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Abstract

This dissertation encompasses primarily design for testability (DIFT) problems of
concurrent. cheeking and structural off-line Built-In Self-Test. We present a new
DI'E method, which employs cyclic code checking as a medium to combine the
concurrent checking and signature analysis in a built-in fashion. It uses bit-sliced
linear feedback shift registers (LIFSRs) or linear cellular automata registers (LCARs)
as Lhe implementation mechanism. A circuit vnder test designed in this method
supports both on-line and off-line testability with shared hardware resources. 1t has
comparable on-line error-detecting ability to the conventional error-detecting codes
and without aifecung the high lault coverage of ofl-line signature analysis. This
testing scheme complies with the TEIK boundary-scan standard and is applicable
to general circuitry.

Fivalnations of the proposed scheme are carried out with respect to the area
overhead, performance and testing time, design complexity, pin count, and [ault
coverage

The concatenation properties of LOCARs are introduced and recent developments
in related issues are reviewed. Iinally, a new area estimation method for citcuit

design is presented Lo case silicon cost measurement
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Chapter 1

Introduction

The reliability of digital systems depends on teting  that is, the determinalion of
whether a circuit is manufactured properly and behaves correetly. Digital testing
encompasses logic and parametric tests. Logic lesting concerns the logical correct
ness of a circuil under lest (CUT), while parametric lesting examines the cireuit
parameters such as current, voltage, time delay and power consumplion. 'T'his dis
sevtation is devoted to logic testing issues. The term festing is vsed to refer to fogic
testing.

As circuit density rapidly increases, testing has becomie more difficutt becatse of
increased system complexity and decreased circuit accessibility. In a testing procvess,
only a “pass/fail” signal is required Lo indicate if a circnit is good or not, as opposed
to diegnostic methods, where the location of delects s required.

It is important to present new research in its appropriate context. Figure 1.1
illustrales a taxonomy of logic testing techniques, As shiown, logic testing can he
classified i to two main calegories: exlernal Lest and Built-In Sclf-Test (BIST) [46,
page 131]. External test uses a tester, external Lo the system, to stimulate a cireuit.,
Such general purpose testers are very expensive and not necessarily available Lo all

designers. Moreover, a large volume of data needs to be handled by the testers,
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resulting o long testing times and high testing cost,

AN

{agi lesting

[— iauelt-In Self-Test fixternal test
On-hine BINT Off-line BIST

BN

Data compuction

Hardware-redundaat

- |

nformation-redungant . Frrmware l \

I_ Time-redundint Resident software Signature analysis

Figure 1.1: Taxonomy of testing

A viable alternative to external test is BIST, which in general refers to the
inclusion of on-chip circuitry to lacilitate testing. BIST techniques often imply
using some design for testability (DIFT) methods to reduce test cost and increase
circuit testability, DT techniques include ad hoc approaches such as partitioning
2, pages 311-315]) and inserting lest points [2, page 347], and structural approaches
stich as scan techniques [2, pages 358-407]. A BIST structure consists of two key
components: a mechanism to provide input stimuli to the CUT, and a mechanism to
evaluate the circuit responses. BIST techniques can be further divided into on-line
and ofl-line methods. On-line BIST allows the circuit to be tested as it is performing
its intended Tunctions, while off-linc BIST typically requires the CUT to suspend

normal operation and enter a separate test mode.
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As shown in Figure 1.1, on-line BIST techniques can be further charvacter
ized into hardwarc-redundant, time-redundant and information-redundant categories,
Hardware-redundant techniques vary from sell-checking circuits at the gate lovel
through duplications at the module Tevel, up to replicated computers at the system
level [46]. Time-redundancy uses additional time to repeat computations in order to
achieve fault detection. Information-redundant approaches employ ervor detecting
codes such as Berger, residue and cyclic redundarcy checks as part of the function
specifications.  In tms dissertation, the term concurrent chockiig is used to refer
to the information-redundant method's, One focus of the new rvescarch falls in this
category.

Off-line BIST techniques have been widely accepted by design engineers in prac
tical applications. These techniques can be grouped invo resident soflware, firmwar
and dala compaction methods. Variors data compaction techniques are available
(2, pages 421 452]. The best known is signalure analysis 12, pages 182 LI8). 1 s
based on the concepl of cyclic redundancy checking (CRC), and realized in hard
ware using linear [eedback shift registers (LI'SRs). A comprehensive exposition of
these background subjects can be found in {2, 4, 24, 46]. The new rescarel in Lhis
dissertation encompasses data compaction techniques using signature analysis and,
in fact, presents methods for merging such off-line BIST technignes with concurrent
checking.

Scan-based test is a DI'T technique that provides the means to access inlernal
parts of a circuit. [t converts a sequential circuit test problem into a combinational
one by connecting storage elements into a chain of shift registers, such that vest dat.
can be shifted in for testing and circuit responses can be shifted out for examination.
There are many variations of scan design and the details can be found in [2, 358
395]. Ir this dissertation, the term off-line BIST refers only to testing methods that

cembine signature analysis and scan-based DI'T techniques. The TERl Standard
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11491 Standard Test Access Port and Boundary Sean Architecture [1], also known
as the boundary <can standard, is based on scan techniques. It declares the arrival of
the ora of design for testability, mainly enhancing off-line testability. The new testing
scheme presented in this dissertation can be adapted to support this standard, with
enhanced on-line testability.

The main goal of this research is to combine concurrent checking and off-line
BIST techniques, so that the hardware resources involved in the two types of test-
ing can be shared, and the overali silicon cost can be minimized. To achieve this
merging, it is essential to find a means to bridge the two different test techniques.
There are two basic related issues: an appropriate error-detecting code for the con-
current checking and a suitable implementation mechanism for the off-line BIST.
The new design for Lest method proposed in this research results in a new testing
architectnre, where the hardware resovrces are shared in both on-line and off-line
tests, [t supports the IEEE boundary-scan standard and is applicable to general
circuitry. In the course of presenting the new merging techniques, we also discuss
some other new research ideas for the concatenation properties of linear cellular au-
tomata, for the estimation ol arca overhead and for the evaluation of error coverage
for some concurrent checking techniques.

Some initial approaches to this problem utilizing effectively the built-in hardware
resources and perform on-line testing are reported in {30, 48, 51]. Testing schemes
and DIT methods that merge signature analysis and scan-based test, or boundary
scan lechniques, can be found in [2, pages 496-513] and [17].

The remainder of this dissertation is organized as follows. The general back-
ground is provided in Chapter 2. Additional details are introduced as necessary in
later chapters. Chapter 3 reviews the previous work in merging concurrent checking
and oll-line BIST, and discusses the main obstacles. Chapter 4 explores the con-

calenation properties of linear cellular automata registers (LCARs), which play a
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key role in our solution to the merging.

Chapter 5 presents the new testing scheme. Three modified structures for im
proving the system performance are introduced. A design template of a benchmark
circuit is provided to demonstrate the applicability ol this study.

Chapter 6 is dedicated to evaluation measures. A new area cost estimation
method for general circuitry is suggested. The cost evaluation ol the proposed
schemes in terms of silicon cost, testing time, design complexity, and pin count are
presented.

Chapter 7 is devoted to the error coverage capabilitios of LI'SR/LCAR based
cyclic codes, as compared to convent ol error-detecting coaes such as Berger and
residue codes. Ceneluding remarks and topics of future rescarch ave presented in
Chapter 3.

There are two appendices. App.endix | contains the tables of LOAR self concate
naticn for length 2 to 16 LCARs, concatenating up to length G4, Appendix 2 is the
manual page of the Concurrenl Checking code generalor and MINInizer (cemin)
program, developed by this author to automate the ercoding process of concurrent

checking.
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Chapter 2

Background

This chapter provides the necessary background material We first present general
fault mocels used in testing. Then, we consider the problems that Built-In Self-
Test addresses, and explore t'vo widely used testing techniques: pseudoranduin test
generation and data compaction. [Minally, we introduce two extensively used circuit
sbructures for test generation and data compaction: linear [eedback shift registers

(LI'SRs) and linear cellular automata registers (LCARs).

2.1 Faults and Fault Models

The elements of digital systems are subject to physical defects that can cause them
to mallunction. The delects can be manufacturing defects at chip, board or system
level, or service-related defects such as burnout due to overloading. To avoid dealing
directly with the large number of physical cefects, the logical behaviour of the defects
are modeled as faulls, such that their effects can be examined.

A lault model represents a range of physical defects. Testing is always defined
with respect to a set of faults. Faults can be modeled at different levels of the design

hierarchy from layout geometry, transistor, logic gate, up to functional and system
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levels. Faults can be classified according vo their nature of appearance:  permanent
Jault is always present and does not disappear, or change its nature, during testing;
a transien! faull is present in some intervals of time and absent in ethers, There are
two muin types of faults with respect Lo their effects on circuit behaviours: cequential
faulls and combinational faults. A sequential fault is caused by sotae delects, e.g.
the hridging of two or more sigral lines in a circuit, such that a [redback path is
created to form a new state in the network. Combinational fanlts include the Fults
which do not have such feedback paths.

Many fault models have been proposed, including the stuck-at model, the stuck
open model, the delay model and the current test model. The most commonly used
fault model is the stuck-at fault model [2, page 94] al logic gate level. This model
has been generalized to apply to any fault condition thal causes a logic gale (o
behave as though one of its inpuls or outputs is stuck at logical 1 or 0. A fanil
in this model is detected by applying a test vector that should set the line to the
opposite of the value it is stuck at, then propagating the value of the line to the
circuit output.

The stuck-open fault model is created to deal with the memory effects caused by
breaks in a CMOS circuit [46, pages 8-10]. [t models a transistor that is stuck-open
(i.e. non-conducting). A test to detect a particular stuck-open transistor consists of
two veclors. The first initializes the value ¢ the line that the transistor in question
drives, and the sccond creales a situation where the transistor must change the value
ol the line and also must propagate the new value of the line to an output.

The delay faull model is used to detect timing faults in the cirenit. [Lmodels a
fault that causes a signal line (or path of signal lines) to be slow to rise or slow o
fall. To detect a delay (ault, the appropriate trangition on the faulty line must be
generated, and the transition must be visible at an output,

Faults in the current test model are bridges hetween two nodes, ‘To test for a
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bridging fault between two nodes, a test vector is applied which drives the nodes to
opposite values,

Faults can be single or multiple. The single fault model is used in most testing
research due to the simplicity ol analysis and the limited compnutational power to
sitnulate multiple faults [2, nage 94].

In this dissertation, unless otherwise noted, we consider both permanent and
Lransient combinational faults, which can be single and multiple. Other fau!t models

are also used, and they are introduced when needed.

2.2 Pseudorandom Test Pattern Generation

Test zenervation refers Lo techniques for generating an appropriate set of input stimuli
for a cirenit under test. Test generation is a complex problem. The most important
measures ol a test generation technique are the cost of test generation, the quality
of the generated test, and the cost of applying the test. Traditional testing methods
require generation of test vectors, which is an expensive process, and a large amount
of memory may be required Lo store the set.

Erhaustive tesling uses all possible input combinacvions as test patterns [4, page
10]. Exhaustive testing guarantees detection of all detectable combinational faults.
However, the exponential growth ol the required number of vectors limits the prac-
ticat applicability of this method to circuits with less than twenty or so inputs.

Random tesling involves generation ol randon. test vectors. However, to achieve
& high-quality test, a large et of random vectors is needed, requiring a long time
to apply the test [4, page 177). In pseudorandom Llesting, test vectors are generated
deterministically. The vectors can be regenerated, and therelore do not need to be
stored. Moreever, the generator itself can be implemented by simple and econom-

ical circuit structures (e.g. LIFSRs). Hybrid approaches combining the above test
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generation methods have also been explored in order to obtain the best features of

each technique [4j.

