APl Electronik (206) 883-8447,
8136-7092, FAX: (206) 883-8601
" FAX: 3?36'7398 Stag Microsystems ZL30A/B
France: ~ Emulations England: Welwyn Garden City, SYSTEM 3000
1-69-41-2801, Herts
FAX: 1-60-19-2950 0707-332148,
Data 1/0 Corporation 298 FAX:707-371503
USA:  Redmond, WA 60H USA: Santa Clara, CA
(206) 881-6444, 2900 (408) 988-1118
FAX: (206) 882-1043 3900 Canada: Mississauga, Ontario
Canada:  Mississauga, Ontario | UNISITE (416) 890-2010
(416) 6760761 System General SGUP = 85A
Europe:  Amsterdam Taiwan: Taipei TURPRO = 1
+31-0-20-6622866 886-2-917-3005,
Japan:  Tokyo FAX: 886-2-911-1283
03-432-6991 USA:

Milpitas, CA
(408) 263-6667,
FAX: (408) 262-9220
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Appendix A
Boolean Logic Review

A.1 Basic Operators and Theorems

A gate is an electronic circuit which operates on one or
more input signals to produce an output signal. There are
three basic gates from which all other logic can be realized:
AND, OR, and INVERTER gates. Figure A.1.1 shows these
three basic gates and their truth table.

Input Output
A
B
TL/L/9992-7 0 Y Y
(A) AND Gate 0 1 0
1 0 0
1 1 1
A Input Output
B
TL/L/9992-8 Y Y 0
(B) OR Gate 0 1 1
1 0 1
1 1 1
Input Output
A —Do—r A F
TL/L/9992-9 0 1
(C) Inverter 1 0

FIGURE A.1.1. Basic Gates

To express the function of these gates by Boolean algebra,
we need to define Boolean operators as follows:

Logical Equality

X Negate (Not, Invert, Complement)
+ OR (Sum)

. AND (Product)

®  Exclusive OR

The function of an AND gate in Figure A.1.7 can be ex-
pressed as:

F=AeB
The function of an OR gate and INVERTER can be ex-
pressed as:

F=A+B

and F=A

Boolean operators are logical operators, which are different
from arithmetic operators. For example, + is logical addi-
tion, e is logical multiplication. We call such equations Boo-
lean equations or logic equations.

A number of logic theorems and laws will be used to manip-
ulate and reduce logical equations. These theorems and
laws are as follows: )

Theorem 1 A+0 ' =A
Theorem 2 A0 =0
Theorem 3 A+1 =1
Theorem 4 Aei =
Theorem 5 A+ A =
Theorem 6 AeA =
Theorem 7 A+A =1
Theorem 8 AeA =0
Theorem 9 A =A
Theorem 10 A+ AeB =A
Theorem 11 Ae (A + B) =A
Theorem 12 (A+B)e(A+C)=A+BeC
Theorem 13 A+AeB =A+B

Commutative Law
A+B=B+A
AeB=DBeA
Associative Law
A+B+C=(A+B)+C=A+ B+ 0)
AeBeC =(AeB)eC=Ae(Be()
Distributive Law
A+ (BeCeD)=(A+B)e(A+C)e(A+ D)
Ae(B+C+D)=AeB+AeC+AeD
DeMorgan’s Theorem
(AFB+C) =AeBeC
(AeBeC) =A+B+C
The complement of any Boolean expression, or a part of
any expression, may be found by means of DeMorgan’s the-
orem. Two steps are used to form a complement in this
theorem:

1. OR symbols are replaced with AND symbols or AND sym-
bols with OR symbols.

2. Each of the terms in the expression is complemented.
DeMorgan’s theorem is one of the most powerful tools for
engineering applications. It is very useful for designing with
programmable logic devices because it provides a quick
and simple conversion method between PRODUCT-OF-
SUMS and SUM-OF-PRODUCTS expressions, which will be
defined later.
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A.2 Derivation of a Boolean Expression

Any logic expression can be reduced to a two-level form
and expressed as either a SUM-OF-PRODUCTS (SOP) or
PRODUCT-OF-SUMS (POS). Before we define SOP or
POS, we need to define “terms”.

1. Product Term: A product term is a single variable or the
logical product of several variables. The variable may or
may not be complemented.

Sum Term: A sum term is a single variable or the sum of
several variables. The variables may or may not be com-
plemented.

3. Normal Term: A normal term is a product or sum term in
which no variable appears more than once. '

4, Minterm: A minterm is a product term containiné’every
variable once and only once (either true or complement-
ed).

5. Maxterm: A maxterm is a sum term containing every vari-
able once and only once (either true or complemented)

For example, the term A ® B ® Cis a product term; A + Bis
a sum term; A is both a product term and a sum term; A +
B e C is neither a product term nor a sum term; A +Bisa
sum term; A * B ® Ciis a product term; B is both a sum term
and a product term. We now define two most important
forms:

1. SUM-OF-PRODUCTS Expression: A sum-of-products
expression is a product term or several product terms
logically added together.

2. PRODUCT-OF-SUMS Expression: A product-of-sums
expression is a sum term or several sum terms logically
multiplied together.

For example, the expression A o
products expression; (A + B) ¢
sums expression.

One prime reason for using sum-of-products or product-of-
sums expressions is their straightforward conversion to very
simple gating networks. In their purest, simplest form they
go into two-level networks, which are networks for which the
longest path through which a signal must pass from input to
output is two gates long. .

I

A * B is a sum-of-

B +
(A + B) is a product-of-

When designing a logic circuit, the logic designer works
from two sets of known values; the various states which the
inputs to the logical network can take, and the desired out-
puts for each input condition. The logic expression is de-
rived from these sets of values and the procedure is as
follows:

1. Construct a table of the input and output values (Table
A.2.1 left half).

2a. To derive a SUM-OF-PRODUCTS (SOP) expression:

A product term column is added listing the inputs A, B,
and C according to their value in the input columns (Ta-
ble A.2.1). Then the product terms from each row in
which the output is a “1”. are collected.

Therefore:
F=AeBeT +AeBeC+ AeBeT (Eg. A.2.1)
2b. To derive a PRODUCT-OF-SUMS (POS) expression:

A sum term column is added listing the inputs A, B, and
C according to their complement value in the input col-
umns (Table A.2.1). Then the sum terms from each row
in which the output is ““0” are collected.

Therefore:
=(A+B+C)((A+B+C)(A+B+0)
A+B+C)(A+B+70) (Eq. A.2.2)

Figure A.2.1 is the logic circuit derived from Eq A.2.1 Figure
A.2.2is derived from Eq. A.2.2.

Eq. A.2.1 Can be simplified as shown below:
F.=AeBeC +AeBeC + AeBel
=AeB(C+C)+AeBeCT
=AeB+ AeBeC
=B@A + Ae0)
=B@A+70)
=AeB+BeC
Eqg. A.2.2 can be simplified as shown:
F=@A+B+COA+B+C)(A+B+C
A+B+C)A+B+0)
A+B@A+B@A+0T
B(A+07)
AeB+BeCT

I

TABLE A.2.1. Truth Table Eq. A.2.1 and Eq. A.2.2

Inputs i Outputs Product Terms " Sum Terms
A B c F
0 0 0 0 ABC A+B+GC
0 0 1 0 ABC A+B+T
0 1 0 1 ABC A+B+C
0 1 1 | ABC A+B+T
1 0 0 0 ABC A+B+C
1 0 1 -0 ABC A+B+C
1 1 0 1 ABC A+B+C
1 1 1 1 ABC A+B+CT




The two final expressions obtained are identical and can be implemented by the circuit shown in Figure A.2.3. This is much
simpler than the circuits in Figures A.2.1 and A.2.2. This simplified procedure is called minimization.

Malney 21607 ueajoog
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TL/L/9992-10
FIGURE A.2.1. Logic Circuits of Eq. A.2.1
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B
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FIGURE A.2.2. Logic Circuits of Eq. A.2.2
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FIGURE A.2.3. Simplified Logic Circuits
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A.3 Minimization ,
Logic circuits can be represented by logic expressions or so
called logic equations. As discussed, we can minimize the
logic circuit through logic equations minimization. For exam-
ple, Figure A.3.1 can be expressed by Eq. A.3.1.

