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Abstract

Scan design has been applied to the problem of testing sequential circuits as
a means of increasing the controllability and observability of the circuit. Yet the
Scan based testing suffer from prolonged test application time and cxcessive test
power due to numerous shift operations. During the test mode , filling the test
data requires shifting the bits one by one into the scan chain .thus creating the
increased switching activities in the flip-flops. Average test power can be minimized
by minimizing the switching activities in the flip-flops. Modifying the scan chain
Judiciously may lower both the test application and average test power by minimizing
the switching activities. In recent years number of scan architectures are proposed
in order to minimize the switching activities and test application time. e have
investigated the power consumption , area overheads and hardware overheads of fuil
scanned version of ISCAS’89 benchmark circuits for different architecture namely
Single Serial Scan Architecture and Double Tree Scan architecture.
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0.1 Introduction

Testing of a system is an experiment in which the svstem 15 exercised and its re-
sponse is analyzed to ascertain whether it behaved correctly. If incorrect behav:or
s detected, a second goal of a testing experiment: may be to diagnose, or locate. the
cause of the misbehavior. |

Testing 1s a generic term that covers widely different activities and environrment.
such as:

b

. One or more subsystems testing another by sending and receiving messages
. & processor testing itself by executing a diagnostic program.

. automatic test equipment (ATE) checking a circuit by applying and observing

binary patterns

The stimult and the response defining a testing experiment correspond to the
type of information processed by the system under test. The type of information
processed by the system under test depends on the level of abstraction used to define
the system. Various levels of abstraction are:

1.

B

(W]

logic level: the information processed at this level is represented. by discrete
logic values. The classical representation uses binary logic values (0and 1).
More accurate models, however, often require more than two logic values

. register level: the data part of the information consists of words, while the

control part is defined in terms of binarv values. Since the words are stored
in registers, this level is referred to as the register level.

. instruction set level: at this level both the data part and the control part of

the information are organized as words.

L

. processor level: at this level of abstraction we can regard a system as processing

sequences of instructions, or programs. that operate on blocks of data, referred
to as data structures. |

. system level: the system can be viewed as composed of independent, systems

which communicate via blocks of words called messages.

0.1.1 Errors and Faults

An instance of an incorrect operation of the svstem being tested or unit-under-rest
(UUT) is referred to as an error. The concept of error has different meanings at
different levels. For example, an error observed at the diagnostic program level mav
apTear as an mncorrect result of an arithmeric operation. while for ATE an =roor



usually means an incorrect binary value. The causes of the observed errors mayv he
design errors, fabrication errors. fabrication defects, and physical failures. Design
Errors: Some examples of design errors are:

1 . incomplete or inconsistent specifications of the system.
2 .incorrect mappings between different levels of design.

3. violations of design rules. The space of design errors is not well defined and the
set of design errors is not Enumerable. Consequently. it is impossible to develop
test generation Algorithms or rigorous qualitv measures for design verification tests.
Fabrication Errors and Defects: Some examples are:

1. wrong components.

2. incorrect wiring.

3. shorts caused by improper soldering.

4. 1mproper doping profile.

5. mask alignment errors.

f

Physical Failures

Physical failures occur during the lifetime of a system due to component wear-out.
and/or environmental factors. For example. aluminum connectors inside an IC pack-
age thin out with time and mayv break due to electron migration or corrosion. Some
physical failures, referred to as “infancy failures,” appear early after fabrication.
Fabrication errors, fabrication defects, and physical failures are collectively referred
to as physical faults. According to their stability in time, physical faults can be
classified as: |

It is the goal of the testing process to detect these errors and /or faults and ensure
that that the end user gets to operate a correct system.

0.1.2 Modeling and Simulation

The way we represent a system has important consequences for the we simulate it
to verify its correctness, the wav we model faults and simulate it in the presence of
faults. and the way we generate tests for it.

We can model a system in following ways:

-functional model: A functional model of a svstem 1S a representation of its
logic function. The logic function is the I /O mapping that deals only with value
transformation. At any level of abstraction. this model represents a system as a
black box with its 1/O specification. o

-behavioral model: A behavioral model consists of a functional model coupled
with the representation of the zssociated tining relations between the IO signals.

5



-structural model: A structural model is often hierarchical representation of a
system In terms of interconnection of smaller components. The bottom level compo-
nents are called primitive elements. The functional or behavioral model of primitive
elements is known and denoted by its type. A structural maodel always carries {im-
plicitly or explicitly) information regarding the function of its components.