2.3 Data Compaction

To test a cireuit, a large volume of output data, generated by applying a large
number of input patterns to the CCUT, has to be stored in memory and conpared
with the expected good response. A possible alternative is given by data compaction
testing, where the output vector from a CUT is compacted iato a much shorter
compressed form, called a signature, with some loss ol information. An invalid
signature indicates the presence of errors in the output stream. igure 2.1 shows
the coi cept ol data compaction technirjues. A lault is detectod il the signature
S(R') obtained from the CUT differs from the precomputed signature S(/fy) of a

fault-free circuit,

OQutput
Input test TeSpO.SC
sequence sequence R’ ; Signature S(R’)
| CUT N Dala .

Compactor

[

Good signature S(R )

A

Comparator

Frror
indicator

Figure 2.1: Data compaction techniques

Many methods can be used to obtain 2 signature: one’s connting (the signature is
vhe sum of the number of 1's in the circuit output), parity check (the signature is one
bit signifying odd or even parity of the output), transition counting (the signature
is the number of 1 to 0 and 0 to | transitions appearing on the information hits),

syndrome testing (the signature is the normalized number of 1'y in the cir-nit output
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under exhaustive application of all possible input patterns), and Walsh spectra
cempression (Lhe signature is all the Walsh coeflicients or a carefully chosen subset
of them). tach data compaction method has its own advantages and disadvantages.
A detailed diseussion of these techniques can be found in [2, 4].

The most commonly used data compaction technique in digitai circuit testing
is signature analysis [4, pages 109-144]. The actual implementation of signature
analysis relies on linear feedback shift registers (LFSRs) as compactors. A LI'GR
performs a polynomial division over a binary field, where thr~ inputl stream is the
dividend polynomial and the LFSR itself implements the divisor polynomial [4, page
112]). At the end of the division, the last stage of the LI'SR describes the remainder
polynomial, which is used as the signature. The output of the LIFSR, representing
the coeflicients of the quotient polynomial [4, page 115]. As an alternative, linear
cellular automata v gisters (LCARs) can be used to obtain the signature of a CUT
in a similar way. LCARs have been found having the same behaviour as LIFSRs
when used as dala compactors [56].

Data compaction solves the test set storage problem and simplifies the compar-
ison process as only the signature needs to be examined. One drawback of this
process is thal error patterns from a faulty circuit might be compacted into the
same signature ag the good circuit. This phenomenon is called masking or aliasing
[4, page 114]. 1t is unavoidable since the compaction process introduces sc me loss of
information. In the next two sec.ions we provide some background on the operations

of LI'SRs and LCARs.
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2.4 Linear Feedback Shift Registers (LFSRs)

2.4.1 Binary Sequence and Polynomial Transformacions
A polynomial of degree ' mm - 1,
I)('l') = "m—l-l'm»I + "m"‘l'r,“ : Fo b b org

can be exoressed Ty an m-bit binary sequence, I3 = vy i oo ey by replacing
all the nonzero coeflicients of the polynomial with ones and inserting zeros for the
corresponding zero coclficients.  or example, the degree 4 polynomial, ()

ot 4+ a3 4 1, can be represented by the binary sequence, 13- 11001 The reverse
representetion, i.c., a binary sequence to a polynomial transformation, can also be
performed. The binary sequence v, 1oz ... rirg corresponds to the coclficients
ol the appropriate powers ol &, assuming that the left-most bit of {1 is the most
significant, bit. The transformations provide convenient ways Lo represent dala in

different domains.

2.4.2 LFSR Implementation of Polynomials

A linear binary network is one constructed from the following basic components: nnit
delays, modulo-2 adders and modulo-2 scalar multipliers. A network or sequential
machine constructed of linear elements has the property that its response to a linear
coinbination of inputs will preserve the principle of superposition?.  As a result,
linearity is an important consideration in the analysis of shift-register sequences. A

shift register with a linear feedback network is called a linear feedback shift register

The degree of a polynomial is the largest power of » with nonzero coefficient
2The Principle of Superpositro. the response of a hinear network 1o linear combinntion of

stimuli is the linear combination ol the responses of the network to the individual stimnoli (Ue
linear network is initialzed such that all storage elements (unit delay) are in the O state in cach

case).
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(LI'SR) [4, page 64]. It is composed of memory eiements (unit delay) and XOR
gates (Modulo 2 adders), controlled by a syr-hronous clock.

A LI'SR represents in the structure of its feedback loops a particular polynomial
which acts as the divisor in the operation of the linear finite state machine. There
arc three iypes of LISR structures, type-1, type-2 [56] and hybrid LFSRs [63]. For
cxample, Figure 2.2 shows the type-1 LFSR of the polynomial P(z) = 2% + z + 1.
Here, a non-zero coeflicient, excluding the highest order bit, of a power of x is
mapped into an XOR gate with a feedback connection between the output of the
highest stage (corresponding to the highest power of @ iu tue polynomial) and the
XOR gate; a zero coefficient is corresponding to a direct connection from stage i to
stage 7 + 1. In type-2 LISRs, all feedbacks are connected to external XOR gates
as shown in Figure 2.7, For a given polynomial, its type-1 and type-2 LJ*SRs have
isomorphic behaviour (see vection 4.1.1) [56]. A hybrid LFSR is the combination of
the two types [63]. To simplify our discussion through this dissertation, we assume

that type-1 LIFSRs are used.

[nput A Output
- .\) ‘Sl ,\3 . 52 o S3 - S4 -
x0 x! %2 x3 x4
Figure 2.2: An example of a type-1 LFSR

v Ve g
P -~
Ouiput Input
- 54 1= S3 S2 | Sp |-
xY x! x2 X3 xt

Figure 2.3: Au example of a type-2 LFSR

The state equations which describe the transitions between states can be directly
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obtained from a LI'SR structure. A length-r LI'SR consists of r stages of memory
cells, and each of them can have a binary value 0" or 17, The state of the linite
state machirs atl time ¢ is represented by the contents of the r-bit memory cells. Let
Stand ST denote the values of stage i of the LI'SR at time £ and 1 4 1, respectively,

For the type-1 LFSR shown in Figure 2.2, for example, we have

SHY = Inputt g S
S = gt g
s =
Sitto= S

A LI'SR, as shown in Figure 2.2, performs polynomial division over a binary
field [59]. The LFSR itself represents the divisor polynon ial, 20} the serial input,
sequence represents the dividend polynomial, M (x); the serial output is the guotient.
polynomial, Q(z). At the end of m cycles, where m is the degree of M(r), the last
state of the LFSR describes the remainder polynomial, (). Thus, this operation

can he described as follows:
M(x) = P(2)Q(x) + R(r).

Table 2.1 shows the state table corresponding to the above state equations, for

M(zx) = 28+ 2+ 1 = 100000011. At the end of the polynomial division, we have

Q(r) ot 1= 000010011

R(x) = x*4+2x=0110.

2.5 Linear Cellular Automata Registers (LCARs)

A cellular automata (CA) is defined as a uniform array of identical cells in an

n-dimensional space [21, 56, 66]. [ach cell is capable of having a particnlar state,
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Clock | Input(M{x)) { S st sttt g ) Outpu(Q(x))
0 0 0 0
i 1 I 1 0 0 0 0 (r?)
2 0 0 1 0 0 0 (")
4 0 0 0 1 0 0 (r8)
4 0 0 ) 0 1 0(z*
5 0 ! ! 0 0 1 ()
i 0 0 1 i 0 0 (%)
7 0 0 0 1 ! 0 (?)
8 1 0 1 0 1 1 (2!)
9 i 0 1 1 0 1 («0)
R(x) () (z') (%) (%)

Table 2.1: An example of polynomial division

in our case a binary sta'e. Further, each cell is restricted to local neighbourhood
interaction only and has no global communication, i.e.. the neighbourhood of a cell
is typically taken to be the cell itsell and all immediately adjacent cells. A one-
dimensional linear cellular avlomala is a linear array of identical cells with left axd
right neighbours and linear operations. The alzorithms the cells use to coinpute their
successor states, based on the information received from their nearest neighbours,
are referred as the compulation rules [66]. For a binary one-dimensional linear CA,
there exist a total of 22 = 256 distinct binary rules. However, a class of linear CA
using only lincar rules 90 and 150 is extensively considered in the literature. In rule
90, the next state of a cell is the modulo-2 sum of the nearest neighbours’ present
state, while rule 150 derives the next state from the modulo-2 sum of the present
states of the cell and both its left and right neighbours. These rules can be more

formally given as

Rule 90:  SH! Sy Sf+1

Rule 150: St = S, & S; b S, .
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1 denote the state of stage i at time £ and £ 4+ 1, respectively,

where St and S

A linear cellular automata register (LCAR) is a finite-state machine implement.-
ing a linear cellular automata. In this dissertation, we use LCARs with rules 90 and
150 only. Figure 2.4 depicts an example of a LOCAR. T'he corresponding computation

rules are shown for each cell. The LCAR is said to have null boundary conditions

since the first and the last cells receive constant 0's, as shown.

o | (150 (90) | aso BRCH)

Figure 2.4: A LCAR

Al”

If we use to denote a cell with rule 150 and *0” for a cell with rule 90, the
LCAR structure can be represented by a binary sequence. The example LCAR i
Figure 2.4 can be represented by “1010".

If there is no external input to a LI'SR or a LCAR, it is said to have a null
boundary condition. A LIFSR or a LCAR with null boundary condition hehaves as
an autonomous machine that cycles through sequences ol states®. A LI'SR/LCAR
withoutl an external input can be used as a pscudorandom lest pallern generalor

‘PRPG) - the states of the machine are used as test palterns to stimulate a CU'I

in a pseudorandom order [4, pages 61-80].

2.6 Summary

Digital system testing requires an application of a suitable set of test patterns as
input stimuli and the comparison of actual circuit responses with the correct ve

sponses. Various test pattern generation and data compaction technigues have heen

4An autonomous machine is a finite state machine with no external inpul.,
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developed to meet this requirement.  In Built-In Self-Test, the circuitry for test
pattern generation and dala compaction is built onto the chip itself. LEFSRs are
widely nsed as test pattern generators and data compactors in BIST applications
[1]. Recently, there has been interest in using LCARs as a source of test stimuli
(1%, 21].

In this chapter, the fault types and models in digital circuit testing are briefly
defined, We reviewed the two important testing techniques, pseudorandomr test
pattern generation and data compaction. Moreover, we described the operations
of two well-known structures for pseudorandom test pattern generation and data
compaction: linear feedback shift registers (LI'SRs) and linear cellular automata

registers (LCARSs).
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Chapter 3

Concurrent Checking and Off-line

BIST

3.1 Introduction

Concurrent checking and off-line testing are complementary technignes in testing:
concurrent checking is capable of detecting errors in real time while ofl line testing
provides testing during test mode; concurrent checking is able to cateh transient
faults which may not be detected by off-line testing. Off*line BIST has heen widely
used by design engincers in commercial chips, while conenrrent checking is still con
sidered to be expensive in silicon. However, it is possible, with proper coordination
of design techniques, to expedite off-line testing by making use ol on line Lesting
facilities during off-line tes.ing [20, 51].

In the next three sections, we summarize three important Lesting and DIF'F
techniques: concurrent checking, signature analysis, and scan-based test. A review
of the literature combining the three techuiques can be found in section 5. Finally,
we present the problem statement for the merging of the technigues and state the

justification and motivation of this research in section 6.
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3.2 Concurrent Checking

Since ofl line BIST techniques are conducted only at preset times and not continu-
ously, a transient fault may go undetected if it does not happen to appear during
a testing periods. Moreover, off-line BIST requir.+ the circuit under test suspend
normal operation and switch to a separate test mode. In salety critical applications,
both high reliability anid continuousr operation are considered to be very important.