F=(AeBeC+D)e(B+D)+AeCe(B+ D)

B (Eq. A.3.1)

By using the theorems and laws mentioned in 3.1, we mini-
mize Eq. A.3.1 as follows:

F = AeBeC+BeD+AeBeCeD+D + AeCe

B+AeCeD

CeD Distributive Law
AeBeC+ D+ AeCeB+ AeCeD Theory3
AeB(C+C)+D(1 +Ae0) Distributive Law
AeB + D

O w>

A®BeC(1+D)+ DB+ 1) +AeTeB+Ae,

The minimum SOP expression can now be implemented as
the simple AND-OR logic circuits as shown in Figure A.3.2.

.We can use Boolean Algebra to reduce the number of prod-

uct terms. However, Karnaugh Mapping and the Quine-
McCluskey method are two other powerful tools to minimize
the logic equations. We'll discuss Karnaugh Mapping meth-
od in the next section.

FIGURE A.3.1. A Random Logic Circuit

TL/L/9992-13

F=AB+D

TL/L/9992~14

FIGURE A.3.2. Minimized Logic Circuit
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A.4 K-Map Method

A Karnaugh map, hereafter called a K-map, is a graphical
method for representing a Boolean function. It is similar to a
truth table in that the K-map supplies the TRUE or FALSE
value of a Boolean function for all possible combinations of
its logical argument. There are many ways in which a K-map
can be arranged. The most important considerations of the
arrangement are:
1. There must be a unique location on the K-map for enter-
ing the TRUE/FALSE value of the function that corre-
sponds to each combination of input variables.

2. The locations should be arranged so, with minimization
mentioned in Section A.3, that they are readily apparent
to the trained observer.

The second consideration implies that a successful K-map-
ping arrangement should point to groups of minterms or
maxterms that can be combined into reduced forms.
K-maps are also useful in expanding partially reduced ex-
pressions into standard forms prior to the minimization pro-
cess.

The K-map is one of the most powerful tools at the hands of
the logic designer. The power of the K-map does not lie in
its application of any marvelous new theorems, but rather in
its utilization of the remarkable ability of the human mind to
perceive patterns in pictorial representations of data. This is
not a new idea. Anytime we use a graph instead of a table of
numerical data, we are utilizing the human ability to recog-
nize complex patterns and relationships in a graphical rep-
resentation far more rapidly and surely than in a tabular rep-
resentation. A few examples of how to create a K-map fol-
low.

First, consider a truth table for two variables. We list all four
possible input combinations and the corresponding function
values, i.e,, the truth tables for AND and OR. (Figure A.4.1)

AeB

AB 00 o1 11 10

1

TL/L/9992-15

Ae*B

TL/L/9992-17

(a)

(b)

A B A*B A B A+B
0 0 0 0 0 0
0 1 0 0 1 1
1 1 1 1 1 1
1 0 0 1 0 1

FIGURE A.4.1. Truth Tables for AND and OR

As an alternative approach, set up a diagram consisting of
four small boxes, one for each combination of variables.
Place a "“1” in any box representing a combination of vari-
ables for which the function has the value 1. There is no
logical objection to putting “0's” in the other boxes, but they
are usually omitted for clarity.

The diagrams in Figure A.4.2(a) are perfectly valid K-maps,
but it is more common to arrange the four boxes in a square,
as shown in Figure A.4.2(b).

Since there must be one square for each input combination,
there must be 2n squares in a K-map for n-variables. What-
ever the number of variables, we may interpret the map in
terms of a graphical form of the truth table (Figure A.4.3(a))
or in terms of union and intersection of areas (Figure
A.4.3(b)). The K-maps for some other three-variable func-
tions are shown in Figure A.4.4.

Particularly note the functions mapped in Figure A.4.3(a)
and A.4.4(b). These are both minterms. Each is represented
by one square, obviously, and each one of the eight squares
corresponds to one of the eight minterms of three variables.
This is the origin of the name minterm. A minterm is the form
of Boolean function corresponding to the minimum possible
area, other than 0, on a K-map. A maxterm, on the other
hand, is the form of Boolean function corresponding to the
maximum possible area, other than 1, on a K-map. Figure
A.4.3(b) and A.4.4(c) are two examples.

A+B

- 00 o1 1 10

1 1 1

TL/L/9992~16

TL/L/9992-18

FIGURE A.4.2. K-Maps for AND and OR
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A.4 K-Map Method (continued)

B C | A+BeC A B ot 11 10
o o0 o0 0o
o o0 1 o 0
0 1 0 0 ‘ 1
0 1 1 0
1 0 0 0 TL/L/9992-19 .
1 0 1 0
1 1 0 0
1 1 1, 1 v
(a)
A
f—~—\ ’——~—-‘
1] 111
Cc 1 " c 1 1
e — [
B TL/L/9992-20 TL/L/9992-21
A
—— —_——
t1 ]
el v 1] 1]t cl 11 ] 1}

TL/L/9992-22

A+B+C=A+B+C
(b)
FIGURE A.4.3. K-Maps for 3-Variable AND and OR

TL/L/9992-23
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- A Boo o1 1110 o
-
=
1 1 0 . 3
S
c 1 1 ' 8
TL/L/9992-25 s 1]
BC | @
_ B_ TLIL/9992-24 A?)C 2
AC + AC (b) g
(a)
—t— c Boo o 1 o1
1 1 1 1 0 :
¢ 1 ! ! 1 1 1 1 1
' _ TL/L/9992-27
__B _ TL/L/9992-26 C +dAB
A+B+C (d)
(c)

FIGURE A.4.4. Sample 3-Variable K-Maps
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A4 K-Map Method (continued)

Since each square on a K-map corresponds to a row in a
truth table, it is appropriate to number the squares just as
we numbered the row. These standard K-maps are shown
in Figure A.4.5 for two and three variables. Now, if a function
is stated in the form of the minterm list, all we need to do is
enter 1’s in the corresponding squares to produce the
K-map.

A

B 0 1
o 0 2
1 i 3

TL/L/9992-28

AB 0 o1 11 10

TL/L/9992-29
FIGURE A.4.5. K-Maps for Two and Three Variables

If a function is stated as a maxterm list, we can enter O's in
the squares listed or 1's in those not listed.

A map showing the 0's of a function is a perfectly valid
K-map, although it is more common to show the 1’s.

For example, the K-map of f(A, B, C) = m(0, 2, 3, 7) is
shown in Figure A.4.6 and the K-map of f(A, B, C) = M(0, 1,
5, 6) is shown in Figure A.4.7 where m means minterm, M
means maxterm.

AB

¢ o o1 11 10

1] 1 1

1 1 1

TL/L/9992-30
FIGURE A.4.6. K-Map of M(0, 2, 3,7)

AB AB
c 6 o1 11 10 ¢ 00 o1 1 10
o] © 0 0 1 1
OR
1] 0 0 1 1 1

TL/L/9992-31
FIGURE A.4.7. K-Map of M(0, 1, 5, 6)

As shown, the K-map can be generated from the truth table
on minterm expression or maxterm expression. For the re-
mainder of this section, we will learn how to minimize the
minterm expression by using the K-map.

The general principle of this minimization technique is “Any
pair of n-variable minterms which are adjacent on a K-map
may be combined into a single product term of n — 1 liter-
als.” The definition of “‘adjacent” should include opposite

TL/L/9992~32

edges of the K-map, for instance, Figure A.4.8(a) and
A.4.8(b) both have a pair of adjacent minterms.

(a) (b)
FIGURE A.4.8. Adjacent Minterms on a K-Map
Consider this function
f(A,B,C) = m(0, 1, 4, 6) ‘
=ABTC+ABC + ABT + ABC
which results on the K-map, on the pattern shown in Figure
A4.9.

