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Abstract -

ad
With the increasing complexity of logic implemented on a single Very Large Scale
Integrated (VLSI) circuit chip, there is a growing problem of checking the logical behav-

ior of the chips manufactured. The problem is particularly acute for sequential circuits,

due to difficulties in initializing, controlling and observing the state of the syktem. A

possible solution to this problem is to incorporate Scan-Path into the sequential circuits. '

One of these Scan-Path designs is Level-Sensitive Scan Design.

¢
g

A variation of Single-Latch Level-Sensitive Scan Design is described in this thesis.

The new scheme eliminat_es the two shift clocks, t};us considerably reducing the afea
overhead. A ‘Mode Control" signal switches the circuit between a ‘Scan Mode’ and
a ‘Normal Mode’. The same system clocks are used in both scan and normal modes.
The system performance is not degraded with the use of latches propaesed in this work.

Advantages and cost impact of this schq‘rﬁe are also discussed. Technical details of

the proposed shift register latch are documented and performance improvements are

) -
identified throug&q extensive simulati(\n. An estimate of area overhead and performance,

" and a set of design rules that will result in Level-Sensitive logic are also described.

2

il




. Résumé ; o .

. &
’ 4

Avec lq complexité croissante des circuits 3 haut niveau d’intégration (VLSI), la
vérification du fonctionnement logique des circuits fabriqués devient de plus en plus
probléma-tique. Les circuits séquentiels offrent le plus de difficultés, di aux probiémes d
d’initialisat_ion, de commande, et d’observation de ’état du systéme. Une solution aux ’
problémes des circuits séquentiéls est un type de conception appelé ‘Scan Path’. Un cas

particulier de conception “Scan Path’ s’appelle ‘Level Sensitive Scan design’.
‘ \

?

pette these décrit une modification apportée au type™appelé ‘Single-Latch Level
Sensitive Scan Design’. La' modification élimine les deux signaux de commande ‘Shift
Clocks’ normalement utilisés avec ‘Scan Path’, ainsi réduisant la superficie de sjlicium
additionelle .reqmse. Un seul signal, “Mode Control’, commande le fonctionnement du
circuit (entre les modes ‘Scan’ et ‘Normal’). Les mémes signaux de synchronisation
(!clocks’) peuvent donc étre utilisés pour les deux différents modes de fonctionnement.
“En utilisant le nouveau type de‘Latch’ (‘Shif\’t Register Latch’) proposé. la performance
d’un circuit n’est pas déteriorée. Cette these [I)ré’sente‘en details. les avantages et colts
" de la solution proposée, ainsi que les characteristiques techniques concernant le nouveau o

type de *Latch’. Les analyses de performances sont éppuyées par des résultats de sim-

v et o

ulations. Enfin, cette thése comprend une estimation de |'aire additionelle requise par

la modification proposée, ainsi qu'un ensemble de régles de construction requises si la
y .
solutiongproposée était appliquée aux circhits de fype ‘Level Sensitive Logic’.
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Introduction

1. .Introdu’ction ‘ \ ¢

\

Il

Testing is one of the major technical problems encountered while designing

1

~

LSI/VLSI chips|1, 2, 3l.. This testing problem can be substantially reduced or com- .

pletely solved by adopting a design discipline, such that the chips are designed for
testabili ¥[4] In addition, an appropriate design philosophy can be adopted for the

higher level machine components|5i {eg., boards. systems).

©

Testing of chips is carried out by applying bit patterns to stimulate the logic inputs
and by comparing the actual output response to an expected one. which has been
preca;lculated. Generation of the stimuli and responses is achieved by si;rlulatipg the
function of the chip(2, 6/. Such patterns can be sometimes obtained as a by-product
of design verification. Generally such functional test patterns produce only a limited

test coverage, sirice they reflect the designer’s objective as simulated against a good

" machme2].

4

To achieve a more complete test coverage, the test patterns must permit to distin-
guish the good machine from all possible faulty machines. Such a set of test patterns
will guarantee that the machine is free of faults. One rﬁodel that is widely used to
represent a faulty machine is the Stuck-At fault model[1, 2, 3, 7I. Test patterns that
can detect such Stuck-At faults can be derived for combinational circuits by using al-
gorithmic methods yielding 100% test coverage However. for sequential circuits, test

pattern generation algorithms are difficult to apply, and , in practice. test coverage is

E

generally lowi8|. j

®
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It has been established that test generation for a single Stuck-At fault is NI; é/
comrplete (9]. This means that there will be a number of circuits for which test generation
time is an exponential function of circuit size. JHowever, the theory seems extremely
pessimistic compared with experience’ of well designed algorithms|15, 16, 17]. It has
been observed [9] that the computer run time to do test generation and fault simulation
is approximately proportional to the number of logic gates to the power of 3. Hence,

small increases in gate count will yield high-increasing®run times. The following equation

v

shows this relationship :

T = KN?®
)
\ Where T is the expected computer run time, N is the number of gates, and K is the
!
\ proportionality constant. [t has been observed that computer run time just for fault

simulation is proportional to N2 without the test generation phase.

To find tests for sequential circuits, the prolstem that must be solved is determining

.

a test pattern sequence which brings the memory elements into a state needed for
applying the tests. Historically, designers improved the testability of sequential logic

by pfacticing different design tricks. These are called the ‘Ad Hoc’ methods[4]. One of

L 4

" these ‘Ad Hoc' methods most commonly practiced provides a common reset input|10l

1

for counter or shift register latches. The reset input is used to obtain a defined machine
state. Tests could then be designed by stimulating the logic from this known state to

a-state needed to apply a test. An obvious disadvantage with this approach is that

long test pattern sequences are required since many tests originate from-the same reset
\ \ : \
state. To overcome this disadvantage, an improvement to the above approach consists

of breakiilg counters into subsections, each of which can reset individually. This #ill

(e}

lead to shorter test pattern sequences. In addition to reset inputs, test points can be

2

-
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added to the circuit. This will permit to apply tests more readily-and observe tests
results better. Designing with these approaches requires much designer ingenuity and

lacks a general applicability. In addition, while chip testability may be improved, such

methods often do not assist in card testing. .

Another way to improve testability, a more structured.approachfll}, is ‘to design
a Ci’lip in a fashion such that the combinational elements and the sequential elements
are partitionable. In general, this partitioning does require‘some additional circuits
such that c:)nnection of all latches on a chip to one or more shift registers becomes
possible. This creates access to the combinational logic partition and test patterns
can be supplied via the shift registers. This structured approach to testable desi>gn is

called ‘Scan-In, Scan-Out’ or more commonly, just ‘Scan’12]. One of these "Scan’ based

designs is "Level-Sensitive Scan Design’ (LSSD) [13]

All the testable design methods have the same objective : to reduce the cost of

testing. An eampirica.l relationship|11] that has been used for estimating the cost of
finding a faulty device is that the cost will increase by a factor of 10 as fault-finding
moves from one level to the next, i.e., if it cost $0.30 to detect a fault at the chip level,
then it would cost $3 to detect that same fault when it was imbedded at the board level:
and $30 when it was imbedded at the system lev(i: and $300 when it 1s imbedded at Ll‘1e
system level but has to be found in the field. Thus, if a fault can be detected at a chip

“or board leve], then significantly larger costs per fault can be avoided at subsequent

levels of packaging.

~

In VLSI. the inadequacy of automatjc test pattern generation and fault simulation,

£

makes it difficult to obtain a level of testability required to achieve acceptable defect

levels. If the defect level of boards is too high, the cost of field repairs is also too high.

3
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Introduction

These costs, and in some cases, the inability to obtain a sufficient test, have led to the

-need to have ‘Design For Testability’.

In this thesis report, Chapt?r 2 :giyes a review of existing structured Design For
Testability (DFT) Schemes. Chapte;r 3 describes the proposed scheme. which is a vari-
ation of ‘Level-Sensitive Scan’ Design’. Chapter 4 presents one way of implgmentmg a
circuit design of the proposed ‘Modified Shift Register Latch’ (MSRL) with detailed

simulation results.