-external model: an external model is the model viewed by the user. An external
model can be graphic (e.g., a schematic diagram) or text based (using Hardware
Description Language).

-internal model: An internal model of a system is represented by data structures
and/or programs inside a computer.

Logic simulation is a testing experiment that uses a mode] of a designed svstem.
The model can be exercised by stimulating with a representation of the Input signals.
Logic simulation determines the evolution in time of the signals in response to an
applied input signal. It is also called design verification testing. It is used for
detecting errors during design. +

Fault simulation consists of simulating a circuit in the presence of faults. Com-
paring the faunit simulation results with those of the fault-free simulation of the same
circuit simulated with the same applied test T. we can determine the faults detected

by T.
,

0.1.3 Test Generation

Test generation is the process of determining the stimuli necessary to test a digital
system. Test generation can be fault oriented or function oriented. In fault oriented
test generation, one tries to generate tests that will detect (and possibly locate)
specific faults. In function oriented test generation, one tries to generate a test that,
if it passes, shows that the system performs its specified function. Test generation
depends primarily on the testing method employed.

0.1.4 Test Evaluation

Test evaluation refers to determining the effectiveness, or quality, of a test. The
quality of a test is measured by the ratio of the number of faults it detects and the
total number of faults in the assumed fault universe: this ratio is referred to as the
fault coverage. Test evaluation is usually done in the context of a fault |

0.1.3 Diagnosis and Repair

Two types of approaches are available for fault diagnosis: |
Cause-effect analysis: This approach enumerates all the possible faults {causes)

existing in a fault model and determines. before the testing experiment. all their

corresponding responses (effects) to a given applied test. This. process, which relies



on fault simulation, builds a database called a fault dictionary. The diagnosis is a
dictionary look-up process, in which we try to match the actual response of the unit
under test with one of the precomputed responses. If the match is successful, the
fault dictionary indicates the possible faults in the unit under test.

Effect-cause analysis: An effect-cause analysis processes the actual response of
the unit under test and tries to determine directly only the faults (cause) that could
- produce that response.

0.1.6 Types of Testing

Testing methods can be claséiﬁed according to many criteria as summariged by the
following table: . "

10



objedt being tested?

Hovv are the stimuli
andiorthe expeded.
response produced?
" How are the stimuli

. How fast are the dimui
apphed?

What arethe observed
resuits?

What lines are accessible
for testng?
Yho checks the resuit?

Attribute of testing Terminoiogy
HL=igld]}>

Concurrently with normal | Ondine testing
system operation _
As g separde adivty | Offlinetedting -
Within the system itself | Seiftesting
Appied by an extemal Extemal testing
device [. - |
Designemras . ign venfication testin
Fabncatmn ernors ﬂmeptanoe testing.

abrication defects
Infancy physical feilures &mﬂy—assum tesmg
Physical falures Field testing -

Componentdevd testing

Sl:lme tunction ofthe

Board-{evel testing

Compad testing
output patiems _
Only the 140 lines Edge-pin testing .
1O and intemal {ines inarouit testing
The system itselt | Sett-testing

Figure 1: Types of Testing
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0.2 Design for Testability

Design for testability (DFT}) techniques are been used to reduce the cost of testing by
introducing testability criteria early in the design stage. The testability of a circuit
Is an abstract concept that deals with a variety of costs associatéd with testing. By
increasing the testability of a circuit, it is implied that some function of these costs
Is being reduced. though not necessarily each individual cost °

Design for testability techniques are design efforts specifically employed to ensure
that a device is testable. The following questions characterize testing of complex
systems:
-can tests that detect all faults be assured®
-can test development time be kept low enough to be economical?
-can test execution time be kept low enough to be economical? Design for testabil-
ity (DFT) refers to those design practices that answer “he above questions in the

affirmative.

Cost of testing and Test complexity

Test complexity can be converted into costs associated with a testing process. There
are several facets to this cost, such as the cost of test pattern generation, the cost
of fault simulation and generation of fault location information, the cost of test
equipment and the cost related to the testing process itself. Because these COStS
may be high and may even exceed design costs, it is mmportant that they be kept
within reasonable bounds. One way to accomplish this goal is by the process of
DFT.,

Testability of a Circuit (Controllability and Observability)

The testability of a circuit is an abstract concept that deals with a variety of costs
associated with testing. By Increasing the testability of a circuit, it is implied that
~ some function of these costs is being reduced. Two important attributes related to
testability are controllability and observability. Controllability of a circuit is the
ability to establish a specific signal value at each node in a circuit by setting values
on the circuit’s inputs. Observability of a circuit is the ability to determine the signal
value at any node in a circuit by controlling the circait’s Inputs and observing its

to achieve this goal by either the resynthesis of an existing design or the addition
of extra hardware to the design. Most approaches require circuit modifications and
affect such factors as area, I/O pins, and circult delay. The values of these attributes
usually increase when DFT techniques are empioyed. Bence, a critical balance exists
between the amount of DFT to use and the gain achieved.