TL/L/9992-33
FIGURE A.4.9. Minimization

Therefore, combine minterms 0 and 1, 4 and 6 to get a
minimal expression:

f(A,B,C) = AB + AC
Figure A.4.10 shows some examples. Notice that it is per-
missible to include a minterm in several terms if it helps
make the term shorter.

b Moo or |11| 10

o0 LG
H
L

TL/L/9992-34

AB
D 00 01 11 |10

00 1 1

01 1 1

TL/L/9992-35
FIGURE A.4.10. Minimization




A.4 K-Map Method (continued)

Quite often, some of the possible combinations of input val-
ues never occur. In this case, we “don’t care” what the
function does if these input combinations appear. The
K-map makes it easy to take advantage of these “don't
care” conditions by letting the “don’t care” minterms be 1
or 0, depending on which value results in a simpler expres-
sion. Figure A.4.11 shows an example of the use of “don't
cares” (redundancies) to simplify the terms.

AB
o 00 01 11 10

o x )

01

1

ol [ x| 1] 1]

TL/L/9992-36
FIGURE A.4.11. Minimization

When working with larger functions, the tabular reduction
developed by Quine and modified by McCluskey is an alter-

DATAs==-9{0 Qf-~-P» gn+1=pn
CLOCK===<P{ C
TL/L/9992-37
em==Pl T QT----} Qn+1=TeQ+TeQn
cee=dlC
TL/L/9992-38
c===PS Qf---F» Qn+1=(S+ReSeqn
ISR Pt ReS+#1
se==¥R ‘
TL/L/9992-39
ce==PlJ Qf==~P an+1=(eq+Keqn
c===9C
s L

TL/L/9992-40

native to the K-map method. The Quine-McCluskey mini-
mization method involves simple, repetitive operations that
compare each minterm that is present in a sum-of-minterms
expression for a Boolean functions to all other minterms
with which it may form a combinable grouping.

The reader can refer to “Introduction to Switching Theory
and Logic Design” by Hill and Peterson to understand the
Quine-McCluskey method.

A.5 Sequential Circuit Elements

Usually the subject of logic design is subdivided into two
types: sequential and combinational. A purely combinational
logic subsystem has no memory. Its outputs are completely
defined by its present inputs. The analysis and design of
combinational logic is much easier. A sequential logic sub-
system has memory and its outputs are functions of not only
present inputs but the previous outputs. Circuits of multi-
plexer/selector, decoder/encoder, adder, and comparator
are examples of combinational circuits. Shift register, coun-
ter, state machine, and memory controller are examples of
sequential circuits.,

pn Qn+1
0 0
1 1
Tn Qn+1
0 Qn
1 @n
R S Qn+1
0 0 Qn
0 1 1
1 0 0
1 1 X
J K Qn+1
0 0 Qn
0 1 0
1 0 1
1 1 @n

FIGURE A.5.1. Basic Flip-Flops
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Just as we have a logic gate as the basic combinational
circuit element, we have a flip-flop as a basic sequential
circuit element. A flip-flop is a memory device which can
remember, or store, a binary bit of information. There are
four basic flip-flop types: (1) D flip-flop, (2) T flip-flop, (3) RS
flip-flop, and (4) JK flip-flop. Figure A.5.1 shows these ele-
ments and their truth table.

With the memory elements, the output does not change as
a function of the inputs until the clock transition. Therefore,
a superscript notation is used to indicate that the output
during clock period n + 1 is a function of the |nputs during
the previous clock period n.

The D (delay) flip-flop means the input (D) is “stored”’ in the
flip-flop when the clock occurs and will appear on the output
(Q) during the next (n + 1) clock time. The D flip-flop is thus
very much like a single-bit RAM. It is very useful for data
storage and other special applications.

The other three types of flip-flops defined in Figure A.5.1 are
also one-bit storage elements, but instead of simply storing
the input; they change state in response to the inputs by
various logical rules. Since they hold their previous state in
spite of the clock, unless an input goes true, they often sim-
plify the combinational logic functions required to control
them in control applications.

The T (toggle) flip-flop, for example, stays in its previous
state if the T input is false before the clock. If the T input is
true, the output changes to the opposite state (toggle) on
the clock. The T flip-flop is thus useful, for example, in bina-
ry counters where we want each bit to invert every time
there is a carry from the lower order bits.

The R-S flip-flop sets after the S input is true and resets
after the R input s true. Its output is undefined if both R and
S are true. It is possible to define a Set Overrides Reset
(SOR) or a Reset Overrides Set (ROS) flip-flop. It will set or
reset respectively if both the R and the S inputs are true.

The J-K flip-flop sets after J is true and resets after K is -

true. Itis similar to an R-S flip-flop except that if J and K are
both true, the output changes to the opposite state (toggle).
It can be used as a T flip-flop by tying the J and K inputs
together.

Since the J-K flip-flop can essentially do the job of both the
R-S and the T flip-flop, the R-S and the T flip-flops are
seldom seen. The choice is between J-K flip-flops for small
counters and control or D flip-flops for data storage applica-
tions. Actually the J-K flip-flop can even do the job of the D
flip-flop with the addition of a single inverter, as shown in
Figure A5.2.

CLOCK

" TL/L/9992-41
FIGURE A.5.2. Implement D Flip-Flop by Using J-K

Another memory element type, called a latch, is often de-
scribed on data sheets with a truth table like the one for the
D flip-flop in Figure A.5.1. It is definitely not like a D flip-flop,
however, because the output changes as soon as the clock
goes high and does not “latch” until the clock falls (if the

input changes while the clock is high, the output follows it).
Because of this characteristic, a latch is not usable in the
synchronous logic.

A.6 State Machine Fundamentals

The relationships among present-state variables, primary in-
put variables, next-state (or excitation) variables, and pri-
mary output variables that describe the behaviour of a se-
quential system can be specified in several ways. As an
example, consider the simple sequential system that is
shown in Figure A.6.1.

n

b e N
1 DELAY i
TL/L/9992-42
FIGURE A.6.1. A Typical Sequential Circuit

This system has two primary input variables, having four
different combinations of values. There is one primary out-
put variable and one state variable. It uses delay for memo-
ry. There are only two possible present states: y = 0 and
y = 1. When combined with the four input combinations,
these give eight different total present states. The values of
the next-state variable, Y, and the primary output variable,
F, must be specified for each total present state. The tabu-
lar arrangement shown in Table A.6.1 is a common method
for presenting this information. This descriptive tool is called
a state table.

TABLE A.6.1. State Table

Present Next-State Output
State Y F
y l4la = 00 01 10 11|l412 = 00 01 10 11
0 o0 1 0 1 0 0 0 O
1 o1 1 1 0o 0 1 1
o.o/o‘(\l.o/o
0,1/0
0, 0/0 Is b/F
1,1/0 / v 1o/
1.1/1\}1.0/1
0,1/0
TL/L/9992-43

FIGURE A.6.2. State Diagram




A.6 State Machine Fundamentals (continued)

A second method for describing the behavior of a sequen-
tial system is the use of a state diagram. This method pres-
ents a pictorial representation of the present-state/next-
state sequences that apply to the sequential device. State
changes are marked with directed arrows, with the primary
input and output conditions that apply to each state transfer
given beside the arrows. The state diagram for the system
of Figure A.6.1 is shown in Figure A.6.2. A slash separates
the input information from the output information.

State tables and state diagrams are essential tools in the
analysis and design of sequential digital systems. The read-
er should be familiar with these two tools by reading the
references listed in the end of this section.

Because a sequential system has feedback from its outputs
to its input, certain types of instabilities and uncertainies can
occur. When present, these conditions make the operation
of circuit difficult or impossible to describe. They may even
render the circuit useless, since its behavior may not be
predictable or consistent. Several of these types of prob-
lems are listed below.

1. The input or output conditions of the system may be in-
determinant. For example, the circuit in Figure A.6.3.

. >o :

TL/L/9992-44
FIGURE A.6.3. Example of Hazard Circuit

2. The output condition of the system may be unstable,
changing even though the external inputs do not change.
Figure A.6.4 illustrates an example.

T [ Do
—rF
f
DELAY ‘
TL/L/9992-45

FIGURE A.6.4. Example of Unstable Circuit
3. The output condition of the system, even though stable,
may not be predictable depending upon the primary input
conditions. Figure A.6.5 is an example.’
However, these problems mentioned above can be avoided
by making certain restrictions in the way sequential systems
are designed and used. For instance, the following are
some restrictions:
1. Avoiding continuing instabilities (oscillations).
2. Allowing only fundamental-mode operation.
3. Allowing only pulse-mode operation.