Review of Eznisting Schemes

2. Review of Existing Schemes ' .

. d
With the utilization of LSI and VLSI technology, it has become apparent that

testability has to be considered as a design parameter(11]. This has led to rigorous and
highly structured design practices. Most structured design practices are built upon the
corncept that—if the values in all the latches can be controlléd to any specific vatue, and if
they can be observed with a very straight forward operation, then the test generation,
and possibly the fault simulation task, can be reduced to that of doing test generation
and fault simulation for a combinational logic network. A control signal can switch the
memory elements from their normal mode of operation to a mode that makes them
con_trollable and observabie{14/. This chapter describes the basic concepts in testing,
begmniné with the fault models ‘and carrying through to the different variations of

Level-Sensitive Scan Design 13| which was proposed by IBM.

! 3

2.1 Fault Modeling And Analysis

A model of faults which does not take into account all possible defects, but is a
more global type of model, 1s the Stuck-At model|1, 2, 3, 7|. This is the most widely
used model. The Stuck-At¢ model assumes that a logic gate input or output is fixed to

either a logic O or a logic 1.

For example, consider the fault-free AND gate G shown n fig. 2.1(a). Fig 2.1(b)
shows tihe same gate with its input A stuck at zero. In the presence of a stimulus. A=1
and B=1, the faulty gate output 1s C=0, and the fault-free output 1s C=1. The inputs

conditions that cause a faulty circuit to behave differently from a good circuit are

w
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Fig. 2.1(a) Fault-Free AND Gate

L

Fig. 2.1(b)  AND Gate with Signal Stuék-At 0
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B

considered to be a test for that particular fault. In this case, the fault (A stuck at zero)

is detected by the test A=1, B=1.

Test generation techniques are available for strictly combinational circuits{1]. A
combinational circuit containing N inputs can use 2N patterns, to verify each entry in
the truth table. For larger networks, heuristic or random patterns can produce an ac-

cegtable starting point for test generation. But very large and complex designs require a

"deterministic or algorithmic approach. The most widely used test-generation algorithm

is the D-algorithm: 15 . This dlgorithm 1s still the basis for most of the techniques in
use.today. Many recent algorithms such as PODEM|[16] and FAN{17!, however seem to

have a better performance than the D-Algorithm.

Unfortunately, sequential circuits rapidly increase the complexity of test generation
and, in VLSI designs, make the test generation nearly useless. Many of the approaches

that use structured testability reduce the test-generation problem by converting sequen-

" tial circuits into combinational ones in a ‘test’ mode.

Finally, several physical circuit failufes depend on the technoloéy used. These
failures often cannot be described by the single Stuck-At model. For example, bridging
faults 18! produce behavior that cannot be modeled with a single stuck at model Some
failures in CMOS devices can cause a combinational network to behave like a sequential

element|19.

| | ¥
2.2 Controllability And Observability

There are two key concepts in testability: Controllability and Observability. Con-

trollability|12] is defined as the ease of setting a particular internal logic node to either

‘e

7

/ ' 3
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logic 1 or/logic 0. Observability 12i is defined to be the ease of observing the reSpbnse

of an internal logic node. An internal node is controlled from the primary inputs and

observed at the primary outputs and the process of test-pattern generaflon relies on the -

_ability both to control and to observe each node in the circuit. A measure for nodal

testability can therefore be quantified in terms of nodal controllability and nodal ob-
servability values. Circuit testability[20] can thenpe determined from a knowledge of

the circuit. o

Control and observati(‘)n of network nodes are central to implementing test proce-
dure. For example, considering"the case of fig. 2.1(a), in order to be able to test the
A input Stuck-At 1, it was necessary to control the A input to 0 and the B input to
1 and be able to observe the C 5utput to determine whether a O was observed or a 1
was observed. The 0 is the result of the good machine, and the 1 would be the result of
faulty machine. If this AND block is embed:ied into a much larger sequential network,

the requirement of being able to conirol the A and B inputs to 0 and 1, respectively,

and being able to observe the output C, through some other logic blocks, still remains.

Therein lies part of the problem of being able to generate tests for a network

In essence, therefore. testability measures based on controllability and observabilit)\
features are really only a measure of the ease of generating test patterns: Because of
the need to determine if a network has the attributes of controllability and observability
that are desired, a number of programs|21, 22, 23| have been written which essentially
give analytic measures of controllability and observability for different nodes in a given
sequential network. Of necessity. such measures can only produce coarse results since.
in reality, the oniy real measure of testability is the cost of producing an adequate set

[FaY

of tests for the circuit Nevertheless, there would seem to be many uses 12! for such

measures, such as: |
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v 3
i o
i (a) Advising on the better of two designs (a revised design may have a higher
testability rating than original);

S B ) .
'(b) Allowing a judicious selection of test points (nodes with low observability are

3 e e T et

obviously good candidates);

(c) Identifying potentially difficult nodes to test {low controllability and observ-

ability)

“ I

However, to be useful, a testability measure should be inexpensive to compute in
- A

comparison with the costs of deriving the tests. k

'

2.3 Structured Des‘ign For Testability Methods

The most widely accepted structured testability technique is-the Level-Sensitive
Scan Design (LSSD) method proposed by Eichelberger and Williams |13]. This method

is actually a combination of two separate design strategies. Level Sensitivity implies the »

+  operation of a logical network that is independent of internal circuit delays and primary

' input skew. Design rules are specified to guarantee this effect. Scan désign embodies

two functions for all sequential circuit elements. An auxiliary mode 1s available that -

o Db

lets all memory devices be connected as a shift register With this connection, testing
the sequential devices becomes a matter of simply shifting alternating sequences of = -

1’s and 0’s through the register and verifying the patterns at the output stage. One

(S-SR EY

immediate benefit of scan design is that it reduces the testing problem to that of testing

the remaining combinational logic of the circuit.

The shift register modification approach was3 first presented by Williamns and Angell

¢ "“

in 1973 [14]. This approach uses clocked D flip-flops as the storage elements, as shown in

!
-
1
H
|
4
]
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fig. 2.2, The structure of ‘Shift Register Modification’ approach is illustrated in fig. 2.3.
The modification 1s done by inserting a double-throw switch at each input lead of every
ﬁip-ﬁop, and in the lead that drives one of the primary outputs of the circuit. Each
of the d&uble—throw switches may be impl:amented as shown in fig. 2.4. The modified
sequential circuit can operate either in its normal mode or shift rgg{;ter mode. When
the mode signal is'set to a 0. the circuit operates in the normal mode, i.e., it behaves
exactly as it did before modifications were carried out. When the mode signal is set
to 1, all flip-flops in the circuit are connected in a chain and form a shift register. In
this shift register mode, the first flip-flop can be set directly from a primary input, and
the output of the last flip-flop can be girectly monitored at a primary output. Hence,
the modified circuit can easily be set to any desired internal s{ate by supplying the
co;responding values to the shift register and further the internal state of the Cil‘CL}it

can easily be obseived by shifting out the contents of the shift register.

v

The other widely accepted structured techniques are generally very similar to LSSD.

"Scan Path design|24], proposed by Nipf)on Electric Company (NEC), implements the

scan register by using D-typ;e flip-flops. Scan/Set technique {25], put forth by Sperry-
univac has a shift register path, but these shift registers are not in the data pa'.t‘h. In
the Random Access Scan[26], propés’ed by Fijutsu, shift registers are not employed
but an addressing scheme 1; provided which allows each latch to be either controlled

or observed. This section takes a closer look at all the above mentioned structured

testability methods.

2.3.1 Level-Sensitive Scan Design

Level-Sensitive Scan Design (LSSD) introduced by Eichelberger and Williams 13

ensures race-free system operation as well as race-free testing. To provide reliable

10
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operation of.a circuit, the designer must consider testing several ac design p,arameters
such as rise time, fall time and delay. However, in LSI/VLSI it will become impossible

or impractical to test all the ac design parameters in each circuit. The LSSD approach

-

aims at obtaining logic circuits that are insensitive to those ac characteristics. The term

™
‘Level-Sensitive’ is defined by Eichelberger and Williams|13| as follows:

‘A logic subsystem is Level-Sensitive if and only if the steady-state response to any

hel
It

-allowed input state change is independent of the circuit and wire delays within the i
subsystem. Also, if an input state change involves the ::hanging of mJre than one
_ input signal, then the response must-be independent of the order in which they

égr@nge. Steady-state response is the final value of all logic gate outputs after all

°

. change activity has terminated.’ - .
. i .