Concurrent checking includes error detection circuitry, which detects errors that
oceur during normal system operation [46). Extra checking bits are added to the
original circuit function so that the operations of the integrated function (including
the original and the augmented checking circuitry) can be monitored when the
original circuit is functioning. This is achieved through the use of error detecting
codes,  Various crror-detecting codes well known in data communication can be
nsed in concurrent checking., They are: Berger codes (the code bits are the binary
representation of the number of 0's or I's in the original data), residue codes (the
checking bits are the residue of information bits), m-out-of-n codes (m out of n
information bits are required to be *1"), and parity checking (an odd or even parity
bit is added to the information bits). Where a parity code can be used for general
circuitry, a residue code is more suitable to arithmetic units, and Berger and m-
oul-of-n codes are hetter for ervor-detection of circuit functions with unidirectional
errors ((-10-0 or 0-to-1 errors only, but not both).

Frror-detecting codes can be grouped into separable codes and non-separable
codes. Separable codes are those in which the data can be extracted dirvectly from
the eircuit outputs without the need for decoding, i.e. code and data outputs are
disjoint, and the data outputs are unaltered by the existence ol the added code bits.
For non-separable codes, decoding of all outputs (the data bits plus the code bits)
is necessary to extract the data information alter the encoding process. One useful

property ol separable codes is that the data can be used by the system independent
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Cutputs

Inputs " cur

Cading bits

Checker

l Lrror indicator
Figure 3.1: A concurrent cheeking organization

of the checking process. In contrast, with non-separable codes, the data is not
available until a decoding process is completed. This may imply a Lime delay,
The decoding circuitry required by the non-separable codes can also represent a
significant hardware cost in comparison to the separable schemes,

Figure 3.1 shows a concurrent checking organization using a scparable code.
During normal operation, the checker collects both the normal ontputs and the
coding bits from the CUT for every input combination. An expected sipnavire is
computed from the outputs and it is compared with the carried coding bits. 'The
checker signals the detection of a fault. The gystem continues operating for the next
input vector.

One advantage ol concurrent checking is that the data patlerns used in nor
mal operation also serve as test patterns, thus eliminaling some explicit testing
expenses. Another advantage is the ability to deteet transient faults, with less sili
con area overhead than that of hardware duplication. Conversely, there are several
problems. The applicalion patterns may not exercise all the storage elements or all
the internal connection lines, such that defects, which exist in unexercised places,
are not detected. Additional hardware circuitry is required for the angmented cir
cuit and to implement the checkers. A cireuit function with added checking bits

usually results in an augmented circuit that is larger in size than the original one.
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Complexitios of the specially designed checkers vary in the different coding schemes.
AL least two (sometimes three or four) extra pins are required as ervor indicators,
which can be considered expensive in a design because of the limited number of pins
available. The degree of fanlt coverage provided by concurrent checking can also be
less than that of ofl-line testing. These problems have limited the use of concurrent

checking in the VLSE testing environment.

3.3 Signature Analysis

Signature analysis is an extensively used data compaction technique for off-line
BIS'T, based on the concept of cyclic redundancy checking (CRC) and realized in
hardware using linear feedback shift registers (LFSRs) as explained in section 2.4.
Figure 3.2 shows a signature analysis organization of a single output network, where
the LI'SRs serve two purposes: data compaction and test pattern generation. The
LIPSR-A is used as a pseudorandom test pattern generator, and the states ot the
LI'SR are used as test patterns to stimulate the CUT. The LEFSR-B works as a data

compactor.

(7 Input test Ousil
;? sequence . respo‘nse ‘
o~ > sequence R’ . Signature S(R")
7 . CUT . Dala compactor -
.| (LFSR-B)
g o
a, 1 . . + "
Rl Good signature S(R C)
»| Comparator
Error
indicator

Figure 3.2: A signature analysis organization

For a multiple-output circuit, the overhead of a single-input signature analyzer on
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every output would be high. Normally, a multiple=input signature analyzer (MISR)
18 used. The outputs of a CUT are connected to the MISR through NOR gates added
to the shift lines between stages. A considerable amoutt of work has beer done on
using MISRs in BIST, both in theory and applications. A detailed aeseription can
be found in [2, 4].

For both LIFSRs and MISRs, aliasing occurs when signatures for faulty and
tault-free responses are the same. This results in a [ailure Hf deteeting faults in a
CUT. The probability of aliasing is primarily a [unction o7 the LIFSR/MISR neachine
length, r, and it is asymptotic to 27" [1, page 1161 Aliasing can he minimized by
choosing a long LIFSR/MISR (e.g. r = 16), making an appropriate selection of Lhe
divisor polynomial [1], and applying a sufficient number of test veetors,

As for LI'SRs, LCARs can be used as data pattern generators and data com
pactors. A LCAR with null boundary conditions is capable of gencrating pseudo
ra wdom test patterns. It performs data compaction if an input stream is fed into the
machine from cne of the boundary cells. For multiple-outpul eivenits, a mulliple-
inpul cellular automata (MICA) can be used as a data compactor [5]. 1L has heen
shown that LCARs have better pseudorandomness than LI'SRs [21] and have hetter

fault coverage lor certain types of faults [33].

3.4 Scan-based Test

An extremely large number of input test, vectors may be necessary lor an exhanstive
test. For an n-inputl circuit containing s latches, the exhaustive input test set is
2% x 20 = 2" input vectors. For example, a cireuit with 50 inputs regnires a total
of 2% input vectors for an exhaustive test.

Scan design is a structural technique used to inerease the controllability and

observability of sequential circuits, thus making them casier to test. This is done by
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modilying the circuit’s memory elements and connecting them together as a large
shift register. The contents of the memory ciements are controlled and observed by
shifting or scanning values into and out of the shift register, 'The circuit is tested as a
strictly combinational circuit, with the memory elements being treated as primary
inputs and outputs. The complexity of testing the sequential ciccuit directly is
avoided. There are many variations of scan-based testing techniques bul the main

principle is the same. Migure 3.3 shows an example of such a sysiem.

ST
Primary I rimary
outputs

inputs  — ] e
Combinational

Y

Logic

Y

Mode coutrol Scan-out

State Memory Excitation
variables T variables
Shift reg

T Scan-in
Iigure 3.3: Scan-based test

[191% Standard 11441 has identified the boundary-scan technique as means of
addressing the problems of future highly complex, miniaturized board designs. It
provides a framework for structured design for testability. The boundary-scan tech-
nique involves the inclusion ol a shilt-register latch (contained in a boundary-scan
cell) adjacent to each functional component pin. This allows the signals at compo-
nent boundaries to be controlled and observed using scan-based testing principles.
Boundary-scan also provides an excellent basis {or the use of BIST features during

board testing. IMigure 3.4 depicts a board of two circuits with boundary scan cells
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[1].

Fach device on the board has a 1 or H-wire interface called the Test Aecess
Port (TAP) that includes two control pins, TMS (test mode select) and TCIK (test
clock), two scan pins, TDI (test data in) an'l TDO (te<t data out). and optionally,
the TRST (test reset input) pin. The test logic in boundary scan also includes a
TAP controller and various registers [1]. The standard supports the following Lest

modes:

(a) Bypass: in this mode a minimum length serial path is set up to bypass a
chip. This allows access to the chip of interest in the minimum possible

time, increasing test throughput.

(b) Idcode/Usercode lesl: this allows a binary data pattern to be vead from
the chip that identifies the manufacture, the part number, the variant,
and (where appropriate) the programmed state; the identilication regis
ter is used for this purpose. This information might be used, for example,

to verily that correct 1C has been mounted in cach board location.

(c) Sample/Normal lest: this allows a snapshot ol normal operation of the
component to be taken and examined. Dala is latched in hoth the mput
and output registers. During this test only the boundary scan register

is connected hetween T'DI and TDO.

(d) Eriernal test: this mode is used to test the interconnections of the
printed circuit board. The boundary scan register is the one and only
register that is to be connected between TDIE and TDO for data scan
ning purposes. Boundary scan register cells al ontput pins are used to
apply test stimuli to the board. while those at input pins capture the

test results flowing from another chip via the board. Capture results
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are scarned oul, of the serially linked boundary scan registers of a board

while the next set of test input values is scannced in.

(¢) Intevnal fest: this is one of the two optional test modes defined by the
standard. It provides the means to test the internal logic of the design.
During internal test, test stimuli are shifted in through the boundary
scan input register, one at a time, and applied to the on-chip system
logic. The corresponding responses are captnred in the IC’s boundary

scan oulpui register and are examined by subsequent shifting.

(1) Buill-In self-test: this is the second optional test mode. However, the
Standard recommends its implementation wherever possible. The use
of BIST mode allows a component user to determine the health of a
component without the need to load complex data patterns. While the
BIST mode is selected, the boundary scan register may act as a pattern
generator and for signature compactor. The resulting signature is shifted
out and is checked to ensure proper circuit operation. When BIST is the
current test mode, the test data register into which the results of the
self-tests will be loaded, must be connected [or the serial access between

TDI and 'T'DO (this register can be the boundary scan register).

When the circuit is not in one of the test modes, it performs its normal functions.
The standard mainly addresses the problems of off-line testing, as il is evident from
five of the six test modes above (except the sample test). The samyle mode provides
a degree of on-line monitoring (i.e. a snapshot of the circuit can be obtained in time),

4

but does not support continuous on-line checking (i.e. concurrert checking).
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3.5 Previous Work in Merging

Maos' DIFT techniques involve either resynthesis of an existing design or the addition
of extra hardware to the design. Most approaches require circuit modifications and
allecl suely Tactors as ate v, performance and 1/O pin count. One trade-off is to merge
some Lest technignes to obtain the combined testability features. Meanwhile, it is
also possible to reduce the overall cost through the merging In this disscrtation,
we are interested in two types of merging: the merging of BIST and boundary scan

techniques, and the merging «  concurrent checking and BIST.

3.5.1 Merging BIST and Boundary Scan

Both BIST and boundary scan employ register based structures in implementa-
tion. Various architectures for merging the two techniques have been proposed [2,
pages, A83-501]. In general, these merging methods allow a CUT to be tested using
BIST, and scan paths are used to obtain additional access to the internal circuitry.
LESRs arve used as the implementation structures of the BIFT civcuitry. The buill-in
coaluation and self-lest (BEST) [2] and the circular self-test path (CSTP) [27] are
applicable to both combinational and sequential circuits. The LLSD on-chip self-
test (LOCSTY [13, 28], the concurrent BIST (CBIST) [49], Centralized ar:d embedded
BIST (CEBS) |2, pages 490-492), and random test data (RTD) [4] are for combina-
tional (V' only. In these approaches, some testing circuitry is separated from the
C'UTs and other civcuitry is embedded in the design. Figure 3.5 shows an example
ol these approaches, the CIEBS. The first r-bit section of the input boundary scan
registers acts as a PRPG and single-output autonomous LIFSR (SRPG), the last
s bits of the output boundary scan registers act as both a MISR and a single-input
signature register (SISR). The testing procceds as follows. A test mode signal is

set and the scan registers are sceded. Then the PRPG loads the scan path with
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pseudorandom test data. A system clock is issaed and the scan-path registers are
loaded in paraliel with system data, except for the signature register, which operates
in the MISR mode. The scan path is again loaded with pseudorandom data while
the signature register operates in the SISR mode, compressing data that were tn the

scan path.

Pls
PRPG/SRSG
Sin ™| Input Boundary scan regisier
J
‘r i ‘ ------
Si 4‘!--'J
cur
S0
v ] ¥ e
Sout < —{ Output Boundary scan register |e—
MISR/SISR L
POs

Figure 3.5: The CIBS architecture

Gloster and Brglez have demonstrated that LOCARs are a feasible alternative
to TFSRs in testing schemes with the combined BIST and boundary scan [18]. A
detailed discussion of this schieme can be found in section 1.5, Morcover, 10l
Std. 1149.1 further promotes the merging of BIST and houndary scan techniques
by defining BIST as one of the recommended test modes [1. Merging BIS'T and

boundary scan is an active arca of applied rescarch.