F1

F2

2

DELAY

FIGURE A.6.5. Ekample of Circuit with Unpredictable Output States

T

TL/L/9992-46
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A.7 Avoiding Logic Hazards

The flexible alternative which PLDs provide to design with
standard logic requires care in understanding criteria specif-
ic to the new design methodology. Care must be taken in
understanding the capabilities of the part chosen and in fol-
lowing the design procedure described later in this chapter.
But even careful adherence to the design flow will not avoid
some of the more common errors, which are common in
other design methodologies, as well as PLDs. This section
outlines some of the more common anomalies and sug-
gests how they might be avoided.

HAZARDS AND GLITCHES

Not all devices have the same propagation delay. A hazard
may be caused by configuring a set of gates such that a
change in the input signals can cause a spurious output
signal or “glitch”. In combinational circuits, the hazard will
be prevented since the outputs are presumed to be a func-
tion of steady-state input signals and are not scanned until
all transients have stabilized. However, in sequential cir-
cuits, particularly where the outputs of such a combinational
circuit are used as inputs to a sequential circuit, glitches
may occur. .

STATIC AND DYNAMIC HAZARDS

Depending on the initial and final value of the output, there
can be two classes of hazards. When these values are the
same, extraneous output signals result from a static hazard.
As an example, the circuit shown in Figure A.7.1 will exhibit
an output glitch due to a static hazard when both inputs A
and B are high and the control input is changed from high to
low. In a perfect world, the output signal would not change,
but the propagation delay of the logic gates (in this case the
inverter) will cause a momentary low glitch on the otherwise
high output, as shown.

OUTPUT

TL/L/9992-1
FIGURE A.7.1. Circuit with Static Hazard

If the initial and final states of the output of a circuit are

different, then an extraneous output results from a dynamic

hazard. As an example, this would be characterized by a
circuit which moved through an intermediate state before
settling in the final configurations, such as a 0-1-0-1 instead
of a clean 0-1.

FUNCTION AND LOGIC HAZARDS

The causes of hazards are classed as either function or
logic. Function hazards exist when logic is specified with a
change in more than one input variable possible simulta-
neously. Figure A.7.2 shows a truth table which illustrates
this. The circuit is intended to move from stable state
XYZ = 000 to stable state XYZ = 101. If the input variable
X and Z do not change absolutely simultaneously, an output
glitch due to a function hazard will occur. Assume both X
and Z transition from O to 1 at about the same time, but not
simultaneously. If X changes before Z, a momentary state of
100 will exist, giving a transient output of 0 until Z changes
and the final output stabilizes at 1. If Z changes before X,
the inputs are momentarily 001, which gives an output 0,
which changes to 1 as X changes.

N
00 [1]o
o1 fof3
11 [o]o
10 oo

TL/L/9992-2
FIGURE A.7.2. Truth Table
Illustrating a Function Hazard

Functional glitches can be avoided by assigning the state
variables in such a manner that transitions between states
require only one variable to change at a time.

Unequal delays which occur because of the detailed logic
implementation are called /ogic hazards. These can exist
even if only one variable at a time changes, as illustrated by
Figure A.7.3. This Karnaugh map displays a logic hazard in
the Y input, which moves the circuit from the set XYZ to the
set WYZ. Each group shown in Figure A.7.3 represents one
product term that is an input to the circuit. In this example, it
is an OR gate, and therefore at least one of the product
terms must be 1 to give an output of 1. Due to circuit propa-
gation delays, any real-world circuit will move out of the
starting sets faster than it moves into the final sets. There is
therefore the possibility of a brief interval when neither cor-
responding product is at 1.
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FIGURE A.7.3 Karnaugh Map (K-Map)
Used to Resolve a Function Hazard

A remedy for this is to ensure that any pair between which a
transition may take place are in a single set. In other words,
any 1-values which appear next to each other in the K-map
must be contained within the same set, as shown in Figure
AZ.3.

REMEDIES FOR MORE COMPLEX CIRCUITS

Once the number of terms exceeds two or three, K-maps
become increasingly difficult to work with. A remedy for this
can be found by adding additional terms to the original Boo-
lean equations. From this, it can be determined whether a
logic hazard exists by examining the modified equations. If a
variable and its complement appear in separate product
terms in the same equation and these product terms contain
that are not mutually exclusive, a logic hazard exists. The
hazard can be eliminated by generating a new product term
to overlay each pair of product terms which pose a logic
hazard. The new product term is selected from canonical
product terms which differ only by the state of the variable
causing the hazard.

Hazards can exist irrespective of the design methodology
used. In manual design, generation and careful examination
of K-maps, particularly multiple inputs for state change, can
reveal potential hazards. Computer-aided design tools such
as ABEL and CUPL are not completely hazard-free and a
similar examination of their results may reveal hazards and
require adjustment of minimization level and the addition of
redundant terms, as for manual design.

As an example of hazard recognition and correction, consid-
er the circuit shown in Figure A.7.4. The Boolean equation
describing this is:

XYZ + WYZ
Examining the equation reveals a logic hazard because both
Y and Y appear in separate product terms and inputs W and
X are not mutually exclusive. The problem can be eliminated
in two steps. Firstly, expand the expression to its canonical
form, which gives:
WXYZ + WXYZ + WXYZ + WXYZ

Secondly, develop a new product term from those which
overlay the original two and differ only by the state of the
variable causing the hazard, in this case Y. This gives:
XYZ + WXZ (Y + Y) + wyz
= XYZ + WXZ + WYZ
In this case, the new product term WXZ overlays the original
and is illustrated on the K-map of Figure A.7.3. Therefore,
the addition of an AND gate and an input to the OR gate will
result in elimination of the hazard, as shown in Figure A.7.4.

W X
OUTPUT
TL/L/9992-5
(a) Logic Hazard Exists
X 7
<o N
TL/L/9992-6
(b) No Logic Hazard
FIGURE A.7.4. Recognition and
Correction of a Logic Hazard
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Theory of PLD Testing

B.1 Testing Methods

There are many test methods for LSI circuits, each with its
own way of generating and processing test data. These ap-
proaches can be divided into two broad categories—con-
current and explicit.2

In concurrent approaches, normal user-application input
patterns serve as diagnostic patterns. Thus testing and nor-
mal computation proceed concurrently. In explicit ap-
proaches, on the other hand, special input patterns are ap-
plied as tests. Hence, normal 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 1's and
n — m 0’s) are suitable for coding control signals, while
arithmetic codes are best suited for coding ALU operands.3

The monitoring circuits—checkers—are placed in various
locations inside the systems so that they can detect most of
the faults. A checker is sometimes designed in a way that
enables it to detect a fault in its own circuitry as well as in
the monitored data. Such a checker is called a se/f-checking
checker3 :

Hayes and McCluskey surveyed various concurrent testing

methods that can be used with microprocessor-based LSI

systems.2 Concurrent testing approaches provide the fol-
lowing advantages:

* Explicit testing expenses (e.g., for test equipment, down
time, and test pattern generation) 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 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 opera-
tion, 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 LS| testing:

¢ The application patterns may not exercise all the storage
elements 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 accumula-
tion. As a result, the fault detection mechanism may fail
because most error detection codes have a limited capa-
bility for detecting multiple faults.

Using error detecting codes to code the information sig-
nals used in an LS} chip requires additional 1/0 pins. At
least two extra pins are needed as error signal indicators.
(A single pin cannot be used, since such a pin stuck at
the good value could go undetected). Because of con-
straints 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 similar LS| cir-
cuit 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 concur-
rent methods is less than that provided by explicit meth-
ods.

The above-mentioned problems have limited the use of con-
current testing for most commercially available LSI circuits.
However, as digital systems grow more complex and diffi-
cult to test, it becomes increasingly attractive to build test
procedures'intq 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 general, an explicit testing pro-
cess involves three steps:

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

e 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, which indicates the
existence of one or more faults (go/no-go testing). The
other is the isolation of the fault, if one exists, in an easily
replaceable module (fault location testing). 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 distinguished by the techniques used to gener-
ate the test patterns and to detect and evaluate the faulty
responses (Figure B.1.1). In what follows, we concentrate
on explicit testing and present in-depth discussions of the
methods of test generation and response evaluation em-
ployed with explicit testing. )

B.2 Test Generation Techniques

The test generation process represents the most important
part of any explicit testing method. Its main goal is to gener-
ate those test patterns that, when applied to the UUT, sensi-
tize existing faults and propagate a faulty response to an
observable output of the UUT. A test sequence is consid-
ered good if it can detect a high percentage of the possible
UUT faults; it is considered good, in other words, if its de-
gree of fault coverage is high.