! - -

It is clear from this definition that level-sensitive operation is dependent on having

”

only ‘allowed’ input changes. Thus, a level-sensitive design method will, in general, v

include some restrictions on input changes and are applied [nostiy to ghe clock signals. .
! W

Other input signals have almost no restrictions on when they may change.

A level-sensitivesubsystem is assumed to operate as a result of a sequence of allowed
-

changes to allow the subsystem to stabilize in the new internal state This timme duration

is normally ensured by means of clock signals that control the dynamic operation of the

P

logic network.

A principle objective in establishing design constraints is to obtain logic subsystems .
that are insensitive to ac characteristics such as rise time, fall time, and minimum circuit
. . '
delay. Consequently. the basic storage element should be a level-sensitive device that

does not contain a hazard or race condition.

14 : Co
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The polarity-hold latch{13] as shown in fig. 2.5 has two input signals. When C=0,

the latch cannot change state. When C=1, the internal state of the latch is set to the

value of the excitation input D. Under normal operat?ng conditions, the clock ‘signa/ -
C is 0 during the time when the excitation signal D may be changec{. This prevents
the changing of D from immediately altering the internal state of the latch. The clock
signal will normally occur after the excitation has become stable at either a 1 or a 0.
;I‘his causes the latch to be set to the new value of the excitation signal when the clock

signal occurs. The correct changing of the latch is dependent not on the rise or fall time

- of the clock signal. but only on the clock signal’s being 1 for a period equal to or greater

‘ y
than TO, where TO is the time required for the signal to propagate through the latch

and stabilize. This polarity-hold latch is further augmented to include shift capability.

With the concept that the memory elements in an integrated circuit can be threaded
tog‘ether into a shift register the memory element valueé can be bot}} controlled and ob-
served. Fig. 2.6 shows the familiar generalized sequential circui;, model[11] modified
to use a shift register. This technique enhances both controllability and observabil-
ity, allowing to auément testing by controlling inputé an;i internal states, and easily

examining internal state behavior.

Fig. 2.7 shows the latch called the Shift Register Latch (SRL) which is used in the
LSSD as the basic memory element. The polarity-hold SRL:13| consists of two latches,
L1 and HLZ, which have the scan input I, the dat& inp~ut D, the system clock C.and two _
shift control inputs, A and B. In the normal operatiaon mode, the shift signals A and B »
are both set to 0 ‘and the L1 latch operates exactly like a p\olarity-hold latch. The clock
signal C is O during the time when the data input D may be changed After the data

input has become stable at either a 1 or a 0. the clock C will change to 1, thlch causes

the D1 latch to be set to the value of the data input D.

15
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| .
In the shift register mode, the clock C is set to 0 and both shift signals A and B

are alternately changed to shift data through latches L1 and L2. First. by changing A

to 1, Eata from the[19apreceding stage can be loaded into the latch L1 through the scan

input I. Then after A has changed back to 0, the B shift signal changes to 1 to load the
data from latch L2. Output L2 of latch L2 is connected to scan input ‘I’ of the next

stage SRL.

A

Eichelberger and Williams|13] presented a set of design rules or constraints that
lel result in level-sensitive and scan design These rules are given in Appendix A.
Whether a logic circuit i1s designed in compliance\wi)/h/these rules can be automatically

7

~ checked by a method developed by Godey etc|27'. . ~
| S “

2.3.2 Scan Path Design

The objectives of the Scan Path [24] technique are the same as the LSSD approach
which has been described above. The memory elements that are used in the Scan Path
approach are raceless D-ty;;e flip-flops and are shown in Fig. 2.8. In normal mode of
operation, clock 2 is at a logic ‘high’ for the entire period. This prevents the test ’mgut
from affecting the data in the first latch. Also. by having clock 2 at a logic “high’, the
data in latch 2 is not disturbed. Clock 1 is the sole clock in system operation for this
D-type flip-flop. When clock 1 is at logic ‘low’. the system data input can be loaded
into latch 1. Clock 1 should be ‘low’ f01: sufficient time to latch up the data. As clock
1 turns ‘high’, latch 2 1s ‘sensmve to the data output of latch 1. As long as clock.l is
‘high’ so that data can be latched up into latch 2, reliable operation will occur. This
assumes that the output of latch 2 does not come around and feed the system data,

input to latch 1 and change it during the time that the mputs to both latch 1 and latch

19
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. \
2 are active. The period of time when this can occur is related to the delay of the
inverter for clock 1 A similar phenomena will occur with clock 2 and its associated
inverter. This race condition comes from the use of only one system clock. In the scan
mode of operation, the scan input is clocked in’to the L1 latch by clock 2, when clock 2 is
‘low’ and the result of the L1 latch is clocked into latch 2 when clock 2 is ‘high’. Other

than the lack of the Level-Sensitive property, the Scan Path approach is very similar to

the LSSD technique.

2.3.3 Scan/Set Technique

v

The basic concept of the Scan/Set 25| technique is to have shift registers, as in
Scan Path or in LSSD, but these shift registers are not in the data path Fig 2.9 shows
an example of the Scan/Set logic. The basic concept 1s that the sequential network can
be sampled at up to 64 points. These points can be loaded into the 64-bit shift register
with a single clock. Once the 64 bits are loaded. a shifting process will occur, and the
data will be scanned out through the’scan-out pin. In the case of Lhe Set function,
the 64 bits can be transferred into the system logic, and then the appropriate clocking

structure required to load data into the system latches is required in the system logic.

An advantage of this technique is that the scan function can occur during sys-
tem operation, the sampling pulsé to the 64-bit serial shift register can occur while
system clocks are being applied to the system sequential logic, so that a snapshot of
the sequential logic can be obtained and off- loaded without any degradation in system

function.

ST . wce - - re———

S, e ot wteliaiac £ ¢



Fig. 2.9 Scan/Set Logic

A
Review of Exnisting Schemes | ” ﬁ
( ' ;
64 BIT SERIAL -
k - SHFT REGISTER
N y
| SCAN
SCAN || - T T Teal—
INPUT | o rJ OUTPUT
e | S
" | SYSTEM  SEQUENCE . LOGIC | SrSTEM
o SYSTEM : o ' OUTPUTS
‘ INPUTS ;
|
' .

T TSI <~ o gy e e



Review of Existing Schemes

2.3.4 Random Access Scan

The principle objective of the Random Access Scan {26| design technique is to allow
each stored-state device to be separately addressed in order that it can be independently
set or preset, or its output value observed. Fig. 2.10 illustrates the principle of the
technique and Fig. 2.11 éhows one particular implementation of the stored-state device.
In Fig 2 10, each latch 1s individually selected via the decoded output of the scan-

a

address register

Fig. 2 11 shows an implementation of an addressable latch for use in a Random
<o
Access Scan environment. Normal operation requires the Scan Clock (SCLK) to be

held low, in which case chz;.nges in System Data (D) are transferred through to Q when

_the System Clock (CLK) 1s low. The last value on D is latched as CLK goes lowto

high. Scan operation is controlled similarly by the Scan Clock (SCLK) and requires the
System Clock (CLK) to be held high. When the latch is selected, the latch output can

be set to the value on Scan Data In (SDI) or the latched value observed on Scan Data

Out {(SDO).