3.5.2 Merging Concurrent Checking and BIST

In some critical applications, concurrent checking and off-line BIST have different

requirements. In a system with off-line BIST circuitry in place, one may not he
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satisfied with the periodical off-line test provided, and concurrent monitoring may
be desirable to improve the reliability and the fault detection latency of the system.
The fault. detection latency is the time delay to report a fault after a testing vector
is applicd. Conversely, in a system with concurrent checking, the application pat-
terns of the CUT may not exercise all the internal elements, and the defects in the
unexercised places may go undetected. To avoid having these defects uppear at 2
critical computation time, the CUT may need to be exhaustively tested when it is off
duty. Off-line testing, may, thus, still be required for better fau.t coverage. Hence,
sharing of resources between the two test modes would seem a natural solution to
these preblems.

The idea of merging on-line and off-line BIST was first suggested by Sedmak in
[H1] as an alternative to dealing with testability problems in VLSI-based designs.
There, the general design philosophy and some guidelines for possible implementa-
tion of the approach are presented. Specific techniques applicable to this approach
are discussed in [52], including partitioning the logic, placement and design of the
Lest circuitry, The checking circuitry recommended in that paper involves duplica-
tion of the functional circuitry and comparison of the outputs of the two implemen-
tations. T'his technique avoids the aliasing problem and consequent loss of effective
fault coverage of the signature analyzer. Figure 3.6 shows a suggested BIST imple-
mentation using this scheme. where the duplicat »d circuitry is actually realized in
complementary form to reduce design and common mode faults. The test patterns
are shifted serially into the input registers from the input stimuli generator which is
added for test pattern generation. The generator cycles through all input patterns
thus generating exhaustive test patterns. The contents of the two input registers
are checked by the compare | circuit. The output response of the combinational
circuitry is checked by the compare 2 circuit.

Lu and McCluskey [30] describe an efficient method for explicit testing of a
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Figure 3.6: BIST using concurrent checking to compare cireuil response

RALU (register arithmetic logic unit) that incorporates parity prediction for implicit
testing.

A notable result in the merging is due to Saluja ef al. [18], illustrated in Fig
ure 3.7. In this scheme, the off-line testing resources are modified such that during
system operation they can also observe the normal inputs and ontputs of a com
binational CUT. During off-line test mode, the multiplexor is set such that the
tests generated by the Test Generator are applied to the CUT, and the responses
are compressed using the Response Verifier. After the application of all tests, Lhe
contents of the Response Verifier are used to determine the status of the CU'LL In
the normal mode, the testing of the CUT proceeds concurrently with the normal
operation of the system. The Response Verifier is enabled only if a vector from a
particular set occurs. The Test Generator produces, al its outputs, vectors from

the test set. During the normal operation, outputs of the Test Generator are con
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stantly compared, bit-by-bit, with the normal inputs to the CUT by the equality
comparator. A signal HI'T is generated if, and only if, the normal inputs to the
CU'T are the same as an active test vector of the Test Generator. When a HIT is
generated, the Response Verifier is enabled to compress the normal outputs of the
circuil, and the Test Generator is advanced to the next state to produce the next
vector. Unfortunately, the concurrent checking test lavency can be 2%, where n is the
number of inputs of the circuit. A number of approaches were suggested to reduce

the test Jateney by paying the price in silicon, time, and performance.

Normal inputs Mode select
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. - [.OgiC
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Normal outpuls
Figure 3.7 The concurrent comparative testing organization

Nicolaidis [37, 38] suggests a unified BIST scheme (UBIST), which integrates off-
line test (design validation test, go/no go test of dies, test of hoards,and maintenance
test) and on-line error detection at system level, and provides high fault coverage
for single Taults. URBIST is based upon the concept of self-erercising checkers, shown

in Figure 3.8. In addition to conventional double-rail checker, pass transistors are
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used to connect the checker inputs and the test pattern generator, and a logic block
(CNCI) is introduced to indicate whether a code word is generated (8 1) Under
fault free condition, fy and f are double-rail encoded. The code will not retain if a

fault presents.

Test Vector Generator | |ONCI
ane S

Test ] .:] Test

Primary
Inputs —

v 1 v Driim:
Checker Primnary
[. Output
!

Figure 3.8: Self-exercising checker

For the UBIST method, all functional blocks are designed to be strongly faull
secure (SE'S) 36,39, 58]. Figure 3.9 shows the unified BIS'T scheme, UBIST maodules
are composed of an LIFSR part and a coding part. The LI'SR part may be realized as
the BILBO[25], and the coding part (CNCI block) is as proposed in the schemes of
sell-exercising checkers. The checker modules Lranspose code word inpuls to correct
indication and non-code word to error indication. During the ‘TESTE phase, test
vector generated by odd UBILBOs are applied on odd functional blocks and on
even checker modules. The responds of odd functional blocks are verified hy odd
checker modules, and are also compressed by even UBILBOs to give signatures, At
the end of the TESTI phase the signatures in even UBILBOs are shifted out for
verification. Similarly, during TEST?2 phase we test even functional blocks and oded
checker modules. The double-rail checker is used for reduction of error indication
signals and is tested during the TESTS phase.

Recently, Gupta and Pradham [20] demonstrate that the information generated
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Figure 3.9: Unified BIST scheme

in concurrent checking (even parity checking) can be utilized to reduce off-line testing
time and fault escape probability. The modification to the conventional signature
analysis structure is that the output of a CUT is collected by both the signature
analyzer and the parity checker. I any of the test responses is found erroneous by
the checker, then the CUT s determined to be faulty immediately, with no further
testing necessary. In the case, on completion of testing, the content of the signature
analyzer is analyzed to determine whether it corresponds to the good signature.

It shonld also be noted that the Sample/Normal mode of the IEEL Std. 1149.1
permils a snapshot of normal system operation and allows the outpul response to
he shifted ot for examination, without suspending the computation. This test

provides a degree ol on-line monitoring and it is a step towards the merging.

3.6 Problem Statement

Although some design and test engineers may still ve reluctant to incorporate BIST
and/or boundary scan in their designs, an average of 30% or lower area overhead
has been widely arcepted as reasonable. The main concern of this dissertation is the

merging of concurrent checking and ofl-line BIS'T, since, even for VLSI technology
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available today, concurrent checking is still considered expensive.

Historically, on-line and off-line testability studies have been the concern of two
seprrate technical communities. Consequently, two sets of test algorithms, which
are rarely common in design and implementation, have heen developed. On the one
hand, off-line BIST using data compaction schemes usually requires (a) a mechanism
for supplying test patterns to the CUT, and (b) a means for compacting the ("UF
responses into a signature. On the other hand, concurrent checking employs error
detecting codes, such as parity, Berger, and residue codes, to encode a given circuil
function at design stage. Modilication of the original civenit function nsually results
in an augmented circuit realization that is bigger than the original one. It has
been shown that for an augmented circuit, a [5%-200% hardware inerease can be
expected [54, 64]. The increase depends on the Tunctionality and size of the C'UT,
and the coding scheme chosen. Morcover, since data patterns also serve as test
patterns in concurrent checking, there is no reference to the fault free signature of
the good circuit response. Thus, checking circuitry is required to he self cheeking in
order to guarantee a high fault coverage. Designs of tolally self-checking (1SC") and
strongly code disjoint (SCD) checkers can be found 1 [2, pages £78 988] and [10],
respectively. Specially designed checkers are required for distinet coding schemes.
For example, a parity checker is a log n-level hinary tree of XOR gates, where
n is the number of informaltion bits being checked, while a residue checker is an
arithmetic unit performing modulo operations.

The main technical obstacle of the merging is the use of different test method
ologies in the two test modes. It leads to separation of hardware and introdiees un
acceptable silicon cost. As discussed above, coneurrent checking and BIST usually
employ distinet testing techniques. These techniques require different imiplementa
tion structures, thus making the merging of on-line and ofl line technigues difficult,

In this dissertation, we propose to use a common test technigue for on line ar
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off-line test modes. To achieve this, it is necessary to find a link between the two
types of testing methodologies, as well as their implementation mechanism. The
objective is to support both on-line and off-line testability with maximum sharing

ol hardware resources and low impact on system performance.
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Chapter 4

Concatenation and Partitioning

of LEFSRs and LCARs

At the circuit, board or system level it is desirable to have a cost effective implemen
tation of bit-sliced registers, reconfigurable for different lenglhs as needed. LISRs
and LCARs are the most commonly used register devices, In chaptler 2, we provided
some basic background on LI'SRs and LOCARs, and their conventional applications
as pseudo-randomn pattern generators and signature analyzers, in BIS'T. ‘T'his chap
ter examines theoretical and practical issues of LIF'SR and LCAR concatenation and
partitioning, giving reconfigurable register lengths, The results of this study add
flexibility to digital circuit design and BIST in general, and s one of the hases of
the new testing scheme proposed in Chapter 5.

Farly work on the properties of autonomous LESRs' concatenation can he found
in Elspas [14]. Later, Bhavsar [3] introduced the principle of polynomial concatena
tion, and the conecept of polynomial splitting (polynomial partitioning) and hit sliced
design of LI'SRs. Consequently, a family of general purpose bit-sliced LIF'SR regis
ter chips is proposed to facilitate self-test. Sun and Serra [60] lay the foundation

of the principle of LCAR concatenation and partitioning. Recently, Kontopidi {26]
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established a more formal definition of polynomial partitioning, and explored the
partitioning behaviour of LI'SRs and LCARs from some new perspectives,

In this chapter, we first give some theoretical background and definitions, then
summatize the work on polynomial concatenation and partitioning. Subsequently
we introduce the corresponding issues for LOCARs, discuss various applications of
LISR and LCAR concatenation and partitioning, and present some results of a

comparative study of the twe types ol linear machines.

4.1 Background

ln this seetion we give some theoretical background of linear finite state machines

and their algebraic context, and show their diflerent representations.

4.1.1 Linear Finite State Machines and Isomorphism

A basic result in linear algebra is that a lincar transformation in a vector space can
be represented by a matrix and that, in turn, such a transition matrix represents a

lincar transformation.

- } R . . . , oo . . . .

Definition 4.1 [59, page 297} A function f: V' — V" is a linear function from a
r ! o] - op

veetor space 1V into a vector space V' oover the same scalar field K as V if, for all ¢;

and ey in N oand all vy and vy In V

Jleror+ cau) = e f(01) + e2f (v3).

For our purposes, the field is a binary field and the + operation is Modulo-2
(NOR) addition.  The lincar transformation describes the hehaviour of a corre-

sponding linear finite state machine, whose delinition follows.

Definition 4.2 [59, page 297] A machine M is a linear finite state machine if
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(1) the state space Sy of M, the input space [y, and the outpul space
Yar are each vector spaces over the appropriate finite field (here a binary

field), and

(2) let the vector s, denote the state of the machine, the vector u, denote
the inputs to the machine and the vector y, denote the outputs of the

machine. The next state st of M is defined by

st = Rs, + Pu,

and the output is defined by

o= Ts, + Quy,

where R, P, T, and Q are transformation matrices of the appropriate
size over the finite field. In the case of an autonomous machine (with no

external input u,), the second term is omitted {rom cach equation.

For our purposes, we can summarize by the fact that, in the operation of a linear
finite state machine, the next state is always computed from the previous state using
) ) ! g

only linear rules, i.e. rules which translate into XOR implementations.

Definition 4.3 [59, page 306] Il two matrices A and I3 are square matrices for
which there exists an invertible matrix P such that 13 = P7PADP, then A s said Lo

he similar to .

Theorem 1 [29, page 155] Two matrices A and [3 vepresent the same linear oper

ator T' il and only if they are similar to cach other.

Definition 4.4 [59, page 310] The characteristic polynomial of a square matrix A

is defined as Aa(A) = del(A] — A).