12



0.2.1 Testability measure programs

A straightforward method for determining the testability of a circuit is to use an
automatic test pattern generation {ATPG) program to generaté the tests and the
fault coverage. The running time of the program, the number of test patterns gener-
ated, and the fault coverage provide a measure of the testability of the circuit. The
difficulty with this approach is that there is large expense involved in running the
ATPG program and also the ATPG program may not provide sufficient information
on how to improve the testability of a circuit with poor testability. A number of
programs have been written to estimate the testability of a design without actually
running an ATPG program.

Some examples are: TMEAS, SCOAP, TESTSCREEN, CAMELOT, and VIC-
TOR. |

These testability measure programs implement algorithms that attempt to pre-
dict, for a specific circuit, the cost (running time) of generating test patterns. In the
process of calculating the testability measure, information is developed identifying
those portions of the circuit that are difficult to test. This information can be used
as a guide to circuit modifications that improve testability.

The technique used to demonstrate that a given testability measure program
does indeed give an indication of circuit testability is to run both the testability
‘measure program and also an ATPG program on a number of different circuits. A
monolithic relation between the run times of the two programs is offered as proof
that the testability measure program produces a good estimate of circuit testability.

All the testability measure programs base their estimates of testability on con-
trollability and observability values for each circuit component. They differ in the
precise definitions used for obtaining these estimates.

13



0.3 Scan Design

T'he most popular structured DFT technique used for external testing is referred
to as scan design since it employs a scan register. Ther~ are several forms of scap
designs: they differ primarily in how the scan cells are designed.

T'he inputs and outputs of these shift registers are made into primary inputs and
primary outputs. Thus, using the test mode, all the Hip-flops can be set to any
desired states b shifting those logic states into the shift register. Similarly. the
states of the flip-Jops are observed by shifting the contents of these scan registers
out.

In order to be able to make a circuit SCan-testable. the designer must adhere to
certain rules during functional design. In general. these rules depend upon the
specific design environment. The following four ryles are found to be useful:

- only D-type fHip-fops should be used.

- At least one primary input pin must be avallable for test.

- All flip-flop clocks must be controllable from pPrimary inputs.

- Clocks must not feed data inputs of Hip-flops.

observed.



Scan Test Length = (V¥l)xn+ Vv

If the testing of scan registers is also included. the scag test can e wTitten as -
Sca.nTestLength=n+4+(V+1)xn~ 1%

2. Hardware overbead : Hardware overhead increases the area cverhead as well
Lhe actual area overheag depends on layout details of the cireuyir. T'he hardware |
overhead can be €xpressed in terms of gate overhead. Each fl;

circutts unty a specified fapkr coverage, say 35them. Since most faults have heep

15
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0.5 Experiments and Results

Experiments were carried out on the ISCAS89 benchmark circuits Zor analyzing
the parallel scan architecture. The flow diagram as shown below was followed in
conducting the experiments.

Faul Zcveage ~ G0%

Hope Fauit
Simulator Input Test Veaors
ISCAS -
Circuits | ] VHDL Codegen| 3298¥hd [~ o ot Duspus
Compiler Simulator Signais
s298 bench P (Wawre form)
I s28+hd ' |

FoundryQ18

iechnology |  Leenordo 5258V Mentor racrPienning
Spectrum IC Station r i AL
Ex MTYDI& . ' %m

RTL Schematic Diagram

Figure 3: ISCAS’89 Circuit Experimental Flow
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['he following tables give the results obtained by

tool on $5378 benchmark circuit -

Result 1 : The results were obtained for various valu

= # of parallel scan paths.
Circuit : s5378 # of scan FFs: 179

running the VHDLCodeGen

Table 1: Area and I/O Analysis

es of multiplicity m, Where m

| Multiplicity, m | Total connections( pins minus nets) | Total internal arearmic2
3 § 30454 ; 609177.0
5 30456 609167.0
15 30466 T 609158.0
20 30471 609100.0
30 30481 ! 609129 4