Random Access Scan differs in one respect from the basic scan-path philosophy
insofar as it does not contain a scan path as such Individual SDO lines are normally
high (for non-addressed latches) and can be tied together and.brought out as a single
Scan Output (SO) line. If the selected latch has Q = 0. then there is no change in the
observed SO value. If the selected latch has Q = 1, then the SDO value will go low,

pulling the main SO line low. The SDO values of all latches*are determined by cycling

through all addresses ‘ ~

23
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The major penalty with the Random Access Scan approach is the amount of time

necessary to set the tegt input values into the latches and subsequently to observe the

latched response. Also the overhead in additiona'l gates is relatively high.

e ’ .
2.4 Variations of LSSD Sc}aeme
In a practical LSSD circuit. the Shift Register Latches (SRL) are connected perma-

n?ntly to form a scan-path shift register by connecting the L2 output of one SRL to the

Scan In (SI) of another SRL” The two scan clocks, A and B. are common to all SRLs.

¢

" Fig. 2.12 shows a general structure for a logic circuit that follows the LSSD rules. The

]

v

circuit in fig. 2.12 is called ‘double-latch’ design, since both latches are in the system

\ ¢

path.

'
ALY

All storage elements are implemented as a set of master-slave latches L1 and
L2. Each of the master-slave latches is connected in series and clo<':ked by two non-
overlapping clocks C1 and C2, where C2 i1s equivalent to B. ‘At C1 time, C2 is zéro and
the inputs and outputs of N are stable. Some of the L1 latc}hes change their stz;t/es while
Clis 1. As soon as C1 is changed back to 0. the next clock C2 occurs, i.e., C2 changes

~

to 1. The values of the L1 latches are loaded into the L2 latches while C2 is 1.

In the shift ‘register mode, the SRLs are chained to form a shift register under the

control of clocks A and B. Test patterns are applied to the combinational éircuit by
¥

scanning them into the shift~segister and applying them at the primary inputs. Then

N
the clock C1 is set to 1 and the response of the combinational circuit is captured in the

L1 latches and at the primary outputs. The result of the test captured in the register
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u

" is then scanned out. Race-less behavior is therefore guaranteed in eig#fer mode ‘of oper-

ation. .

=

Fig. 2.13 shows an alternative way of using SRLs in an LSSD environment, called
the ‘Single-Latch’ conﬁguration[lﬂ. This configuration makes use of the L1 output as

the system output and avoids the potential race condition by partitioning the combina-

_tional logic into two disjoint sets, denoted N1 and N2 in- fig. 2.15. System clocks into

2
the N1 and N2 SRLs are denoted C%. and C2 respectively. The outputs of the SRLs
associated with N1 become the secondary variable inputs to N2, and vice versa. System

operation is controlled by the two_system clocks, C1 and C2, which operate in such

awway as to ensure that only one clock is active (high) at any one time, i.e.. C1 and
) \\ : S/

-

el
P

N . .
C2 arénor“overlapping. In this way potential race conditions are avoided. The name

‘single-latch’ comes from the fact that only one latch is used in the system path at a

i b4

time.

The essential difference betweeﬁ the double-latch and single-latch conﬁguration

lie€ ik the speed with ‘which the circuit primary outputs can change as a result of

primary input and clock changes. The double-latch system requires two independent”

and non-overlapping clocks (C and B) to change before signal-value changes can be
propagated through the L1 and L2 latches and hence through the combinational ¢ircuit
N to produce a stable primary output value. 'The single-latch configuration on the
other hand only requires the appropriate single clock to change (C1 or C2) to cause
propagation through the L1 latch before Wle appropriate combinational circuit outputs
(N1 or N2 respectively) can stabiliz;a. In both cases. the fastest operating speed is
gO\;elerned by the propagation defay of the combinational logic circuit. If t}Tis delay is
denoted by N-delay(max), then the maximum clock rate on the system clock, C for

double-latch and C1 or C2 for single-latch, is given by: -

28
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C(maz) < N-delay(max)

A disadvantage of the Single-Latch configuration based on the SRL of Fig. 2.13 is
that the L2 latch has no role to play in system operation. In that sense, the }2 latches
are redundant and represent a high overhead for testability. A variation to I;SSD that
solves the above problem is presented by Dasgupta etc Whl‘Ch 1s called L2* Scheme /17].

This séction describes the L2* Scheme and the other variations of Single-Latch LSSD

approach.

2.4.1 Saluja’s Scheme

\

N ' . )
A variation of the SRL ivas reported by Saluja in 1982{28(. Fig. 2.14 shows this
b \]

latch called a polarity-hold Parallel and Shift-Register Latch (PSRL). The PSRL has

7/
two modes of operation as shown in Fig. 2.15 and are as follows:

1. Mode 1 (Normal mode of operation): Under this mode the two latches L1 and

[
L2 work in parallel and accept excitation signal D when the.system clock C is at logic

1. In this mode A and B are held at logic 0. This mode 1s shown symbolically in fig.

2.15(a). °

2. Mode 2 (Test mode of operation): Under this mode the latches work as shift

register with IN as input and Q2 output of L2 as output (fig. 2.15(b)).

It is interesting to note that in mode 1, the uncomplemented and the complemented

outputs are obtained from two different latches and in mode 2, the PSRL latch behaves

J e nmadalit a

!
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exactly the same as SRL. All the PSRLs are interconnected to form a shift register

similar to LSSD approach. ;-

2.4.2 L2* Scheme

Fig. 2.16 shows a variation of LSSD proposed by Dasgupta et al ég] The difference
between the L2 of fig. 2.7 and the L2* of fig. 2.16 is that the L2* latch has two
independent data ports. The first port 1s fed by the related L1 latch and clocked by
shift clock B. This allows the L.2* latch to perform its traditional role as the slave latch
in the shift register path The second data port serves as an independent system data
port clocked by system clock C* to permut different system data to be stored in the L2°

latch during system operation.

From the designer’s standpoint, the best feature of the L2* latch is that it requires-

no new design rules. However, one old rule needs greater attention now:
!
]

System outputs\co a network can be taken from either the L1 or L2 latch of an

"SRL but not from both.

7

This ruie 1s necessary to ensure that whatever test pattern 1s generated can actually
be applied. If both latches of SRLs feed common logic, a situation could arise in which
it might not be possible to shift in the required pattern. Fig. 2.17 shows one example.
The L1 latches of two successive SRLs in the shift register path are required to have a

value of 1, while the L2 latch in between must have the opposite value. This pattern

cannot be shifted in .

/s

Pesting of LSSD networks using the L2* latch. proceeds as follows:

o el
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Fig. 2.16 SRL with L2* Latch
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Step 1: Set up the.nput state to the combinational logic by loading the shift registers and

appling the desired values at primary inputs.

Step 2: Pulse the proper system clock to capture the result of the test in the L1 latches of

\

SRLs at the outputs of the logic network.

A

- Step 3: Pulse shift clock B to transfer the test values to the L2 latches of the SRLs.

Step 4: Unloaél\‘the shift registers by repeating the operatioﬁns ‘Pulse shift clock A, pulse
!
shift clock B’ and measuring the ‘scan-out’ primary output. .
Step.5: Repeat steps 2, and 4 ,this time pulsing the system clock feeding the L2* latch.

Y

| We will now\discuss the important question of how much the LSSD and its varia-
tions cost 1n loéic gates and operating speed with level-sensitive design. The polarity-
hold latches in the shift registers are logically two to three times as complex as simple -
latches. The logic gate overhead for implementing the level-sensitive design ranges be-)
tween 4% to 20% Four additichal Input/Output pins are required for controlling the
shift operation This is a serious problem. since routing of three additional signals may
add sigmﬁcéntly to the area of the chip. External asvnchronous ifput signals must

not change more than once every clock cycle. This constraint is required so that level-

sensitive logic subsystems will result. All timing within the subsvstem is controlled by

B L

externally generated clock signals. The overall performance of the subsvstem will be
degraded by the clocking requirementmThe increased clock delay 1s due to the connec-

tion of the output of flip-flop to the scan input of the next flip-flop in the scan register

.
h
)
“
3
*
?
H
3

chain. This results in extra capacitive loading.