(‘hapter 4. Concatenation and Partitioning of LESRs and LCARs 38

Definition 4.5 [44, page 118] A polynomial p(.X) of degree n which is not divisible

by any polynomial of degree k, where 0 < k < n, is called irreducible.,

Definition 4.6 [44, page 161] An irreducible polynomial of degree noover a binary

field is primitive and if, and only if, it divides X™ — | for no m less than 2% — 1.

The important consequence of the primitivity of a characteristic polynomial is
that the linear finite state machine in its autonomous operation traverses all possible
2" — | non-zero states before returning to its initial conliguration.

A LCAR is a finite state machine, which can be represented by a transition
matrix constructed from the next state equations of the computational rules used.
Similarly, a transition matrix can be found for an LIFSR. For each of these matrices,
a characteristic polynomial can be computed. The relationship between LIFFSRs and

LOCARSs 1s staled as follows:

Theorem 2 [56] A one-dimensional lincar LCAR and an LFSR with the same irre-
ducible (or primitive) characteristic polynomial are isomorphic, and the correspond-

ing transition matrices are similar,

The consequence is that a LCAR and a LFSR, which are based on the same
irreducible or primitive polynomial, have the same behaviour as linear finite state
machines up to permutation of the order in which the states appear. However, (he
cyele structure of the states [59, page 307} is identical, that is, the states may be

permuled in order, but they must appear in the same cycle configuration.

Example 1 Figure 1.1 shows a LCAR and LFSR with their corresponding transi-
Lion matrix and their characteristic polynomial. The eycle structure is also shown in
the state transition diagrams. Since this polynomial is irreducible, but not primitive,

the states form four separate cycles, where state 0 always goes back to itsell,
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Characteristic
polynomial

P = x40+ +x +1

/ \

LESR (11111 LCAR (010
Y —_ ¥ Ty e > ' ' 0
o o] | E;_,D_} o Lo [Tsof=o vo e wo | &
Transiticn matrix Transition matrix
0001 0 )()
{0 01 l (
0101
0011

Figure 4.1: Transition matrices of a LI°SKR and a LOAR
4.1.2 Difirrent Representations

There are three different representations which are used interchangeably in polyno
mials and their LI'SR implementations: polynomials in - binary field, hinary string
representations, and the LI'SR implementation of | nomials. Fach representa
tion provides a convenient expression in a corresponding domain, and can be casily
transformed to either of the other two. A polynomial () can be directly mapped
into a LI'SR implementation, where the zero and non-zero coefficients orrespond Lo

feedback taps of the LI'SR; and it can also he mapped "o a binary string, where the
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noun zero and zero coeflicients correspond to I's and 0's, respectively. The reverse
transformations hold as well. In the previous example, these transformations were
shown.

The sitnation is slightly more complex for LOARs. Given a characteristic poly-
notnial, three algorithis have been developed and faplemented to find its corre-

sponding LOAR:

(1) the first algorithm in [56] is based on a pruned search;

(2) a betier algorithm, in [55], uses the Lanczos tridiagonalization method

lut requires exponential time;

(3) the best known algorithm reported recently [8] applies Euclid’s greatest
common divisor algorithm to compute the LCAR. It has a polynomial
running time, which is suffliciently fast to generate LOARs for polyno-

mials of very large degree.

C'onversely, given a LOCAR, it is casy to calculate the characteristic polynomial
of its transition matrix [56]. The mapping between a LCAR implementation and
its binary form is also simple: rule-90 and rule-150 cells correspond to 0's and 17s
respectively and form the pattern of the main diagonal or the transition matrix.
This is also shown in Figure 4.1, Figure 4.2 summarizes the transformations above,

and visualizes the celations among the different representations.

4.2 Polynomial Concatenation and Partitioning

Aiming at building off-the-shell chips with different sizes of LI'SR for board and sys-
tem level sell-test, Bhavsar [5] considered a subset of polynomials, which preserv-
certain properties such as primitivity, and certain types of concatenations which ben-

efit BV One of the main interests in polynomials concerns primitive polynomials
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Characteristic
> polynorial

(e.p. P(x) = x3 4%+

7N

LLFSR LCAR

_,,D_,EE._,D_,D_J o[l I;i()t:_

———— Binary [orm Binary lorm
1101 (03

Figure 4.2: Transformations of LIS and LOCAR

[4]. The important property is that lincar finite stale machines based on primi
tive polynomials cycle throuzh a maximum iength sequence when in antonomous
mode (i.e. withoul external inputs). This is particularly useful when they are used
as pseudorandomn pattern generators, as they can stimuolate a cirenit exhanstively,
With regards to concatenation, the interest lies in finding stroctures which can be
concatenated and still maintain the attripute of maximum length eyeles, thal is,
finding primitive polynomials which remain primitive after concatenation.

Since a partition is the opposite operation of a concatenation, they are the same
in terms of irplementation. Kontopidi [26] explored statistically the general par
titioning behaviour ol LIFSRs, apniicuble to polynomials. The whole space of ir
reducible and primitive LI'SRs from length 2 to 16 are examined in [26]. [ the
following subsections, we first give the hasic problem statements for concatenation

and partitioning, then present the results of the two issues separately.
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4.2.1 Definitions

The definitions for polynomial concatenation and partitioning are collected here,

Most of them arve reworded from [5, 26] and [60].

Definition 4.7 [5] Let A(X) and B(X) be two polynomials of degree r and s
respectively, Then A and I3 are concalenaled Lo realize two distinet polynomials,

('ap and Cya, of degree r + s as follows:

(hy = X(A+1)+B
Cgya = X(B+1)+ A.

The two types of concatenation are referred to as A3 and BA concatenations re-

spectively.

Definition 4.8 [5] If the polynomial (7 formed by either of the above operations is

primitive, then the operation is called primitive concatenation.

Definition 4.9 [5] The concatenation of a polynomial of degree s with itself n
times (n > 1) to form a polynomial of degree n x s is called self-concatlenation. It is
called non-self-concalenation if the polynomial concatenates with one or more other

polynomial(s).

Definition 4.10 [26] A polynomial (7 formed by the concatenation of two polyno-

mials, 4 and B, can be also partilioned into two parts, A and B.

Definition 4.11 [26] The partition of a polynomial ', of degree ¢, into two irre-
ducible polynomuals A and 13, of length » and s respectively, such that r + s = (, is

called an irveducible partitioning. Otherwise, it is called a reducible partiticning.

Definition 4.12 [26] The partition of a polynomial (", of degree 7, into two prim-
itive polyvnomials # and B, of degree r and s respectively, such that r + s = 1, is

called a primitive partitioning. Otherwise, it is called & nonprimitive partitioning.
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It should be noted that primitive concatenation respects primitivity of the newly
formed polynomial, while primitive partition’ng insists both polynomials obtained
from the partitioning ave primitive. The logic behind these seemingly neonsistent
definitions is that in both cases, concatenation and partitioning, the attvibute of
primitivity is only related to the result of the operations (primitivity of the resulting,
(" in concatenation, and the resulting A and [3in partitioning), while the inputs (the
polynomials A and B bhelore concatenation, and polynomial (' hefore partitioning)

are not necessarily primitive.

Definition 4.13 [26] I{ a finite stale machine of length ¢ is partitioned into two
bit-slices of length r and s respectively, such that r+ s = £, LTors 1 then it
is called a degenerate partitioning.

Definition 4.14 [26] If a finite state machine of length 1 s partitioned into (wo
bit-slices of length r and s respectively, such that r 4 s = 1, 1 < ris <11 then

it is called a proper partilioning.

Example 2 The degenerate partitions of length 6 finite state machines are:

o ) ©0ooooo

Doooo || oo

where “||” indicates the partition point. The proper partitionings are:

Do || oooouo
ooo || ooor
oooo || oo
Hence. a finite state machine of length n has (n — 1) possible partitionings, two

degenerate partitionings, and (n —3) proper partitionings.
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4.2.2 Concatenation of Polynomials and LFSRs

Table 4.1 shows the primitive self-concalenations of primitive polynomials of degree
3 to degree 8, forming polynomials up to degree 64. The second column of this
table lists all the primitive polynomials of these degrees, which are used as the
initial polynomial for concatenation. The third column represents the number of
primitive self-concatenations of the corresponding initial polynomials to construct
primitive polynomials. Both the initial and the resulting polynomials are primitive.
As an example, the degree 8 primitive polynomiai represented by 101100101 self-
concatenates in groups of 2, 4 and 7 to form degree 16, degree 32 and degree 56
primitive polynomials respectively.

The original table of degree 3 to 10 primitive polynomial self-concatenation can
be found in [5]. Table 4.1 is with our modifications (in italics). It should be
noted that Table 4.1 does not include reciprocal polynomials'of the polynomials.
It is known that reciprocal polynomials of primitive polynomials are also primitive
[11, page 163], and this property is preserved in primitive sell-concatenation. For
example, the degree 3 polyuomial, 2® 4 ¢ 4+ | = 1011, sell-concatenates 2, 3 and
4 times forming degree 6, 9 and 27 primitive pol nomial respectively, while its
reciprocal, o + 0% 4+ 1 = 1101, can also construct degree 6, 9 and 27 primitive
polynomials by sell-concatenation.

Primitive self-concatenation is interesting as it allows reconfiguration of identical
short registers into much longer ones, which preserve primitivity.

[n [5]. the principle of general concatenation of LESRs is also addressed in terms
ol testing applications. In general, concatenation of two polynomials of degree s and
r results in a polynomial of degree s + . The initial polynomials and the resulting
one may or may not be primitive,

"Phe reciprocal polynomial is defined as P(1/r) and its binary representation is the reverse

tmage of the original P(r).
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Degree | Initial Polynomial N\ull-;rl;vr of I‘l'il;lit‘l;':: \clf
| Coneatenations of [nitial Poly,
3 1011 .Z’,I—'l o o
4 none none o
H 100101 3,12 )
1oty 5
6 1000011 35
1100111 2
T 10001001 i} h -
10001111 3,9
1ot iat 3,9
11001011 4,9
11010101 3
11100101 2,9
8 100011101 6
101100101 2,4, 7

Table 4.1: Self-concatenation of degree 3 to 8 polynomials.
4.2.3 Partitioning of Polynomials and LFSRs

Bhavsar first introduced the concept of polynomial splitting, and presented exam
ples. In [26], polynomial partitioning is formally defined and the concepts are ex
panded. We summarize here the results of LIFSR partitioning from [26].

The partitioning behaviour of LISRs, for all degree 2 to 16 primitive and irre
ducible polynomials, are examined by means of simulation. The exhaustive searchy is
applied to primitive and irreducible polynomials with primitive partitioning and/or
irreducible partitioning respectively. It implies that both the original and the result,
ing machines are also primitive and irreducible. Moreover, the study is restricted
to proper partitionings, since degencrate partitionings result in a machine of fength
one, which seems to be = no direct use [26].

The partitioning behaviour of primitive and irreducible polynomials of degree n

is measured using two parameters:
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(1) ATLOP: the number of degree npolynomials which have AT Least One

Partitioning with the desired property.
(2) PIPP:he Plreentage of Partitionings which have the desired property.

For example, for primitive polynomials of degree n, a partition with the desired

property is a primitive partitioning, and hence PIEPP is defined as
Pprtm x 100
(n—3) x prom(n)

where P, is the total number of (proper) primitive partitionings, and prim(n) is
the total number ol primitive polynomials of degree n. The factor (n — 3) is used
Lo subtract degenerate cases.

Table 1.2 shows the partitioning behaviour of polynomials implementing primi-
tive polynomials of degree 4 to 16; the corresponding table for irreducible polyno-
mials can be found in [26]). Note that there are no length four LIFSRs that have

primilive partitionings, As a result the values of PEPP and ATLOP are both zero.