Rigorous test generation should consist of three main activi-

ties:

e Selecting a good descriptive model, at a suitable level,
for the system under consideration. Such a model should
reflect the exact behavior of the system in all its possible
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 asso-
ciated with the use of the model should be minimized.
The latter can be accomplished by keeping the complexi-
ty 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 part of test generation is the soul of the whole test
process. Designing a test sequence to detect a certain
fault in a digital circuit usually involves two problems.
First, the fault must be excited; i.e., a certain test se-
quence 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 observ-
. able output.

Rigorous test generation rests heavily on both accurate de-
scriptive (system) models and accurate fault models.

Test generation for digital circuits is usually approached ei-
ther at the gate-level or at the functional level. The classical
approach of modeling digital circuits as a group of connect-
ed gates and flip-flops has been used extensively. Using
this level of description, test designers introduced many
types of fault models, such as the classical stuck-at model.
They also assumed that such models could describe physi-
cal circuit failures in terms of logic. This assumption has
sometimes restricted the number of physical failures 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.

LSl
TESTING
EXPLICIT CONCURRENT
TESTING TESTING
1
[ I |
TEST TEST RESPONSE
GENERATION APPLICATION EVALUATION
I I
[ I [ |
MANUAL RANDOM INTERNAL EXTERNAL
| |
ALGORITHMIC SHMULATION-
AIDED GOOD
COMPACT
RESPONSE COMPACT
GENERATION
STORED TRANSITION SIGNATURE
RESPONSE COMPARISON COUNTING ANALYSIS
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FIGURE B.1.1. LSl Test Technology
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Many algorithms have been developed for generating tests
for a given fault in combinational networks.(1: 4. 5, 6, 7) How-
ever, the complexity of these algorithms depends on the
topology of the network; it can become very high for some
circuits. Ibarra and Sahni have shown that the problem of
generating tests to detect single stuck-at faults in a combi-
national circuit modeled at the gate level is an NP-complete
problem.8 Moreover, 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 circuits having many thousands of gates, the
gate level approach to the test generation problem is not
very feasible. A new approach, the functional level, is need-
ed.

Another important reason for considering faults at the func-
tional level is the constraint imposed on LS! testing by a
user environment—the test patterns have to be generated

without a knowledge of the implementation details of the
chip at the gate level. 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 various modules such as registers, multiplexers,
ALUs, ROMs, and RAMSs. 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 B.2.1. This multiplexer can be modeled
at the gate level as shown in Figure B.2.1(a), or at the func-
tional level as shown in Figure B.2.1.(b).
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(b) Functional-Level Description
FIGURE B.2.1. A One-Out-of-Four Multiplexer

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

At the functional level, the multiplexer is considered a black
box with a well-defined function. Thus, a fault model for it
may specify the following as possible faults: selection of
wrong source, selection of no source, or presence of stuck-
at faults in the input lines or in the multiplexer output. With
this model, the fault list may contain faults such as source
“X’ is selected instead of source “Y”, or line “Z” is stuck at
1.

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 functionali-
ty of the system. Exhaustive tests are impossible for even
small systems because of the enormous number of possible
states, and superficial tests provide neither good coverage
nor even an indication of what faults are covered.

Once the fault list has been defined, the next step is to find
the test patterns required to detect the faults in the list. As
previously mentioned, each fault first has to be excited so
that an error signal will be generated somewhere in the
UUT. Then this signal has to be sensitized at one of the
observable outputs of the UUT. The three examples 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 incre-
menter shown in Figure B.2.2.

Xo X Xz
o
C,
c °
f
R
Yo Yy Y2 .
TL/L/9993-4

FIGURE B.2.2. Gate-Level Description
of Three-Bit Incrementer

The incrementer output, Y2Y1Yy is the binary sum of C; and
the three-bit binary number X2X1Xg, while Cp is the carry-
out bit of the sum. Note that Xo(Y) is the least significant bit
of the incrementer input (output).

Assume we want to detect the fault “line f is stuck at 0.” To
excite that fault we will force a 1 to appear on line f so that,
if it is stuck at 0, a faulty value will be generated at the fault
site. To accomplish this both Xg and C; must be set to 1. To
sensitize the faulty O at f, we have to set X1 to 1; this will
propagate the fault to Y, independent of the value of Xo.
Note that if we set Xy to 0, the fault will be masked since the
AND gate output will be 0, independent of the value at f.
Note also that X5 was not specified in the above test. How-
ever, by setting Xz to 1, the fault will propagate to both Y3
and Cgp, 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
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word /in the RAM results in accessing the word j instead.” |

To excite such a fault, we will use the following sequence of
instructions (assume a microprocessor with smgle operand
instructions):

Load the word 00 ... 0 into the accumulator.

Store the accumulator contents into memory address /.
Load the word 11 ... 1 into the accumulator.

Store the accumulator contents into memory address /.

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

Consider the program counter (PC) of a microprocessor
and assume we want to generate 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 PG 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 random
test generation.

MANUAL TEST GENERATION

In manual test generation, the test designer carefully ana-
lyzes the UUT. This analysis can be done at the gate lev-
el, at the functional level or at a combination of the two.
The analysis of the different parts of the UUT is intended
to determine the specific patterns that will excite and sen-
_sitize-each fault in the fault list. At one time, the manual
approach was widely used for medium- and small-scale
digital circuits. Then, the formulation 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 patterns.15 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 cir-
cuits were not suitable for LS| circuits.

Manual test generation tends to optimize the length of the
test patterns and provides a relatively high degree of fault
coverage. However, generating tests manually takes a
considerable amount of effort and requires persons with
special skills. Realizing that test generation has to be

done economically, test designers are now moving in the
direction of automatic test generation.

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

A bit-sliced microprocessor is an array of n identical ICs
called slices, each of which is a simple processor for oper-
ands of & bit length, where & is typically 2 or 4. The intercon-
nections among the 7 slices are such that the entire array
forms a processor for nkbit operands. The simplicity of the
individual slices and the regularity of the interconnections
make it feasible to use systematic methods for fault analysis
and test generation.

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

The following fault categories were considered:

® For combinational modules, all possible faults that in-
duce 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 t|me

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
sequencet? to each sequential module. In addition, the re-
sponses of each module must be propagated to observable
output lines. The tests required by the individual 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 number 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-festability. Note
that the use of carry-lookahead when connecting slices
eliminates C-testability. Also note that slices with operand
sizes equal to 2 or more usually are not C-testable.

The idea of modeling a digital system as a collection of
interconnected functional modules can be used in modeling
any LSI circuit. However, using exhaustive tests and check-
ing 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 dlrectly appllcable
to LS| testing.
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ALGORITHMIC TEST GENERATION

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

Techniques that use the gate-level description of the UUT,
such as path sensitization4 and the D-algorithm,5 can no
longer be used in testing complicated LS| circuits. Thus, the
problem of generating meaningful sets of tests directly from
the functional description of the UUT has become increas-
ingly important. Relatively little work has been done on func-
tional-level testing of LSI chips that are not memory ele-
ments.8,12-17 Functional testing of memory chips is rela-
tively simple because of the regularity of their design and
also because their components can be easily controlled and
observed from the outside. Various test generation algo-
rithms have been developed to detect different types of
faults in memories. 1,18 In the rest of ths section we will
concentrate on the general problem of generating tests for
irregular LS| chips, i.e., for LS| 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 LS| circuits. One
good example of work in this area is the technique proposed
by Thatte and Abraham for generating tests for microproc-
essors.12,13 Another approach, pursued by the authors of
this article, is a test generation procedure capable of han-
dling general LS| circuits.15,16,17

THE THATTE-ABRAHAM TECHNIQUE

Microprocessors constitute a high percentage of today's LS!
circuits. Thatte and Abraham12.13 approached the micro-
processor test generation problem at the functional level.