The main drawback of the Scan based designs, in part?cular LSSD is large test-
application time The testing strategy for these Scan designs tequires the circuit to

cycle from "Scan’ mode to "Normal" mode and back again as each test 1s loaded and

36
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4

t
A
1

applied. The serial natureof the ‘Scan-In, Scan-Out’ mechanism can create long test-

application times. For LSSD. Goel'9! has projected that the total test-application time
~

is proportional to G? where G is the gate count in excess of 100,000 , the total test-

application time becomes extremely large.

In the L2* scheme, the L2 latch is fully used even in the normal operation. This

\?tilization of the L2 latch substantially decreases the area overhead attributed to SRL

*\/mplementations. The total number of non-overlapping clocks which are required for

the proper functioning of the system using L2™ are same as in systems using SRLs. The -

overall system performance is not affected. Thus systems using L2* or SRLs can run at

the same speed.

The design of latches in Saluja’s scheme result in a reduction of effort in test pattern
. . J
generation and provide a better fault coverage. As mentioned earlier, all Y inputs to
the combinational logic are obtained from Q1 outputs of PSRLs and Q2 outputs of -

PSRLs. For test generation purpose, Q1 and ()2 are considered as independent variables.

X o

This process will increase the number of controllable inputs to the combinational logic.
One of the time consuming operation in D-algorithm:15i is consistency operation. By
considering uncomplemented and complemented variables asrmdependent variables, less
inconsistencies result. Also, independence of Y from Y helps sensitize many paths.
There 1s a little difference between the total number of gates used in a PSRL{28 and a

SRL. Two additional NAND gates are used in PSRL. Hov(zever, while using SRLs, some

of the L2 latches can be used for other system latches where as in design’s using PSRL.

-this cannot be possible. " As the two sublatches in PSRLs work 1n parallel the overall

system performance is not effected.. Thus systems using SRLs or PSRLs can run at the

same speed.
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To summarize, the rr)lain advantage of the LSSD technique\s_ because of scan ca-
pability, reduces the sequential test generation problem to a combinational one and
enables loglcal partitioning of the circuit. Another advantage of the LSSD is that ac
testing/as well as test generation and fault simulation are greatly simplified. since the
correct operation of the logic circuit is nearly independent of the ac characteristics and

also the polarity-hold latch is free of hazards and race conditions.

AN
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3. Proposed Scheme *

As discussed before, the level-sensitive design introduced byd Eichelberger and
Williams 13} has the drawback that the basic memory element. the sﬁift register la‘tch
(SRL) must have two latches L1 and L2, which are connected in master-slave configu-
ration. For most of the designs, the master latch L1 is sufficient to achieve the required
system function. The functionally idle L2 latch is useful only for shifting and therefore
is an overhead for testability in Single-Latch desllgns A variation to LSSD that solves
the above problem is presented by Dasgupta etc '291. This design has the disadvantage
that four clock signals has to be routed over the whole chip Routing of more than one
clock can introduce major layout and timing problems since routing of several clocks
can iﬁtroduce time skews between the clock signals. Hence. from a lavout point of view
this scheme seems to be having considerable area overhead and also three additional

input pins are required.

Another important point that should be noted is that the basic latch structure
presented by Dasgupta etc 29| is not completely hazard-free. To illustrate this point,
‘consider the basic latch structure of the SRL using L2% as shown in fig 3.1. Refering

to fig 3 1. if we assume that the state of node 'p’ changes that of node ‘r’ in response

_to a change of clock C from 1 to 0. then steady-state hazard exists as shown in fig. 3.2.

The existence of steady-state hazard can be definedi30| as: If the circuit fails only in

that, immediately after certain input changes, the system enters the wrong stable state,
{ . .

then steady-state hazard results. In fig. 3.2, it is assumed that the zero value of ‘Y’ is

fed back rapidly enough to hold the state node 'r’ at value 1.

, |

In fig.. 3.3, it is assumed that the state of node 'r’ responds more quickly to a

change of input C from O to | than does node "p’. If we consider only gate delays.

39
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Fig. 3.1 Latch Structure in L2* Scheme
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—

then this possibility appears unlikely since two gates are involved for node 'r’ and only

one for node ‘p’. A transtent hazard results. The existence of transient hazard can be

_ defined[30] as: If the circuit fails only in that, immediately after certain input changes.

pairs of false output changes occasionally occur on some output leads, then transient

hazards are said to exist.

) It is not possible, however, to have both types of hazards in a particular circuit
since a given distribution of time delay will result in one form of hazard but not both as
an inspection of fig. 3.2 and fig. 3.3 shows. If sufficient timely delay is inserted in the
feedback loop, ;hen the steady-state hazard can be eliminated since the value of node ‘r’
will become equal to 0 before the output can be fed back to'maintain it at the value L.
Another  way of eliminating the st;aztic hazards is by using redundant gates. The‘n care

' ,
should be taken to determine that the transitions for which redundant terms would be

added can actually occur.

¢ v

A hazard-free polarity2hold SRL using L2* can be designed with a structure similar
to that of the original SRL proposed by Eichelberger and Williams and is shoqu in fig.
3.4. It consists of two latchgs, L1 and L2*. As long as the shift signals A and B are
both 0, the Tl and L2* latches operate exactfy like a polarity-hold latch. Terminal I
is the input to the shift register. and L2 is the output When the latch is operating
as a shift register, data from the preceding stage are gated into the polarity-hold latch
L1 via I, by a change of the A shift signal to 1. After A has clhanged back to 0, the B

shift signal gates the data in the latch L1 into the output latch connected to the output

_terminal L2. Clearly, A and B can never be 1 at the same time if the shift registers are

~— i
to operate properly. When the latch is operating in the normal mode, data are gated

into the polarity-hold latch L1 via D. by a change of the C clock signal to 1. After C

e
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has changed back to 0, the C* clock signal gates the system data into the L2* latch via

*
D*. . \

As discussed above, the L2* design has the disadvantage that four clock signals
have to be routed over the whole chip. This is important-in chip layouts, since routing
of several clocks can introduce time skews between the clock signals In an attempt to
solve the routirig and timing problems, a modification of the L2" latch will be discussed
in this section. This modification is shown in fig. 3.5((a) and (b)). We shall call this
MSRL (Modified Shift Register Latch). A ‘Mode-Switch’ input selects the normal or
scan shift mode (Mode switch = 1 for ;mrmal mode). The same system clocks C and
C* are used in both scan and normal modes. In the normal operation, inputs C and C*
are used as system clocks, while the input MS is held “high” For the scan operation,
the two clock§ C and C* are used as scan clocks, while the mode-switch MS is held “low’
to detach the normal data lines D and D'. Hence, in this scheme two clock signals and
a mode-switch have to be routed over the whole chip. Whereas in the L2* schente, two

system clocks C and C*, and two scan clocks A and B need to be routed. H
J

| -

An important chzliracteristic of this latch (MSRL) is that no race or hazard con-
ditions are present during normal operatllon. In other words, the latch can be used as
a level-sensitive latch. As shown in fig. 35((a) and (b)), the MSRL consists of two
latches L1 and L.2. Latch L1. using clo¢k C, gates system data D sunilarly, L2 operates
independently of L1, using D* and C*. When the SRL is operating as a sHift register,
the mode-switch (MS) “is reset to zero, mput from SI is gated into latch L1 when the
s.hift signal C changes fromwO to 1. When' latch L1 is stable and C is changing back to
0, the C* shift signal ga&t’és the L1 data into L2 by changing from 0 to 1. The two-phase
shifiing operation is a characteristic of LSSD. [t is important to p{operly control the
routing delays of C and C* signals to preserve their nonoverlapping nature. An overlap

¥
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\\ -
signals (i.e., C and C* being high simultaneously) can cause incorrect operation.v The

truth table(shown in Fig. 3 6(a}) and the suggested waveforms for MS, C and C* are

illustrated in fig. 3.6(b).

Thus, designing with MSRL would result in saving of bne input pin and the routing
which would ptherwise have to connect this pin to all flip-flop, thus decreasing the area.
It is well recognized that in VLSI circuits, long routing paths are more expensive in

‘ |

terms of chip area than a few devices which are locally connected.