4.3 LCAR Concatenation and Partitioning

Recently, Linear Celiular Automata Registers (LCARs) have been proposed as an al-
ternative to LIFSRs for pseudorandom data pattern generation and data compaction
[21]. This section introduces the principle of LCAR concatenation which is the orig-
inal work of the author, and also presents the behaviour of LCAR partitioning from

[26].

4.3.1 Definitions
A lincar finite state machine is said to have a marimal length cycle [56] if all possible
states lie on a single connected cycle in the state transition graph (except {o: the

all 0's state) in its autonomous hehaviour (no external inputs). The characteristic
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Degree | PEPP i z:;""l"‘*',(“‘l' of AlLop
Primitive Polynonuals
4 { ‘"'2 - 0
A A3.33 h . |
6 22.22 - N (; HI
7 16.46 "l';' vlll
8 12.50 : 16 10
4 0.72 —'IN 7 ) 1 Y
10 8.57 60 206
11 G.81 176 o .‘;(l
12 6,12 |'|<IV T0
13 5.42 630 B ‘.Zﬂi
0| 4.93 7H6 ) :;Eui
I5 3.04 1800 7(”
16 4.15 20148 I “"‘(‘);"’"

Table 1.2: The partitioning behaviour of primitive LIFSRs

polynomial is primitive in this ase. In this rescarch we denote by promdeee LOAT
as one which has a maximal length cycle.

LCAR concatenalion can be examined from three different perspectives: the
method of concatenation, the attributes of the resulting LOARs, and the attribntes

of the participating LCARs.

4.3.1.1 Method of Concatenation

Definition 4.15 Let A and 3 be two LCARSs of length » and s, respectively, Then

a LCAR O of length r 4+ s can be obtained by equations as:

(ap=AKs+ 14

(’HA:I}<<7'+A

where “A <« s” denotes the shifting of s-bits of A to the left and *+7 denotes the

logic OR operation. The two equations are referred to as A8 concalenalion and 1A
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conealonalion, rvsp«-rlivoly.

Definition 4.16 ‘The concatenation of a LCAR of length s with itself n times
(1 .- 1) to form a LCAR of degree n o< s is called self-concatenation. 1t is termed

non-sclf-concatenation if the LOAR concatenates with one or more other LCAR(s).

4.3.1.2 Attributes of Resulting LCARs

Definition 4.17 Il a LCAR obtained from either of the concatenations in the equa-
tions above is primitive, then the concatenation is called a primitive concatenalion.

Otherwise, it s called a non-primitive concatenalion.

4.3.1.3 Attributes of Participating LCARs

There are four possible cases for the attributes of the participating LCARs which

are considered:
(1) Primitive-Primitive LCAR econcatenation (PP),
(2) Primitive-Nonprimitive LCAR concatenation (PN),
(3) Nonprimitive-Primitive LOAR concatenation (NP), and
(1) Nonprimitive-Nonprimitive LCAR concatenation (NN).

The concatenation operations given above can be used repeatedly to combine
any number of LOARs. Obviously, there are many choices. In the case of self-
concatenation, the two LOARs obtained from AB and BBA concatenations are iden-
tical.  Figure 1.3 shows the taxonomy of LOCAR concatenation. We assume that
the root is level 1, then levels 2, 3 and 1 in turn represent the three perspectives
ol the classilication: method of concatenation, attributes of resulting machine, and
attributes of participating machines, respectively. Note that this classification is

applicable to LI'SRs as well.
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[ CAR Concatenation

/\

Sell Concatenation Nonsell Concatenation
I’n’mn live Nnnpnmniw Primtive Nonpnnutive

@ NN PP NN PN NP NN

Figure -1.3: The taxonomy of LOAR concateunation
Similarly, we define LCAR partitioning as follows:

Definition 4.18 If a LCAR, (7, is constructed by concatenation of two LOARs, A

and B, then (! can also be said to he partitionable into two LOARs, o4 and 14,

Definition 4.19 A primitive partilioning occurs when a LCAR, (', of length 1 can
be partitioned into two LCARs, A and B ol length rand o, such that » s 1 and

both A and B are primitive.

The definitions of degencrale and propor partitioning for polynomials are also
applicable to LCARs. llence, a LCAR of length n has (0 - 1) possible partitionings,

two degenerate partitionings and (n —3) proper partitionings.

4.3.2 LCAR Concatenation

There are two distinct approaches Lo studying the concatenation properties of linear
finite state machines: find the mathematical basis of LOAR concatenation or use
a simulation method. An attempt was made to find the mathematical hasis of the
concatenation. The concatenation of polynomials, both for LESRs and LOARs,
implies a composition ol their respective transition matrizes, The primitivity and

irreducibility of the characteristic polynomial of the vesulting matrix can not be




Chapter 4. Concatenation and Partitioning of LIFSRs and LOUARs 50

dedueed by the attributes of the characteristic polynomial of the submatrices. Thus,
it is investigated by simulation.

It was shown in the previous section thal there are many possible concatenations.
Our study in LCAR concatenetion emphasizes the self-concatenation of primitive

LCARs due to the following reasons:

(1) a LCAR-based pattern generator with a primitive characteristic polyno-
mial produces the maximum pseudo-random set of input stimuli, which

is important hecause maximal runs are needed for testing;

(2) Williams [65] showed that primitive LI'SRs, and thus LCARs, are more

suitable as data compactors under certain assumptions;

(3) self-concatenation of LCARs refleets the modularity and regularity na-
tures of VLSI design and implementation, and provides flexibility for
dynamic reconfiguration, while primitive sell-concatenation ensures that

machines with maximal length cycle are available in different lengths.

Tables of LOCAR roncatenation are presented in Appendix 1. The tables are
summarized below and laid out to correspond to the concatenation hierarchy shown

in Migure 4.3,

(1) Self primitive concatenation.

Tables under this category are produced for self primitive concatenation

only and are shown in Section | of Appendix 1.

One table is shown for each length from 2 to 16. We list all primi-
tive LCARs forming longer prit ntive LOARs by self-concatenation up
to length 64, The numbers in the brackets are the number of self-
concalenations to form a primitive LCAR from a given LCAR. As an ex-

ample,in the table of length |, the piimitive LCAR 1010 self-concatenates
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3, 7, 13 and 15 times to form primitive LOARs of length 12, 28, 52 and
60 respectively.  An interesting observation here is that the length 8
orimitive LCARs, THTOLTTO and THHOLTE, sellconcatenate twice and
four times respectively to give length 16 and 32 primitives. 16 and 32
are the word lengths of most computer systems. This type of concate
nation corresponds to the one in the square bounding box of Figure 1.3

on page 19.

Non-self primitive concalenation.

Due to the very large number of possible concatenations of cach length,

we only include some examples here.

In Section 2 of Appendix I, we list all length 5 primitive LOARs in
the first row ol the table. For each of the LCARs, we concatenate the
remaining LCARs to it and check the primitivity. The length 10 primi
tive LCARs on the second row are obtained from the non-self primitive
concatenation of the LCARs in row |. Similarly, the primitive LOARSs
of rows 3 are lormed by non-sell primitive concatenation ol the length
5 LCAR: in row | and the 10 LCARs in row 2. 'The diamond box in

Figure 4.3, page 49, represents the concatenations in this category.

Non-self primitive/non-primitive concatenation.

The table in Section 3 of Appendix | lists a set of LOCARs of tength 16
constructed by both PP and PN concalenation from length 8 LCARs.
The newly formed LCARs with * are primitive. The cireles in FFignre 1.3

denotes concatenation of this kind.
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Degree | PEPP Number of ATLOP
Primitive LCARs
4 50.00 2 1
5 16.66 [ 2
G 27.77 6 4
7 18.05 18 13
8 12.50 16 8
9 12.15 18 27
{4 [1.42 60 40
I 8.59 176 [ 91
12 7.40 144 78
13 6.38 630 311
1] 5.73 756 a78
15 5.63 1800 910
16 4.81 2048 1002

Table -1.3: The partiticning behaviour of primitive LOCARs
4.3.3 LCAR Partitioning

Using the same parameters, ATLOP and PEPP defined in section 1.2.3 of page 45,
the primitive partitioning behaviour of all LCARs implementing degree 4 to 16
primitive polynomials is given in Table 4.3. PEPP reaches the highest values, 50%,
for n = 4. The percentage of primitive partitionings decreases gradually until it
reaches the lowest value, (L.81, at n = 16. The corresponding table for irreducible
LCARs can be found in [26].

The partitioning behaviour of LOARs presented above is obtained experimen-
tally. However, as the length of the linear machines hecomes greater than 16, the
simulation process reaches the memory limit of our computers. A probabilistic
treatment of a LOAR corresponding to randomly chosen irreducible and primitive
polynomials, is presented in [26] and provides a method to estimate the partitioning

behaviour of longer LOARs. A comparative study of partitioning behaviour of LEFSR
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and L Rs and their application issues is given in sections Lo and 1.3 respectively,

4.3.4 Summary of Look-up Tables

Tables providing a last means for finding a certain type of polynomial, or a LOAR
with a given characteristic polynomial, have been produced. Of particular interest
are both LOARs and LIFSRs (or polynomials) with the mintmal number ol non
zero terms, thus leading to a more cost effective implementation. These are usnally

denoted as minimum weight. They are summarized as follows:

(1) Peterson [14] contains a complete table of all irreducible polynomials

(including both primitive and non-primitive ones) of degree 2 to 16,

(2) In [1], at feast one primitive polynomial with the fewest mumber of

nonzero terms ol cach degree up Lo degree 300 is listed.

(3) Tables of isomorphic LCARs of all the irreducible polynomials from |1,
and a large portion of the primitive minimal weight polynomials from

[1], ~an be found in [57).

(1) Isomorphic LCARs of all primitive minimal weight polynomials from
[4] are listed in [9]. Note that the isomorphic LCARs of the primitive
minimal weight polynomials are usnally not the primitive minimal weight

LCARs of each length,

(5) The primitive minimal weight LCARs from degree 2 to 16 and degree |
to 150, one for cach length, are produced aud reported in [61] and [70],

respectively.

(6) Self primitive concatenation of degree 3 to 10 polynomials from [14] are

e
given in 7.
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(7) Self prituitive concatenation of length 2 to 16 LCARs from [37] to form

LCARs up to length 61 are presented in [61].

(%) Fxamuples of aon-self primitive/non-primitive concatenation of LOARs

can be found in [61].

4.4 Comparison of LFSRs and LCARs for Con-
catenation and Partitioning

In the previons sections of this chapter, we presented the results of LIFSR and LCAR
concalenation and partitioning. In this section, we compare the two types of linear

machines in the context of concatenation and partitioning.

4.4.1 Choice of Primitive Concatenation and Partitioning

Phere are many primitive polynomials for cach degree and there are many possi-
ble self concatenations of the primitive polynomials. However, from degree 2 to 8,
there are only 13 primitive polynomials that have primitive self-concatenations to
form primitive LCARs up to degree 61, Table 1.1 of page 44 lists the 13 initial
primitive polynomials and their 23 possible primitive self-concatena‘ions. Adding
the corresponding reciprocal polynomials, we double the two numbers above, and
have 26 primitive polynomials with primitive self-concatenations and 46 primitive
self concatenations {from the 26 initial ones.

On the other hand. in Section | of Appendix 1, there exist 53 initial primitive
LCARs with primitive sell-concatenation, from length 2 to 8, and 110 possible prim-
ihve sell-concatenations from the initial LOARs. The mirror image (corresponding
to the reciprocal of a polynomial) of a LOUAR is considered as a distinet LCAR. In

spite of the fact that there are equal number of initial primitive polynomials and
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primitive LOCARs at any degree, LOARSs provide a richer set of sell coneatenable ma
chines that maintain primitivity. It i, evident that the number of primitive machines
with primitive self-concatenation is 52% more than the number of polynomials from
degree 2 to 8, thus, LFSRs, and the number of primitive sell concatenations from
the initial machines is 39% more than that for polynemials,

An nteresting observation is that there is no primitive seil concatenation and
proper primitive partitioning for degree I primitive polynomials, while LOARs i
plementing degree < primitive polynomials have many choices in concatenation and
partitioning.