® The test generation procedure they developed was
based on: ] .

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

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 be-
havior of the UUT without knowing its implementation de-
tails.

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 manipulation, or branch
type. There exists a directed edge (labeled with an instruc-
tion) 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 B.2.3.

Having described the function or the structure of the UUT,
one needs an appropriate fault model in order to derive use-
ful tests. The approach used by Thatte and Abraham is to
partition the various functions of a microprocessor into five
classes: the register decoding function, the instruction de-
coding 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 implementa-
tion 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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The fault model for the register decoding function allows
any possible set of registers to be accessed instead of a
particular register. (If the set is null then no register is ac-
cessed.) This fault model is thus very general and indepen-
dent of the actual realization of the decoding mechanism.

For the instruction decoding and control function, the faulty

behavior of the microprocessor is specified as follows.

When instruction |;, is executed ‘any one of the following

can happen:

¢ Instead of instruction |;, some other instruction I is exe-
cuted. This fault is denoled by F(l; /1¢).

* In addition to instruction I; some other mstrucnon Ig is
activated. This fault is denoted by F(l;/l; + l¢).

* No instruction is executed. This fault is denoted by F(l;/
6). ‘

Under this specification, any number of instructions can be

faulty.

In the fault model for the data storage function, any cell in

any data storage module is allowed to be stuck at 0 or 1.

This can occur in any number of cells.

The fault model for the data transfer function includes the
following types of faults:

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

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

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

Since there is a variety of designs for the ALU and other
functional units such as increment or shift logic, no specific
fault model is used for the data manipulation function. 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 microproc-
essor according to the fault models presented above,
Thatte and Abraham formulated a set of algorithms to gen-
erate the necessary test patterns. These algorithms step
the microprocessor through a precisely defined set of in-
structions 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 algo-
rithms, Thatte investigated the testing of an eight-bit micro-
processor from Hewlett-Packard.12 He generated the test
patterns for the microprocessor by hand, using the algo-
rithms. 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 validi-
ty of the technique. .

THE ABADIR-REGHBATI TECHNIQUE

Here we will briefly describe a test generation technique we
developed for LSI circuits.15.16 We assume that the tests
would be generated in a user environment in which the
gate- and flip-flop-level details of the chip were not known.

We developed a module-level model for LS| circuits. This
model bypasses the gate and flip-flop levels and directly
describes blocks of logic (modules) according to their func-
tions. Any LS| circuit can be modeled as a network of inter-
connected modules such as counters, registers, ALUs,
ROMs, RAMSs, multiplexers and decoders. ;

Each module in an LSI circuit was modeled as a black box
having a-number of functions defined by a set of binary
decision diagrams (see box).19 This type of diagram, a func-
tional description tool introduced by Akers in 1978, is a con-
cise means for completely defining the logical operation of
one or more digital functions in an implementation-free
form. The information usually found in an IC catalog is suffi-
cierit.to derive the set of binary decision diagrams describ-
ing the functions performed by the different modules in a
device. These diagrams—like truth tables and state ta-
bles—are amenable to extensive logical analysis. However,
unlike truth tables and state tables—are amenable to exten-
sive logical analysis. However, unlike truth tables and state
tables, they do not have the unpleasant property of growing
exponentially with the number of variables involved. More-
over, the diagrams can be stored and processed easily in a
digital computer. An important feature of these diagrams is
that they state exactly how the module will behave in every
one of its operation modes. Such information can be ex-
tracted from the module’s diagrams in the form of a set of
experiments.1520 Each of these experiments describes the
behavior of the module in one of its modes of operation.

The structure of these experiments makes them sultable 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
mode! is quite independent of the details of implementation
and covers functional faults that alter the behavior of a mod-
ule during one of its modes of operation. It also covers
stuck-at faults affecting any input or output pin or any inter-
connection line in the chip.

Using the above-mentioned models, we proposed a func-
tional test generation procedure based on path sensitization
and D-algorithm.15 The procedure takes the 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 techniquel was used
to reduce the length of the test sequence. As in the D-algo-
rithm, the procedure employs three basic operations, name-
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ly 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 operations 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 generates all
the possible states of the module after performing the re-
quired operation.

We have also reported our efforts to develop test se-
quences based on our test generation procedure for typical
LS| circuits.17 More specifically, we considered a one-bit
microprocessor slice C that has all the basic features of the
four-bit Am2901 microprocessor slice.10 The circuit C was
modeled as a network of eight functional modules: an ALU,
a latch register, an addressable register, and five multiplex-
ers. The functions of the individual modules were described
in terms of binary decision diagrams or equivalent sets of
experiments. Test capable of detecting various faults ‘cov-
ered 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 se-
quence results.

The test generation effort was quite straightforward, indicat-
ing that the technique can be automated without much diffi-
culty. 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 se-
quence manually generated by Sridhar and Hayes?® for the
same circuit. We also described techniques for modeling
some of the features of the Am2909 four-bit microprogram
sequencer10 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 LS! 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 interpret the
behavior of a circuit under a certain fault or faults. This is
known as fault simulation. To clarify how this technique can
be used to generate tests for LS| systems, we will first de-
scribe its use with SSI/MSI-type circuits.

To generate a fault simulator for an SSI/MSI circuit, the

following |nformat|on is needed.?

o the gate-level description of the circuit, written in a spe-
cial language;

e the initial conditions of the memory elements; and

e a list of the faults to be simulated, including classical

types of faults such as stuck-at faults and adjacent pin
shorts

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 nor-
mal conditions as well as when any faults exist.

Now, by applying various input patterns (either generated by
hand, by an algorithm, 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 direclty mea-
sures 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 IIl fault simulator developed
at the Hewlett-Packard Company.12 Both work primarily at
the gate level and simulate stuck-at fauits 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 ele-
ment of the circuit, and ‘
® the existence of a good fault model for the UUT which
can be used to generate a fault Ilst covenng most of the
actual physical faults.
These two requirements have been met for SSI/MSI cir-
cuits, but they pose serious problems for LS| circuits. If it
can be done at all, modeling LSl 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 LS|
chips. The other is the time and memory required to simu-
late and LSl circuit containing thousands of gates. Another
severe problem facing almost all LS| test generation tech-
niques is the lack of good fault models at a level higher than
the gate level.

The Abadir-Reghbati description model proposed in the pre-
vious section permits the test designer to bypass the gate-
level description and, using binary decision diagrams, to de-
fine 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 require-
ments. Furthermore, the Abadir-Reghbati fault model is
quite efficient and is suitable for simulation purposes. In
fact, the implication operation1€ employed by the test gen-
eration procedure represents the main bulldmg block of any
fault simulator. It must be noted that fault simulation tech-
niques are very useful in optimizing the length of the test
sequence generated by any test generation technique.
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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 fauit 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 experi-
ments on SSI and MSI circuits show that random test gener-
ation 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 appli-
cability of random testing. Again, combining manually gener-
ated 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 re-
sults.

® 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 pro-
vided by a particular random test process is unpredict-
able.

TEST wr !

PATTERNS

B.3 Response Evaluation
Techniques

Different methods have been used to evaluate UUT re-
sponses to test patterns. We restrict our discussion to the
case where the final goal is only to detect faults or, equiva-
lently, to detect any wrong output response. There are two
ways of achieving this goal—using a good response genera-
tor 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 genera-
tion 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 B.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 gener-
ated 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 easily as a
partial product from the simulator.

uut
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FIGURE B.3.1. Stored Response Testing
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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 LS| 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 eval-
uation step. However, the stored response technlque suf-
fers from various’ disadvantages:

* Any change in the test sequence requires the whole pro-
cess to be repeated.

e A very large memory is usually needed to store all the
good responses to a reasonable test sequence, because
both the length and the width of the responses are rela-
tively farge. As a result, the cost of testing equnpment
increases.