6

A logic subsystem using MSRL will have the structure shown in fig 3.7 Asshown

in the figure, the two clock signals partition the logic subsystem into two parts. each

composed of a combinational network and a set of MSRLs. Each of the combinatlona{_

networks, N1 and N2, is a multiple-output logic network P1 and P2 are primary inputs

to the network, and Z1 and Z2 are for primary outputs. C and C* are the two system ]

clock signals. The operation of the subsystem is controlled by the clock signals. At C
time, C* is zero and the inputs and outputs of N1 are stable (assuming that the external
input\s P1 are also sta[:;le). The clock signal C i; then allowed to pass to the MSRL
system clocklinput. The system clock C may be gated by sigr;alé from network N1 such
that C reachesthe MSRL if and only if the gate is active. Thus some of the latches may
change at C time. These signal changes immediately propagate through network N2
As soon as C is changed back to 0 and all L1 signals have finished propagating, the next
clock signal, C* may occur. For correct opera‘tion‘of the subsystem, all that is needed is
for the clock signals to be long enough to\\allow all latch changes to finish propagating.
This strt;cture meets the requirements for level.sensitive operation and ensures that

%
» . ’ . . \ .
there is little or no dependence on ac circuit parameters. For proper operation of the

logic subsystem, all that is needed is that the delay through the combinational networks

N1 and N2 be less than the corresponding time between the clock signals.

\
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O 1 0 LOAD Ly WITH SCAN DATA SI ook
O O 1 LOAD Lp WITH” SCAN DATA FROM L
O 1 1 NOT ALLOWED . !
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Fig. 3.6(a)

Truth Table for MSRL
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. ‘ 5} |
3.1 Testing The MSRL /I . : ‘ : <
. . -

In general, in sequential circuits, the future state of the stored-state devices depends
!

on both the primary wnputs a,ngd?the current recorded state of the stored-state devices

Vs

themselves. [t is this d’épen‘dency of the future state on the present state thz;t causes

all the problems in test generation. The prirﬁary inputs are the only inpuis over which —*JL
the test programmer has direct control. Similarly, the primary outputs are the r)nly/
outputs that can be observed directly. Control and observation of the stored-state ’
devices is indirect through the combinational section of the circuit. The problem is

- which section do we test first given that neither section is directly controellable or
observable and that the sections are mutually dependent on each orhef for correct
operation The scan-design technique provides a solution to this problem by reducing

the complexity of th& circuit structure. The testing strategy for the MSRIL and all the

scan methods described in chapter 2 is now as follows.

STEP 1: Select the scan mode, i.e., all latches are reconfigured into a shift register. Test

.

R
‘ . clock facilities. A suitable test for the shift regis\ser ts as follows:

. . ’ J
. . |
(a) Shift test. In this test, the sequence 0011001 1.+ 1s shifted through the register -

the status and operation of each latch using the Scan In, L2 output and system

) This sequence exercises each latch l;hro/;rgh all combinations ot present state
, i b

and future state. | A

STEP 2: Determine a set of tests for the two combinational logic blocks. assuming

EETBRRETE. <o TR e DS

(a) total control of all inputs (primary and from the latches):

v (b) direct observability of aOH outputs (primary and to the latches).

& s & -

STEP 3. Apply each test in the following way:

22
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(a) Select scan mode. Preload the latches with test input values and establish

) , additional test input values on the primary inputs.

'

(b) Select normal mode. The steady-state output response of one combinational

logic block can now be clocked into the corresponding latch (L1 or L2).

- (c) Return to scan mode and clock out the contents of the latches. Compare these

values, plus the values directly observable on the primary outputs, with the
i

expected fault«free response.
STEP 4: Repeat step 3 for the other combinational logic block.

The ‘divide-and-conquer’ philosophy of the scan design appr(;ach can now be seen

more clearly. Rather then test the circuit as a single entity, the addition of the shift

\

path allows each major segment to be tested separately and in a procedural manner.

Furthermore, if we assume a standard test for the latches (Step 1 above), the only test

« \

generation problem is to generate ‘tests for the combinational segment. This problem

has been well researched and a variety of programmable procedures exist '8].

- \

]

. 3.2 Design Rules : :

. ‘ '
A specific set of design rules will be described below, that will result in a design

suitable for scan implementation with MSRL. The rules are simple to follow and can be
checked automatically by a CAD tool. These rules result in a hazard-free and race-free
sequential design and still provide considerable flexibility to the designer These rules

are designed to preserve the level-sensitive property and the scan property. /

o —

ule 1: All internal memory elements must be implemented in MSRL type flip-flop.

b
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Rule 2: MSRLs are controlled by two non-overlapping clocks such that : v

1 . ~ 0 ’
(a) the L1 or L2 output of MSRL(1) can be used to gate a clock C to,produce a

K

o

gated clock, C(G). C(G)\qan then be used to clock another latch. MSRL(2).

{

> provided MSRL(1) is not being clocked by C:

(b) subject to this restriction. the outputs of MSRL(1) may feed the data inputs’

of MSRL(2). ( .

P

N E ]
; S Rule 3: It must be possible to identify a set of MSRL that are directly controllable.

This means that:

(a) all clock inputs can be held inactive independently;
(b) any single clock can be made active while the others are‘maintained in their

inactive state. ‘ . ’ .

¢ AARIPU AR frn

Rule 4: Clock primary inputs cén only be connected to MSRL clock inputs. They
\
cannot be connected to MSRL data inputs, either directly or through the

combinational logic ¢ircuit.

H i «

Rule 5: System outputs to a network can be taken from either the L1 or L2 latch of

" an MSRL network but n;)t from both.

This rule needs greater attention for a single-latch design. Since in a single-latch
design both the latches are used for system function, extra care should be taken to
ensure that both L1 and L2.outputs of the MSRL do not feed common logic. This also

enspres that no hazards or races occur in the circuit. Rules 1-3 constitute a check for

o
¥
v ’ the property of level sensitivity. Rules 6-8 are for the scan mode verification.
} 34 )
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Proposed Scheme ‘ - ' ’ — .

Rule 6: All MSRLs are permanently connected to form a shift register with a scan-in

_primary input, scan-out primary output and accessible control clocks.

Rule 7: There must exist a circuit configuration state, directly controllable from the
primary inputs called the scan” state. One primary input pin must be allocated

for specifying the mode (scan or normal mode).

o
)

' -

Rule 8: When the mode specification line is in scan mode then the output of a flip-flop

or scan-out primary output should be a function of only the preceding flip-flop

K

output or scan-in primary input of the shift register. £
\ \\\

3.3 Area And Pérformance Ovexjxead

c N
- - K .

It is evident that all the advantages which apply to, LSSD &are also ‘applicable to
designs using MSRL. System performance is not dependent on hard-to-control-ac circuit

parameters such as rise time, fall time, or minimum delay. Test generation and testing

are simplified to the well understood method of combinational logic network testing.

_ <
As pointed out earlier, the speed of the system is not degraded since the additional
! -
, gates added to the'latch are not in she data path. The area overhead for the scan design =\

depends very much on the circuit structure. Other factors are the pro\portion of Hip- ,

flops of the whole circuit and their distribution over the chip. As suggested earlier, the -

’

o

proposed scheme reduces the required routing area in comparison to the L2* schieme, aty

the expense of some additional logic (1 inverter) in each flip-Aop. In the polycell layout-

\

of the chip, the area is divided between the cell rows and the routing channels as shown

in fig. 3.8. An estimate of area overhead is given below since a chip design using MSRL

has not been completed. . <
)
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Theoretical Calculation of Area Overhead:

1
)

The polycell layout style consists of standard cells placed on grids in the rows of

the layout as shown in fig. 3.9. The polycells contain simple boolean or memory cells.

One dimension (height) of the cells is fixed to allow for an arrangement in rows. The

width of the polycells varies. The rows of polycell are separated by routing space. The
routing space consists of routing channels. Routing is mainly done in channels between

the adjacent rows of cells. /.o “ P

4

The implementation of scan design increases the area of the chip in two ways;31i.