In the case of partitioning, the difference between the hehaviour of the fwo
types of machines is not substantial. LOARs appear to have shightly better per
formance i primitive and irreducible partitionings than do LIFSRs. However, the
nwmber of primitive and irreducible partitionings is quite simall in comparison with
the number of primitive and irreducible polynomials in cach degree. For example,
for LCARs corresponding to degree 16 polvnomials, the total number of proper
primitive partitionings over the total number of proper partitionings, i.e. P01
is only 4.81%. This led to an investigation to improve the partitioning hehaviour,
It is demonstrated that a significant improvement of the partitioning behavionr can
bhe obtained by allowing minimwm modification. i.c. introduction or elimination of
a non-zero term in a LIFSR’s characteristic polynomial, or one reconfiguration of a
rule 90 cell to a rule 150 cell or vice versa, to form a primitive LESR and LOAR with
both primitive and irreducible partitionings. The hardware cost of this maodilication
is very small [26].

To conchude, in both concatenation and partitioning, LOARs provide more choices
i the selection of primitive machines and consequently provide more fleability in

applications.
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4.4.2 Aliasing and Pseudorandomness

It has been shown [56] that isomorphic LFSRs and LCARSs exhibit the same aliasing
behavionr when they are used as single-input data compactors. However, the aliasing
behaviour differs in the case of mu'tiple-input data compactors [35].

[n 21, 34], it has been shown that LCARs are slightly better than LI'SRs as
pscudorandom test pattern generators. The result is in beter fault coverage for
certain types of faults by LCARs. It is also reported in [17] that 99.7% of transition
faults can be covered when a LCAR is used as the pattern source, as compared with

93.4% transition fault coverage in LFSR implementation.

4.4.3 Structure of Concatenation and Partitioning

The comparison of LCAR and LIFSR concatenation (partitioning) in terms of their

structures can be made at two levels of description: logic and circuit levels.

4.4.3.1 Logic Level

Since communication in a LOAR imislementation is restricted to nearest neighbours,
two LCARs can be concatenated by simply linking the output of the one to the
input of the other. Figure 4.4 shows how two 2-bit LCARs are concatenaled to
form a LCAR of length 4. Al LCARs involved are primitive. Obviously, LCAR

concatenation does not introduce any delays.

o
asm | CONIRNS (150) [ 90) |

LCAR-A [.LCAR-B
Figure -1.1: LOAR concatenation

Conversely, global broadcasting forms an essential part of LIF'SRs. The {eedback
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connection of a LI'SR runs across its length and connects at least the output of the

last cell to the input of the first. There are two ways to concatenate LIFSRs:

o o

D
&
5

<
Py
&
¥
74

LESR-A LISR-B

Figure 4.5: LIFSR concatenation

(1) to break the feedback loops of cach participating LI"SRs except the right
most one, and connect the last cell of the concatenated LITSR to the ap
propriate non-zero coefficients of the newly constracted LIFSR, as shown

in Figure 4.5.

(2) to make side by side direct connection of two LI"'SRs without the recon

figuration of cach feedback tap in the feedback loop, as done in Elspas

[14].

The first approach can maintain primitivity ol the vesulting machine if partie
ipating LI'SRs have a primitive concatenation.  However, breaking the feedback
loops is not a very easy task in practice. The second method is casy in terms of
reconfiguration, but it always leads to a longer LESR implementing a reducible poly
nomial and, thus, without a maximal length cycle [14]. Henee, direct connections,

maintaining primitivity of lincar machines, are much simpler for LCARS,

4.4.3.2 Circuit Level

Figures 4.6 and 4.7 [26] demonstrate examples of cireuit level trplementation of

LFSR and LCAR with concatenation (partitioning). When signal PART is high,
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sressasesssssssssnestinny Additional
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Figure 4.6: Dynamic reconfiguration of a LFSR
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clock

Figure 4.7: Dynamic reconfiguration of a LCAR

the two LIFSRs or LCARs are disconnected and work independently; when PART
is low, 1.e. for concatenation, the 4-bit machines are constructed.

In practice, the concatenation of LFSRs is even more complex. For example, if
we concatenate two LIFSRs of 16 biws each, the driving capacity of the last stage
cell in the newly constructed LFFSR could be crucial to the system performance.
Solutions to this problem can be either to design a special driver for it, or to allow

the system to run at lower speed. LCARs do not share this problem.




[ degree | Min-cost Prim. Poly. | Min-cost Prim, LCAIL J
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2 111 10 o
3 1011 001
4 10011 1010
5 10011 10000
0 1OL00 1 100000
1000001 1 0G1O000
8 101100011 01 100000
9 1000010001 100000000
10 10000001001 Q100001000
11 100000000101 00001000000
12 tonoos1oo 1ot GULGUOLOOUOG
13 1000000001101} 000G THBVBOBLG
14 101 100000000011 100D00VHOVOND
15 100000000000001 1 (100000 10000OOVO
16 10000000000001101 0000 1Y TOLLNBOONDO

Table 4. 4: Minimum cost LI'SRs and LOARS
4.4.4 Cost of Bit-sliced Implementation

Bit-sliced implementation of LCARs in general requires more Fxelusive OR gates
than LI'SRs, since they have to be placed between every two stages. Some saving
in arca can be achieved by carefu) choice of LCARs. Primitive LUARs with a
minimum number of “1I” coefficients, called mininum cost fweight LCARs, can he
used to reduce the cost since rule 150 (corresponding to a “1™) is more expensive in
implementation. Table 4.4 lists a selection of primitive polynomtials and primitive
LCARs with the minimum number of *1” coefficients from degree 2 1o 16, where
column 2 is reprinted from [4] and column 3 is produced by the anthor [60] and [70)].

The following observations can be made from Table 4.4:

(1) most primitive minimum cost polynomials are trinomials (having three
terms), and there are no primitive trinomials of degree 8 or degree 8n

for any n [19];
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(2) tin primitive LCARs all have fewer than three non-zero terms, and most

ol them have only one non-zero term.

It has been reported {26 that length 16 LCARSs are at least 40% more expensive
than LI'SRs of the same length, using actual layouts of the machines as implemented
by OASIS? The same margin of hardware increase is also reported on CALBO (cel-
Ilar antomata logic block observation) and BILBO (built-in logic block observation)
designs [22]. The cost of the BIST resources can be reduced by using low cost XOR
[13], and carelul design layout. Overall, the hardware cost of LI'SR and LCAR
is still very low, compared with other BIST circuitry in implementation. One has
to cevaluate Lradeolls of better performance (as PRPG and delay fault detection)
and area overhead. Il used in the context of boundary scan, the difference in area
between LIFSRs and LCARs may not significant sir-ce the boundary scan cells are

placed in the unused area next to 1/0 pads.

4.5 Applications of LFSR and LCAR Concate-
nation and Partitioning

Given the principle of LCAR concatenation and its advantages over an LI'SR im-

plementation, we outline some of its direct applications to DIF'T and VLSI testing.

(1) The principle of LOAR conculenation allows efficient use of BIST re-
sources, such as PRPG, signature analyzer and CALBO at function,
chip, printed circuit board or system level. It includes dynamic reconfig-

uration of the devices into Jifferent lengths o for different functionalities.

20pen Architecture Silicon Implementation Software, by the Microelectronic Center of North

('arolina.
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In a boundary scan environment. a chip may consist of several function
blocks with different numbers of inputs and outputs. LCAR concate
wation can be used to reconfigure the boundary scan cells into BIST

circuitry to facilitate on-chip test of the functions.

The principle of LUAR concatenation can also be used to design special:
purpose LCAR-based chips, which have multiple operation modes such
as pattern generation and data compaction, and can be conligured into
standard off-the-shell circuitry ol variable sizes for the board and system

designers and test engineers.

Gloster aud Brglez [17] proposed a new way to merge boundary scan
with Built-In Self-Test of printed circuit boards (PCB). This approach
makes use of the hardware resource for houndary scan as part of BIST
circuiiry, such that the total cost in boundary scan and BIS'T is reduced,
The boundary scan registers used are based on LCAR in plementation,
and have similar [unctions as the registers of BILBO [25], with less arca
overhead. In the BIST mode, the houndary scan register, instead of
being idle, serves as a source of a n-bit pseudorandom pattern generator,
When an (n+m)-bit test pattern is needed for testing the cirenit, where
m is the length of an interior register, one may to clock the source register
m times and shift the serial output of the sonrce register Lo the interior
register. Then, the (n + m)-bit pattern (stored in both the source and
the interior registers) can be applied to the CUT in a single clock cyele,

as shown in Figure 4.8,

t'his scheme has two main drawbacks:

(a) the price paid for sharing the houndary scan resource is to

introduce delays when each Lest pattern is generated. 1 the

Ol
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Source Reester ™ Interior Register

1] 2 n 112 m

cur

I'igure 4.8: The test pattern generation scheme

average number of Lest patterns applied to a CUT with a rea-
sonable fault coverage is, lor o le, ten thousands, then the
sonable fault coverage is, for example, ten thousands, then the

delay of m cycles for every test pattern is significantly large;

() although an (n 4 m)-bit test pattern can be generated in this
way, the number of distinct patterns can be very small in com-
parison with the total number of possible test patterns that
can be produced by a PRPG of the same length. Faults may

remain undetected due to the low test pattern coverage.

Using the principle ol LOAR concatenation, an (n 4+ m)-bit test pattern
can he obtaired by means of dynamic reconfiguration of the source and
interior registers in one clock cycle, as opposed to the m-bit delay in
the original scheme. Meanwhile, exhaustive sets of test patierns can be
guaranteed for the n-bit, m-bit and (n + m)-bit PRPGs To achieve
this, we choose two primitive LCARs of lengtth n and m, which can be
concatenated to form a primitive LCAR of length (n + m), so that the
structure of the source and interior registers are defined, or partly defined
by these LCARs. In addition, the interior rogister can be designed in
such a way that it works with the source register as the (n + m)-bit
PRPG in the BIST mode, and functions as a shift register otherwise.

Thus, a notable improvement in the testing delay (especially for large
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m) and fault coverage ~an be achieved, However, hardware overhead
will be introduced when converting the regular interior register into a
register/ PRPGQG. For a large m, the overhead may contribute a signilicant
portion ol the overall cost. Tradeoll has to be made as a particalar

application is concerned.

The latest application is the topic of some new rescarch which has alveady

—_
ot
-

suggested some promising results (61]. Details of this work are presented

in Chapter 5.

As can be seen, the modularity and regularity of LCARs naturally hit the hier
archical nature of VLSI design and automatic design process. The high lexibility
of LCAR concatenation enhances the modular approaches of such, and allows new

designs and testing schemes Lo be explored.

4.6 PFuture Work on L¥SR and LCAR Concate-
nation and Partitioning

There are many interesting topics which can be further investigated in LIFSR and

LCAR concatenation and partitioning.
(1) Theoretical issues:

(a) The mathematical basis for predicting the primitivity of hath
LFSR and LCAR concatenations is a major open question,
Different approaches vather than the direet sum of square ma
trices could he required in solving this problem:.

(b) Primitivity of LFFSR and LOAR concatenations could he pre

dicted by means of probability analysis. Aninvestigation could
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be conducted in terms of behaviour of (i) irreducible, (i) prim-
itive, (111) minimum weight and (iv) reducible machines, as n
alternative to an analytical approach to solve this problem.
(¢) A mathematical basis for predicting if a given degree n poly-
nomial can be partitioned into (n — k) length primitive or

irreducible bit slices is desirable.
(2) Application issues:

(a) For practical use. more comprehensive tables of the concatena-
tion, especially for LIFSRs and LCARs of large degrees, need
to be produced.