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

COMPARISON TESTING

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

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

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

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

COMPACT TESTING

The major drawback of good response generation 'tech-
niques in general, and stored response testing in particular,
is the huge amount of response data that must be analyzed
and stored. Compact testing methods attempt to solve this
by compressing the response data R into a more compact
from f(R) from which most of the fault information in R can
be derived. Thus, because only the compact form of the
good responses has to be stored, the need for large memo-
ry or expensive golden units is eliminated. An important
property of the compression function f is that it can be im-
plemented 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 B.3.3.

Several choices for the function f exist, such as “the num-
ber of 1’s in the sequence,” “the number of O to 1 and 1 to 0
transitions in the sequence” (transition counting),24 or “the
signature of the sequence” (signature analysis).25 For each
compression function £, there is a slight probability that a
response R1 different from the fault-free response RO will
be compressed to a form equal to f(RO), i.e., f(R1) =
f(RO). Thus, the fault causing the UUT to produce R1 in-
stead 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 signa-
ture analysis.
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FIGURE B.3.2. Comparison Testing
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TRANSITION COUNTING

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

In the testing of an LSI circuit by means of transition count-
ing, the input patterns can be applied to the UUT at a very
high rate, since the response evaluation circuitry is very fast.
Also, the size of the memory needed to store the transition
counts of the good responses can be very small. For exam-
ple, a transition counting test using 16 million patterns at a
rate of 1 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 A-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 maxi-
mize the fault coverage of the test.24 The example below
shows how this can be done.

Consider the one-out-of-four multiplexer shown in Figure
B.3.4. To check for multiple stuck-at faults in the multiplexer
input lines, eight test patterns are required, as shown in Ta-
ble B.3.1. The sequence of applying these eight patterns to
the multiplexer is not important if we want to evaluate the
output responses one by one. However, this sequence will
greatly affect the degree of fault coverage if transition
counting is used. To illustrate this fact, consider the eight
single stuck-at faults in the four input lines X1, X2, X3 and
X4 (i.e, X1 stuck-at 0, X1 stuck-at 1, X2 stuck-at 0, and so
on). Each of these faults will be detected by only one pat-
tern among the eight test patterns. For example, the fauit
“X1 stuck-at 0" will be detected by applying the first test
pattern in Table B.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 multiplex-
er. Applying the eight test patterns in the sequence shown
in Table B.3.1 (from top to bottom) 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 num-
ber different from seven, and the fault will be detected.
(Note that no more than four of the eight faults can occur at

X1 X2 X3 X4
S em——
1/4 MUX
|- P p—
Y
TL/L/9993-14
So S4 Y
0 0 X1
0 1 X2
1 0 X3
1 1 X4

FIGURE B.3.4. One-Out-of-Four Multiplexer

any one time.) Thus, the test sequence shown in Table
B.3.1 will detect all single and multiple stuck-at faults in the
four input lines of the multiplexers.

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

It is clear from the above example that the order of applying
the test patterns to the UUT greatly affects the fault cover-
age of the test. When testing combinational circuits, the test
designer is completely free to choose the order of test pat-
terns. However, he cannot do the same with test patterns
for sequential circuits. More seriously, because he is dealing
with LS| circuits that probably have multiple output lines, he
will find that a particular test sequence may give good re-
sults at some outputs and bad results at others. 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 LS| testing method.
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TABLE B.3.1. The Eight Test Patterns Used
for Testing the Multiplexer of Figure B.3.4

So Sq X1 X2 X3 X4 Y
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 B.3.2. A Different Sequence
of the Eight Multiplexer Test Patterns

S St | Xt X2 X3 X4 | VY
0 0 1 0 o 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

SIGNATURE ANALYSIS

In 1977 Hewlett-Packard Corporation introduced a new
compact testing technique called signature analysis, intend-
ed for testing LS| systems.25-28 |n this method, each output
response is passed through a 16-bit linear feedback shift
register whose contents f(R), after the test patterns have
been applied, are called the test signature. Figure B.3.5
shows an example of a linear feedback shm reglster used in
signature analysis.

The signature provided by linear feedback shift registers
can be regarded as a unique fingerprint—hence, test de-
signers have extremely high confidence in these shift regis-
ters as tools for catching errors. To better understand this
confidence, let us examine the 16-bit linear feedback shift
register shown in Figure B.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 21 possible
combinations of data streams, and each one will be com-

" pressed to one of the 216 possible signatures. Linear feed-

back 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 nu-

merical examples.

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

e Assume n = 17. Then exactly two data streams will be
mapped to the same signature. 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 signature; i.e., only one fault 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 signature. Hence, only three faults
out of 218 — 1 possible faults will not be detected.

We can generalize the results obtained above. For any re-
sponse data stream .of length 7 > 16, the probability of
missing a faulty response when usnng a 16-bit sngnature

analyzer.is 27

gn — 16 — 4

2n —1 .

Hence, the possibility of missing an error in the bit stream is

very small (on the order of 0.002 percent). Note also that a

great percentage of the faults will affect more than one out-

put pin—hence the probability of not detectlng these kind of
faults is even lower.

=~ 2—16,forn >> 16,

SERIAL -
. DATA
INPUT -

D—ﬂUlllJ\lUJJJlu

16-BIT SHIFT REGISTER

TL/L/9993-15.

FIGURE B.3.5. The 16-Bit Linear Feedback Shift Register Used in Signature Analysls




Signature analysis provides a much higher level of confi-
dence for detecting faulty output responses than that pro-
vided by transition counting. But, like transition counting, 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 calcu-
lated even when the UUT is tested at its maximum speed.
Unlike transition counting, the degree of fault coverage pro-
vided 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 prob-
lem.

The rapid growth of the complexity and performance of digi-
tal 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 obso-
lete. New techniques are required to cope with the vastly
more complicated LSI circuits.

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 pro-
cess can be partitioned into three steps: generating the test,
applying the test to the UUT, and evaluating the UUT’s re-
sponses. The various testing techniques are distinguished
by the methods they used to perform these three steps.
Each of these techniques has certain strengths and weak-
nesses.

We have tried to emphasize the range of testing techniques
available, and to highlight some of the milestones in the
evolution of LSI testing. The details of an individual test
method can be found in the source we have cited.
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National Semiconductor Corporation recognizes the need to keep you informed about the availability of current technical
literature.

This bookshelf is a compilation of books that are currently available. The listing that follows shows the publication year and
section contents for each book.

For datasheets on new products and devices still in production but not found in a databook, please contact the National
Semiconductor Customer Support Center at 1-800-272-9959.

We are interested in your comments on our technical literature and your suggestions for improvement.
Please send them to:

Technical Communications Dept. M/S 16-300

2900 Semiconductor Drive

P.O. Box 58090

Santa Clara, CA 95052-8090
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CMOS LOGIC DATABOOK—1988
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DATA ACQUISITION DATABOOK—1993
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DATA ACQUISITION DATABOOK SUPPLEMENT—1992
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Microprocessor Applications for the NS32CG821

EMBEDDED CONTROLLERS DATABOOK—1992
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FAST® ADVANCED SCHOTTKY TTL LOGIC DATABOOK—1990

Circuit Characteristics ® Ratings, Specifications and Waveforms ® Design Considerations ® 54F/74FXXX

FAST® APPLICATIONS HANDBOOK—1990

Reprint of 1987 Fairchild FAST Applications Handbook

Contains application information on the FAST family: Introduction ¢ Multiplexers ® Decoders ® Encoders
Operators ® FIFOs ® Counters ® TTL Small Scale Integration ® Line Driving and System Design

FAST Characteristics and Testing ® Packaging Characteristics

HIGH-PERFORMANCE BUS INTERFACE DESIGNER’S GUIDE—1992

Futurebus+ /BTL Devices ® BTL Transceiver Application Notes ® Futurebus+ Application Notes
High Performance TTL Bus Drivers ¢ Pl-Bus ¢ Futurebus+ /BTL Reference

IBM DATA COMMUNICATIONS HANDBOOK—1992
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INTERFACE: LINE DRIVERS AND RECEIVERS DATABOOK—1992

EIA-232  EIA-422/423 » EIA-485  Line Drivers ¢ Receivers ® Repeaters ® Transceivers ® Application Notes