First, the width of the scan flip-flop is larger than that of ordinary Hip-flop (height of
. > J _

both flip-flops remain the same). The\larger flip-flop size is reflected by rhe increase in -

e .
width of polycell row. Secondly, the scan design requires at least two additional routing

channels per pair of polycell rows. One of these channels-is for mode specification line

and the other channel is for scan data line. This is shown in Fig. 3.10.

The increase in area, due to larger scan flip-flops, is dependent on the fraction of
chip area that is occupied by the fip-flops. The total increase in area can be theoretically

calculated as follows: ! -

Let; 3

‘C' be the number of combinational cells per row
’ ‘ b

‘S’ be the number of sequential cells per row

L

‘N’ be the number of polycell rows

3

ny’ be the number of control lines per polycell ‘row without scan

‘ny’ be the number of control lines per polycell row with scan !
\

‘h’ be the height of the pre—scar{ cell

bt |
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AN

~ ‘w’ be the width of the pre-scan cell

;‘\hs’ be the height of the scan cell

‘w,’- be the width of the scan cell

‘kh> be the height of each routing track for some 0 < k < L

Assumptions made

L=
N

Fed

1. All standard cells on the chip are of same héight and width (for simplicity)

2. All standard cells are square 1e h = w. Also, hejght of pre-scan FF and scan FF

remains same. h = h,

m.

Total chip area without scan =

W

Area of the scan register cell,

how, = hw, = h(%w‘)

R N
“0\ o

C'hz}p area using MSRL

Ay

Area of polycell rows — Area of routing channels

\

= NR(C + S)w + Nnikh(C ~ S)w

= A1 + nikl[C + S

~

>

5
L
D

s 4

A2

Increase 1n width

-

[SCR IR ]|

s due to scan logie; —~

¥

L

= NR2C + ZNA®S + Nnokh’C + INnokh’S

= VRC'l + npkl -

= ‘Vh‘ziC’ +

60
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’(Az — Al)
Ay
| NR2C + 3S[1 + ngkl - NRYL - mik(C - 57
Nh21 + niki;C +~ SI
(C + 2S)(1 + n2k) — (L - nik)(C = S)
(1 + nik)(C = S)

Area overhead =

. = 330 = mak)] - (1 - mk)(L - F)
(1 = nik)(L + Z)
5 1
For designs using MSRL, ny = n; — 2
|
(Ae —Ar) (L= 3E)(L = (i = 2k} = (1 = nk)(t + 3)]
Al j\ (l - n[k)(l -+ 5;)
ETR LI
(1 + nlk) I + g—)

Let, ny = 30 (the no.of routing tracks per polycell)

k = 0.1 (height of each routing track :s 1/10 of herght of basic cell)
S
o = 0.5(fraction of sequential’cells én the chip)
(Ag — Ay) 0.2 + 2«05 ~ 2¢30+0.1«0.5 « 2 .0.1¢0.5
Th — 3 3 3
erefore, A (1 + 30+<0.0)(1 + 0.3)
= 2833 %

Table 3.1 and Table 3.2 show a comparison of area overhead for MSRL and L2*

Scheme. From the two tables, it is clearly shown that designs using MSRLs will reduce

Q

area overhead by 2 - 8% when compared to designs using L2* Scheme.

61
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J

3.4 Comparison With Other Schemes
* \

As discussed earlier, designs using MSRLs can reduce area overhead by 2 - 8 %
when compared to designs using L2* scheme. With Saluja’s Scheme, it is evident from
the logic diagrams for MSRL and PSRL that there is little difference in the cost of
i‘,he two designs. However, while using PSRL‘S; the .E‘Z latches cannot be used for other
system latches unless Q2 output is not to be utilized, W hereas, No such restrict.lons
exist for designs using MSRLs. In Saluja’s scheme, as pointed out earlier. a better test
coverage is possible with reduced test generation effort. Whereas, practical s'ystems
using MSRLs need to be investigated to determine fault coverage. The number of
;idditional input/output pins req'ulred fo; MSRL and PSRL are*3. for L2* scheme |
additional input pins are required. The speed of operation of the three systems is

identical. Table. 3.3 lists the important features of MSRL and other existing systems.
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- { s
' ~ ko= 01
o /\ o
"8
— = 0.5
v ¢
_ ny MSRL L2*
" 5 38.5% | 46.6% .
| s 10 34.4% | 40.5% ’
f 20 30.3% | 34.4%%
) , ‘ 30 28.3% | 31.5%
40 | 272% | 29.5%
\ .
\

Table 3.1 Comparison of Area Overhead for MSRL and L2*

-~

= Constant, n, varies
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k = 0.1
/ ny = 30 .

2 MSRL L2*
0.10 C11.3% 13.2%
0.20 16.5% 19.4% -
0.30 21.1% 24.0%
0.40 25.0% 27.9% :
0.50 28.3% 31.5%
0.60 31.2% 34.3%
0.70 © 33.8% 37.0%
0.80 36.1% 39.3%

‘Table 3.2 Comparison of Area Overhead for MSRI and L2*

n, Constant, = Varies

S
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Schemes LSSD
Characteristics
Latch Type Single
No. of Clock Lines ¢ (C1.C2,A,B)
» No: of Additional 3 (SL,A,B)
Lines due to b:can
Race-Free Yes
Hazard-Free \ Yes
Level-Sensitive Normal and
\ N\ Scan Mode
Performance No
(Clock Speed) Degradation

Design Rules Comb. has to

be partitioned \)(e partitioned

v}

Other None
Constraints
N\

- ' Table 3.3

_—
L2* Scheme Saluja’s
Scheme
Single Single
4 (C,C%,A,B) 3 (C,A,B)
3 (SI,A,B) 3 (SI,A,B)
Yes Yes
No Yes
None Normal and
Scan Mode
No No
Degradation Degradation
Comb. has to Comb. has to

be partitionégi

None L2 Output
can be only
9 used for

Cémplemented

) Value

\

Comparison of MSRL with other Sckemes

65
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Scheme

SR TN

Single
2 (G,CY)

2 (SI, MS)

Yes
< Yes

Normal and

Scan Mode

No _
Degradation

Comb. has to

o
[

be partitioned

‘ None |,
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3

4. Simulation X -

-

There are m% design consi(ier;tions relétiﬁg to the design of a level-sensitive
polarity-hold shift register latch pair. High performance, low power dissipation, small
size and stability are some of the major requirements for a good design. As with any
design, there are engineering trade-offs which need to be taken in&o account to ensure

|
a successful design. The technical details associated with the design of MSRL are

~
documented n this section.

4.1 CMOS Implementation

The MSRL cell 1s implemented in Static CMOS technology. The circuit was im-
plemented without transmission gates. Since, the logical behavior and faults for the
transmission gates are generally not treated by existent Automatic Test Pant"érgl Gen-
e'rators{IS, 16, 17|. Furthermore, the failure modes of circuits with such devices Ean

introduce non-classic logic faults19]. -

Fig. 4.1 shows a MSRL implemented with 62 transistors. The L1 and L2 latches
are constructed using 30 transistors each. MS=1 feeds norrpa[ data and MS=0 fee&s
scan data to the L1 latch. C=1 activates the L1 latch and the L2 latch is activated by
C*=1. The two transistors which are encircled in the fig 4| represent the additional
overhead of the proposed design. The waveforms for this latch are the same as shown

in fig. 3.6. .

S

4.2 Physicél Design Considerations

The basic latch pair is made of two similar latches. Each latch output utilizes an

buffer to eliminate latch degradation due to loading. The latch pair schematic design is °

S
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“have relatively low values of capacitance(less than 0.2pf) and hence high power circuits

Sz:rnu!atz'on

<

shown in fig. 4.2.- With respect to figure, the apphcatlon of clock ‘C’ signal allows data
present on the data input of the L1 to be latched. The scan’ mput port is held inactive

during normal operation and is utilized only during testing.