Result 2 : The following results were derived by running the VHDLCodeGen
tool on several benchmark circuits using no scan and multiple scan architectures

using multiplicity value 3 :

Table 2: Area Overhead Comparison between No-Scan and Multiple Scan

18

Circuit # of ﬂip—-ﬂ.DRS No scan, micf] Parallel scan, mi?;Area overhead,%
5298.bench 14 19792.1 219949 11.1
| 5382.bench 21 28360.0 29664.8 1.6
" $510.bench 6 33931.2 34304.0 1.1
" $713.bench |- 19 63939.1 65194.1 2.0
"s820.bench | 5 50163.4 50486.4 064 |
31494.bench | 6 125167.6 125610.4 0.35



0.5.1 VHDLCodeGen Tool

The VHDLCodeGen too] is designed and developed to generate the VHDL code
by incorporating the different scan architectures that we have 'discussed s¢ ‘ar.

. The tool is designed to take the input as a
standard benchmark circuits ISCAS'89 bench-
marks and generate the VHDL code according
to the selected architecture. The compiler de-
signed in the tool takes the standard benchmark
CIrcuits as an input, the grammar is in the for-
mat of out = structure (inpl, inp2, ...). . The
structural VHDL code is generated and modi-
fies the scan path according to the selected scan
architecture. For instance in the multiple scan
architecture the D fip-flop is modified into scan
D Flip-flop by adding the extra multiplexors and
serially connected in parallel. The VHDLCode-
gen also generates vhdl code for the clock con-
troller and shift controller required by the double
tree scan. architecture.

It implements the following architecture

1. Single Chain Serial Scan Architecture
2. Multiple Chain Serial Scan Architecture

T2 YMOL Coto Gommratar <= .- 2 -

v ¢

The reports and diagrams enclosed are as follows.

1. RTL Schematic diagram for 5298.bench (MS)
2. Hope Fault Simulation report for s344.bench

3. Floor Planning Report for 5298.bench(MS)
4. Final Layout diagram of 5298.bench(MS)
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0.5.3 Floor Planning Report for 5298.bench(MS')
Track spacing:

1 X-track = 660 grids = 1 microps.
1 Y-track = 660 gTids = 1 microgns.

Site-type-specific data (mic):
Maximum site type = }

Row/dimension constraints:
Minimum # of rows — 0
Minimum x dimension, mi¢ = 15.2
Minimum y dimension, mic = (.
Max chip width, mic = 3.9

Max chip height. mic = 3.
Internal zone parameters:

Internal zone area. mze? — 23175.7
Internal zone width, mic = 1459
Internal zope height, mic = 158 9
Aspect ratio = .92

Specified lower aspect ratio = 0.5
Specified upper aspect ratio = 1.5
Overall chip dimensions:

Chip X-dimension. mic: 151.1
Chip Y-dimension. mic: 164.3
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0.5.4 Hope Fault Simulation Report for s344.scan

3 3¢ 3k 3 2 o i e s ok i e i g ok i e a3 o ok ko ##*#**#**##*##**##**#**#########
’ i

Welcome to HOPE (version 2.0)
Dong S. Ha (ha@vt.edu)

Web: http://www.ee.vt.edu/ha
Virginia Polytechnic Institute & State University

* % X OH W O R
* ¥ * * O * % *

A6 000 A A 00 K S AR A 3 o o e o sk ok R oo o oK 3K 3 A e 3 A o e o o ok

*kkkkx  SUMMARY OF SIMULATION RESULTS  #xxsxx

1. Circuit structure

Name of circuit : 9_inputs
Number of primary inputs : 9
Number of primary outputs : 11
Number of flip-flops : 15
Number of gates : 160
Level of the circuit : 20
. 2. Simulator imput parameters
Simulation mode : file (inp.tv)
3. Simulation results
Number of test patterns applied : 900
Fault coverage : 90.643 %
Number of :collapsed faults 1 342
Number of detected faults : 310
Number of umdetected faults : 32
4. Memory used : 134758 Kbytes
5. CPU time
Initialization > 0.017 secs
Fault simulation © 0.200 secs
Total : 0.217 secs
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0.6 Conclusion

In the dissertation I have analysed the area overhead between no scan and scan
circuit using several benchmark circuits. In the process, VHDLCodeGen tool was
developed, which was used to generate the VHDL code for several circuits used in

analysis.
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