LINEAR APPLICATIONS HANDBOOK—1991
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LOW VOLTAGE DATABOOK—1992
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included for: Low Voltage Logic (LVQ), Linear, EPROM, EEPROM, SRAM, Interface, ASIC, Embedded Controllers, Real Time
Clocks, and Clock Generation and Support (CGS).
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Operational Amplifiers ® Buffers ® Voltage Comparators ® Instrumentation Amplifiers ® Surface Mount
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Huntsville
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(2085) 837-7210
Pionser Technology
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Time Electronics
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ARIZONA
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Hamilton/Avnet
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(602) 966-6600
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Chatsworth
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Hamilton/Avnet
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FLORIDA
Altamonte Springs
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(407) 339-0078
Pioneer Technology
(407) 834-9090
Zeus Components
(407) 788-9100
Deerfield Beach
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(305) 421-1997
Pioneer Technology
(305) 428-8877
Fort Lauderdale
Hamilton/Avnet
(305) 767-6377
Time Electronics
(305) 484-1778
Orlando
Chip Supply
(407) 298-7100
Time Electronics
(407) 841-6565
St. Petersburg
Hamilton/Avnet
(813) 572-4329
Winter Park
Hamilton/Avnet
(407) 657-3300

GEORGIA -

Duluth
Hamilton/Avnet
(404) 446-0611
Pioneer Technology
(404) 623-1003

Norcross
Bell Industries
(404) 662-0923
Time Electronics
(404) 368-0969

ILLINOIS

Addison
Pioneer Electronics
(708) 495-9680

Bensenville
Hamilton/Avnet
(708) 860-7700

Elk Grove Village
Bell Industries
(708) 640-1910

Schaumburg
Anthem Electronics
(708) 884-0200
Time Electronics
(708) 303-3000

INDIANA

Carmel
Hamilton/Avnet
(317) 844-9333

Fort Wayne
Bell Industries
(219) 423-3422

Indianapolis

Advent Electronics Inc.

(317) 872-4910
Bell Industries
(317) 875-8200 -
Pioneer Standard
(317) 573-0880

IOWA
Cedar Rapids
Advent Electronics
(319) 363-0221
Hamilton/Avnet
(319) 362-4757
KANSAS
Lenexa
Hamilton/Avnet
(913) 888-8900

MARYLAND
Columbia
Anthem Electronics
(301) 995-6840
Time Electronics
{301) 964-3090
Zeus Components
(301) 997-1118
Gaithersburg
Pioneer Technology
(301) 921-0660
MASSACHUSETTS
Andover
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(508) 474-8880
Beverly
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(508) 927-5820
Lexington
Pioneer Standard
(617) 861-9200
Norwood
Gerber Electronics
(617) 769-6000
Peabody
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(508) 531-7430
Time Electronics
(508) 532-8900

Tyngsboro
Port Electronics
(508) 649-4880
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(313) 347-4720
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MINNESOTA

Eden Prairie
Anthem Electronics
(612) 944-5454
Pioneer Standard
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Time Electronics
(612) 943-2433
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Hamilton/Avnet
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Time Electronics
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Fairfield
Hamilton/Avnet
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Time Electronics
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(206) 867-5410
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(206) 241-8555
WISCONSIN
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(414) 547-8879
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Hamilton/Avnet
(604) 420-4101
Semad Electronics
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Electro Sonic Inc.
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Zentronics -
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(403) 468-9306
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Semad Electronics Ltd.
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ElectroSonic Inc.
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Winnipeg
Electro Sonic Inc.
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Product Line Overview

1.0 Selection Tables

The product selection tables which follow are organized by technology group (EECMOS and ECL), then

by “family”, and finally

by ‘““series” within each family. The term “family" refers to a set of one or more “device types” which are variations on the same
basic architecture. The term “device type” refers to a specific device architecture (regardless of performance characteristics).
The term “series” refers to a particular speed/power version in which the devices of a PLD family are available. Thus as
technology. advancements provide for improved speed/power performance, a new series is added to selected product families.

TABLE I. Programmable Logic Product Selection Guide

) D -
Family and Part Icc Outputs
Series ‘Numbers r(‘mf x)1 (max) Page
(Note 1) Combinatorial Registered
EECMOS )
20-Pin Quiet Series GAL16v8QS-15L 15 90 — 8 2-40
Generic GAL16V8QS-15Q 15 55 — 8 2-40
Array GAL16V8QS-20L 20 90 — 8 2-40
Logic GAL16V8QS-25L 25 90 — 8 2-40
GAL16V8QS-25Q 25 55 — 8 2-40
24-Pin Quiet Series - GAL20V8QS-15L 15 90 — 8 2-59
Generic GAL20V8QS-15Q 15 55 — 8 2-59
Array GAL20V8QS-20L 20 90 —_ 8 2-59
Logic GAL20V8QS-25L 25 90 — 8 2-59
' GAL20V8QS-25Q 25 55 —_ 8 2-59
20-Pin GAL16V8-7 7.5 115 —_ 8 2-3
Generic GAL16V8-10 10 115 — 8 2-3
Array GAL16V8A-12 12 90 —_ 8 2-3
Logic GAL16V8A-15 15 90 — 8 2-3
GAL16V8-20L 20 90 — 8 2-3
GAL16V8-25L 25 90 —_ 8 2-3
GAL16V8-25Q 25 55 — 8 2-3
24-Pin GAL20V8-7 7.5 115 — 8 2-22
Generic GAL20V8-10 10 115 — 8 2-22
Array GAL20V8A-12 12 90 — 8 2-22
Logic GAL20V8A-15 15 90 — 8 2-22
GAL20V8-20L 20 90 - 8 2-22
GAL20V8-25L 25 g0 —_ 8 2-22
GAL20V8-25Q 25 55 — 8 2-22
GAL22V10-15 15 130 — 10 2-78
GAL22Vv10-20 20 150 — 10 2-78
GAL22V10-25 25 130 —_ 10 2-78
GAL22V10-30 30 150 —_ 10 2-78
GAL20RA10-15 15 100 — 10 2-91
GAL20RA10-20 20 120 — 10 2-91
GAL20RA10-25 25 100 — 10 2-91
GAL6001-30L 30 150 — 10 2-102

Note 1: N

tpp for c

ial outputs (commercial operating range). Denotes characteristic speed of family where product has all non-registered outputs.
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OLMC Logic Diagram : E
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*Applies to both 20-pin DIP and 20-lead PLCC packages for GAL16V8QS.

FIGURE 6
OLMC Architecture Programming
= ' " TABLE IV
“Small-PAL” Mode . “Registered-PAL” Mode “Medium-PAL” Mode
L JEDEC A ' JEDEC |, JEDEC
Input - Input Input
Function Line #s ] Function Line #s Function Lines #s
(Note 1) . . . (Note 1) ' (Note 1)
Pin 1 INPUT ~INPUT 2,3 CLOCK - 'CLOCK ' 1 INPUT 23
***Pin 19 110 - INPUT 6,7 REGISTER . 110 23 .| TRI-STATE**
***Pin18 170 INPUT 10,11 REGISTER 170 6,7 : 170 6,7
***Pin17 170 INPUT 14,15 REGISTER 170 ) 10,11 - 170 10,11
***Pin 16 OUTPUT* NC REGISTER | - I/O 1415 110 14,15
***Pin15 OUTPUT* NC REGISTER 170~ 18,19 110 18,19
*** Pin 14 170 INPUT 18,19 REGISTER 170 22,23 110 22,23
***Pin 13 1/0 INPUT 22,23 REGISTER 170 26,27 B V/o) 26,27
***Pin 12 170 INPUT 26,27 REGISTER 170 30,13 TRI-STATE**
Pin 11 INPUT INPUT 30,31 G G INPUT 30,31
ACl,=0 | ACip=1 - ACl, =0 ACln =1 v AC1, =1
SYN = 1,AC0 = 0 SYN = 0,ACO = 1 SYN = 1,ACO = 1
All outputs are combinatorial At least one output is Alll/O pins are
and always active. registered. combinatorial.

Note: Pin numbers above apply to both 20-pin DIP and 20-lead PLCC packages for GAL16V8QS.

Note 1: All even and odd numbered JEDEC input line numbers correspond to true and complement array inputs, respectively.
*Active combinatorial output. ‘
**TRI-STATE combinatorial output.

*** AC1, applies to these 1/0 pins only.
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