3

+ //

4.2.1 Latch Output Considerations

“Tsolation to the latch, thereby improving latch’set up time and uutp111t respon

the buffer isolates the capacitive load, the power of the latch internal stages can be

-

reduced while the overall performance is improved. The internal nodes of the latch

-

“

are not, required. For such low-power latch internal stages the maximum L1 and L2

(Node A and Node B in Fig. 4.2) external capacitance should be limited to 0.1pf. Since ~ \" '

S

< ats
this internal node is used only for scan out to an adjacent™atch and for driving the

output buffer. the above restriction is easily satisfied.

The characteristics of the latch output versus output device sizes are illustrated in
fig. 4.3 and fig. 4.4. Here, T, 1s defined as the dela.y for éhe output to fall to 2.5 voits
with respect to the clock rising to the 2.5-volt level. Toff is’ deﬁned as the delay for the

output to rise to 2.5 volts with respect to the clock rising to the 2. 5-volt level. Trse

'

and Tfqu are delays of the output rising from 1 volt to 3 volts and falling from 3 volts
to 1 volt, respectively. Tyyg ts defined as (T, + Torf)/2. Fig. 4.3 shows the delay and

output rise time of the Jatch output as a function of the output pull-up device(device

1

K4
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13 in Fig. '4.2) ‘W/L ratio for a fixed capacitive load of 2.0 pF~-The device W¢L ratio

o~ ‘ i
selected was 8. This selection provides performance which is optimized. -Fig. 4.4 shows

the delay and output fall time as a function of the output pull-down device(device 14 in

\Fig. 4.2) W/L#ratio for the same capacitive load. The device W /L ratio selected was 3. o

This device $ize results in an output fall time which is nearly optimum. Fig. 4.5 shows
output performance of the latch versus capacitive load. The delays assume data valid

})rio’r to the arrival of the clock signal.

3

v TN
4.2.2 Latch Scan-Output Copsiderations V 2
\ » AN

&=~

, The Pl output te the L2 latch car® be tz;.ken from either the Al or Bl nodes in
Fig. 4.2, both of which are i‘nt;erna.l L1 latch nodes. The Al-node transfer results in
noninverted data to the L2, \;vhereas the Bl-node transfer results in out-of-phase data
to the L2. To obtain an L2 output which is noninverting, the Bl-node of the L1 is used
for transferring data to the L.2. For an inverting L2 output. the L1 litch Al—n\ode is
‘used for transfer to the L2 latch. For MSRL, the scan-output is tal;en from Bl-node
instead of from Y1. The speed of the shifting operatl(?r; ‘is increased by by-passing the

., v, [}
large output buffer by 3.4Y3. At 2pf load. the output response time 1s 28 nano-seconds

when the Scan-Output is taken from Y1. Whereas the output response time 1s onfy 21 -

nano-seconds when the Scan-Output is taken from Bl-node. It should be noted that
scan-output node has a véry limited-drive capability, since it is amrinternal latch node.
It is intended to drive the scan-input\ of an adjacent L1-L2 latch pair only. Therefore.

for heavy loading, -the L2 latch output Y2 (fig.4.2) should be utilized as the LSSD

2 !

f. ¢
scan-output. \
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This section has described many design considerations of a MSRL latch pair. The
: \ ) -

original design goals of good performance, low power dissipation, and small size were

met by using high-performance output buffers. Performance characteristics, along with

device size selection of the latch, were also presented.
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P
N\ CL » Ton Toff Tfall Trise
\ 0.25Pf | 183ns | 127ns | 2.ns | 2.Ins
0.50Pf 20.0ns 15.0ns 3.4ns 3.495
1.00Pf 22.5ns 17.1ns 5.0ns Q.Ons
2.00Pf 27.3ns 21.7ns 8.2ns 8.2ns
. 3.00Pf 31.5ns 26.3ns 12.3ns 12.3ns

Table 4.5 Capacitive Load Vs Circuit Response Time
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5. Conclusion ) h

i

N
7 -
N \

In this thesis, a modified latch was proposed and a study was made of the use ‘of
modified latch for designing logic circuits. The latch design proposed is a variation of
‘the existing L2* scheme used 1n LSSD environment. It was shown that the proposed

\

design reduces the silicon cost of implementing the scan design.

=

In the proposed latch c&ll'ed MS}%L, a ‘Mode-Switgh’ input selects the ‘Normal’ or
‘Scan’ mode. The same system clocks C and C* are used in both *Scan’ and ‘Normal’
modes. thereby reducing area overhead considerably. The reduction of area overhead is
due to the ellmlr;abion of the scan clocks A and B from the shift register latch ?f the

L2* scheme, at the expense of some additional logic(l inverter per latch pair) in each

flip-flop. Hence, in the proposed scheme two clock signals and a mode-switch have to

{ be routed over the whole chip. Whereas in the L2* scheme, two system clocks C and

C*, and two scan clocks A and B need to be routed. Typically, in LSI/VLSI circuits,
long routing p\aths are considered more expensive compared to the addition of a few

local logic gates. An example of a scan register flip-flop is given to illustrate that the

e N

additional logic can be implemented with just two extra transistors.

An important characteristic of the MSRL is that no race ‘or hazard conditions
t

are present during normal operation. The latch is Level-Sensifive.. Also. the system

performance 1s\not degraded with the use of MSRLs. Advantages and cost impact of
this scheme were discussed and a comparison was made with other existing systems. A

set of design rules that will result in Level-Sensitive logic were also described

—

The technical details associated with the design of the shift reg's,ter latch were

- - - J- B4 \ . . .
documented and performance improvements were identified through extensive circuit

: \
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simulations. The design goals of good performance, low power dissipation, and small

\ Conclusion o ’

size were met by using high performance output buffers. Since the latch is used as
\ a storage element whose output performance is essentially determined by its output N\
buffer, the power of the latch internal stages is reduced while the overall performance

is im\groved. Performance characteristics, along with devici size selection of the latch

were also presented.
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\ Appendix A . ] “
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.- will result ii Level-Sensitive and Scan Design:

Rule 1: All internal storage is implemented in hazard-free polarity-hold latches.

[
‘

i
Rule 2: The latches are controlled by two or more non-overlapping\clocks such that:

(a) A latch, X, may feed the data port of another latch, Y, if and only if the clock °

\

that sets the data into latch Y-does not clock latch X.
(b) A latch, X, may gate a clock Ci to produce a gated clock Clg which drives *

another latch, Y, if and only if clock Cig does not clock latch X. where Cig is,

any clock derived from Ci. C oy

Rule 3: It must be-possible to identify a set of clock primary inputs from which the clock

\

" inputs to SRLs are controlled either through sxmple powermg trees or through logic
Nl
that i Is gated by SRLs and/or non-clock primary inputs. Gwen this structure, the

following rules must hold : \

\ \
(a) All clock inputs to all SRLs must be at their ‘off’ states when all clock primary

\

inPuts are held to thetr ‘off” state
(b) The clock signal that appears at any clock input of an SRL must be controllable

from one or more clock Pls such that it is possible to set the clock input of the

y
v

‘on’ state and also setting the required'gating conditions from SRLs and/or |

non-‘cloc,k Pls. \ .
(c) No clock can be ANDed with either the true or complement value of another

\ o -~
™~

clock. -

\ , 81

v

. Eichelberger and Williams[13| presénted a set of design rules or constraints that a

\ SRL to an ‘on’ state by turr;iné any one of the corresponding clock Pls to its -
_ iy /
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Rule 4:

Rule 5:

Rule 6:

bl

Clock primary inputs may not feed-the data inputs to latches either directly or

e

v \ . .
through combinational logic, but may only feed the clock input to the latches oz
primary outputs.

All SRLs must be interconnected into one or more shift registers, each of which has

an input, an output and shift 8ocks available at the terminals of the package.

There must exist some primary input sensitizing condition (referred to as the scan

-

state) such that:

&

(a) Each 'SRL or scan-out PO is a function of only the single preceding SRL or
‘ , .
scan-in Pl in its shift register during the shifting operation.
{
(b) All clocks except the shift clocks are held ‘off” at the SRL inputs

(c) Any shift clock to an SRL may be turned ‘on’ and off’ by changing the corre-

spondin§ c\lock primary input for each clock. -
(/ / ) N . \
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