(b)Y The cost of LIFSR and LCAR with concatenation (partition-
ing) would be examined when low cost XOR gates are used.
Performance of the two types of machines can be investigate.l
in terms of their impact on a system with BIST, and with both

boundary scan and BIST.
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Chapter 5

The New Testing Scheme

[n this chapter, we present a new testing scheme that merges concurrent checking,
off-line data compaction and scan-based test with shared hardware resonrees. It is
applicable to general circuitry and can be adapted to comply with TEEE Standard
1149.1.

Oil-line aata compaction is one of the most widely used BIST technigues in
digital system design to replace or reduce the use of expensive external testers, 'I'he
term off-linc BIST usually relers to signature analysis. A general organizalion of
the BIS'T scheme, shown in Figure 2.1 of chapter 2, is depicted in Fipure 5.1 (a).
A system designed with BIST permits two basic operations: BIST and NORMAL.
During NORMAL operation, the test pattern generator and the signatvee analyzer
used in BIST stay idle, as shown in Figure 5.1 (b) in the dotted lines. They are the
potential resources to be used in concurrent checking in our new testing scheme, If
the circuit is designed to comply with the boundary scan standard, it supports a
SCAN mode which encompasses By-pass, Idcods /Usercode, Tnte nal and lixternal
tests. The standard also makes an attempt to introduce some form of on line testing
through the “Sample” test available in the normal operation [1].

Initially, we assume that the circuit under test is combinational logic, and full
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PRPG PRPG
cur cur
Signature Signature
Analyzer ¢ | Analyzer
(@) The BIST mode {(b) The NORMAL mode

Figure 5.1: A BIST organization

scan design is used. These restrictions are lifted in the later sections of this chapter.
We incorporate full concurrent checking in the new testing scheme, in addition to
all testing modes above, and we use the hardware resources already in place. This
is accomplished by using a unified method of test signatures, based on cyclic codes
(as signature analysis with LI'SRs or LCARs already is). Conversely, one may start
with a circuit already designed with concurrent checking and add off-line signature
analysis. We propose here that if concurrent checking is designed based on a cyclic
code, resources can be used during off-line testing.

This chapter is organized as follows: we first introduce the new coding scheme,
which plays a key role in making use of the idle BIST and boundary scan resources
for concurrent checking. Then we present the new test scheme in section 2. We
discuss some modified structures to improve the system performance and enhance
the testability in section 3. A design template of a benchmark circuit is given in
section 4. Finally, in section §, we show that the scheme is applicable to sequential

cireuit testing and discuss some alternatives to full scan design in section 5.
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5.1 The New Error-Detecting Code

The choice ol error-detecting codes is crucial in a design with concurrent checkig,

The choice affects the lollowing design factors:
o Lthe types of hardware used for the encoding/decoding,
e the area overhead introdueced, and
o the fault coverage.

Commonly used error-detecting codes in concurrent checking are Berger and
residue codes, where Berger codes are used to deteet mndirectional ervors (mainly
in PLAs) [46, page 338] and residue codes are nsed for error detection in arithmetie
units [46, page 339]. Historically, PLAs have played an important role in digital
system design, when circuit complexity increased dramatically and design automa
tion tools lor integrated circuit were still in their infancy. The reguiar nature of
PLAs is suitable for implementing large combinational logic functions and is casily
incorporated in a design automation process. It has bheen shown that, in a PLA,
all internal single faults (single stuck-at Taults, shorts between adjacent lines, or
contact laulls) cause only unidirectional errors al its outputs {31}, Consequently,
codes that detect unidirectional errors, such as Berger and moout of n codes can be
used to detect the faults [16, page 292]. With many powerful CAD tools available
today, the new trend in implementing combinational logic is back to conventional
gale realization, which is normally cheaper in silicon. Therefore, two new problems

are raised in concurrent checking:

1) general error-detecting codes are needed sinee nnidirectional errors are
23

no longer the main concern in standard gate realization;

(2) new models deseribing the relationship between faults and error patterns

are required for error detection of gate realizations of general cireuits,
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= |
rlnpulh Vectors | Output Vectors + LCAR code

001011 000001110000 00
001001 000001010000 10
101810 1000061000000 01
110011 101000100000 00
010-00 000100000600 10
10-010 010010000000 00

table 5,10 An example function encoded with LCAR codes

In this section, we peopose a new error-detecting code, called the LEFSR/LCAR
code, to replace Berger and residue codes in concurrent checking. The LEFSR/LCAR
code is a separable cyclic code, used in many applications, but not previously in
concurrent checking,

A LISR/LCAR code, applied to concurrent checking. is generated in the usual
manner as for other such error-detecting codes. The information bits are sent into
an cncoder, an LI'SR/LCAR; this in turn produces the checking bits which are
attached. In circuil design, an output word is fed into the encoder, one bit at a
time. At the end of the computation, we use the last state of the encoder provide
the checking bits and attach them to the output word to form the entire code word.
As explained i Chapter 3, the eircuit is now implemented with the augmented code
words as output

Table 5.1 shows a segment of a truth table describing a function of 6 inpuis and
[2 outputs, encoded with a 2-bit LOCAR code, where the structure of the LCAR
is dehned by 10, corresponding to a characteristic polynomial of % + . + 1, and
a machine with a rule-150 and a rule-90 cells. For example, the original output
vector 000001010000, on the second row, corresponding to the innut stimulus 001001
becomes 000001010000 10 after the encoding, where the last two bits are the LCAR

(cyvelie) code.
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For a circuit descripticn given in cunes', the encoding process can be automated

by a computer program performing the following fuuctions:
(1) call a minimizer (c.g. espresso [6]) to mininuze the given fanetion;

(2) obtain the fully specified truth table if “don™t cares™ exist in the given

truth table representing the circuit function;

(3) compute a LESR/LCAR code for every output word in the fully specilied

circuit description, and appeud it to the cor esponding output word;

(4) call the minimizer again to minimize the angmented function (increased

in the number of output bits), to be implemented as the main cirenit.

A Concurrent Checking code generator and MINTmizer (cemmi) was designed
and implemented to automate the procedures above, using cspresso as the minimizer.
Cemine is capable of adding Berger, residue, parity, and LI'SR/LCAR codes to a
given circuit function. Note that espresso can be appropriately <ubstituted hy other
minimizer . 1 he cemini manual page can be found in Appendix 2.

For a circuit designed and implemented with LESR/LCAR error detecting codes,
concurrent checking can be enabled during normal system operation. Givencan inpat
combination, the CUT gen.rates the normal outputs and the coding bits. The
normal outputs serve two purposes: they are ntilized by other system functions,
and also serve as the information bits to be checked against the coding bits. This
checking is performed by recomputing the LFSR/LCAR code from the normal cirenit
outputs in real time, using a LIFSR/LCAR with the same structure as the logical
LESR/LCAR employed in the encoding process. The newly computed LESR/LCAT
code is then compared with the checking bits, which form a part of the CUT ontputs,

A fault is signalled if the two codes differ.

YA truth table form plus some information on mumhber of inputs, outputs and prodoet terims

[6].
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In determining the overhead of a concurrent checking schene, there are two
concerns: Lhe augmented CUT and the concurrent checking test logic. The area
overhicad of the augmented CUTs depends on the error-detecting codes used as well
as Lhe circuit functions, We show later that the introduction of an LFSR/LCAR
cyclic code proves to be significant because: (1) there is no loss of concurrent error
deteciion from other codes; (2) it permits shared implementation with signature
analysis and scan-hased test,

The cost of the concurrent checking logic depends heavily on the error-detecting
codes employed. In the case of the new code, an LFSR/LCAR of length-r is used
as the code generator, where v is the number of checking bits.  We recommend
LOARs over LIFSRs in our proposed scheine diue to the case of concatenation and
partitioning f LCARs, as discussed in the previous chapter, not withstanding the
higher arca overhead of LOARs. However, LI'SRs can certainly be used with the
same cffectiveness of fault coverage. Detailed discussion on the area overheads and

other cost measurements can be found in Chapter 6.

5.2 The Primary Scheme

Oruir proposed test scheme complies with the IBEE Std. 1149.1, with the three main
maodes of operation: NORMAL, SCAN and BIST. We modify the NUAOMAL mode

by introducing concurrent checking. and keep the other two modes unchanged.

5.2.1 The NORMAL Mode

In the previous section, we show how to encode a given circuit function with LCAR
codes at the design stage. As shown in Figure 5.2, the CUT takes data from the
input bus and produces code words (outputs) of (m 4+ r) bits. The normal (m-bit)

outputs proceed in the data path to other modules in the system. The concurrent
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checking facility is called the ehecker, Tt consists of two funcdonal units. the code
generator and the comparator. The code generator is capable of recomputing the
coding bits from the normal outputs in real tinie, and the comparator compares the
coding bits carried by the CUT to the newly computed one. In the code generator,
the normal outputs are loaded into the m-"s | shift register, and the coding bits are
held by vhe r-bit buffer. The shift vegister provides bit-serial inputs te the compactor
(with LCARSs), and the compactor computes the expected coding bits in real time,
A comparison can be made between the expected coding hits and the ones stored
in the buffer after m clock cyeles. The presence of a fanlt is signalled if the two are
different.

In this initial approach, the concurrent checking is conducted only for ontput
words ¢ x m, where ¢ = 0,1,2...., due to the latency introduced by the serial
LESR/LCAR code computation. Some modified structures lor improving the system

performance are found in the next sectior..

l Inputs l

cur
Normal outputs Code bits

Code
Cienerator

&

Frror
Indicator

Shift Register

Figure 5.2: The concurrent checking organization

We introduce here three definitions to help evaluate a concurrent checking scheme,

Definition 5.1 The delay introduced by the serial code compntation is the conenr-

rent checking lateney. 1t is measured by the number of clock eyeles.
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Definition 5.2 [ one ont of every ¢ consecutive output code werds, [ > 1, is
examined in coneurrent, checking, then 1/t is the concurrent checking frequency, tis

the coneurrent cheeking interval,

In the proposed NORMAL/concurrent checking mode, the concurrent checking la-
teney is mclock eycles, and the concurrent checking frequency and intcrval are 1/m
and m, respectively.

The concurrent checking scheme requires the following hardware resources:
(a) an m-bit shift register;
(b) an »bit buffer;
(¢) an r-bit signature avalyzer with LCAR implementation;

(d) an r-bit comparator.

5.2.2 The SCAN Mode

Prior to a scan test, the concurrent checking test logic, the shift register, the buffer
and the compactor, or the BIST test circuitry, to be described in section 5.2.3, are
reconfigured to form a shift register chain, as shown in Figure 5.3 (a). The testing
of the cireuit is performed in two phases. The first phase cousists of a functional
testing of the shift register. The test is performed by shifting three sequences of
test vectors in and out of the register. A sequence of ones (zeros) is followed by
a sequence of zeros (ones), and by a sequence of ones (zeros). For example, if a
sequence of zeros is shifted into the register, and the sequence shifted out contains
sonte ones, then stuck-at-1 faults in the register are detected. Such sequences are
used to check if every storage element of the register can flip from | to 0 and from

0 to 1 properiy.
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Figure 5.3: The SCAN and BIST organizations

The second phase of testing involves the testing of the combinational part of the
circuit. The test 1s accomplished by (a) selecting the SCAN mode and scanning in
3 test vector, (b) selecting the NORMAL mode, applying the stimulus to the (U}
clocking the circuit once and collecting the cireuit response in the output portion
of the shift register; (¢) switchiag to the SCAN mode again and shifting the cirenil
responses out for evaluation. ldeally, the second phase is repeatea many times hy
applying different testing vectors in order to achieve high fanlt coverage.

Two scan registers are needed in the SCAN mode:
(a} an n-bit scan register, where 1 is the number of inputs of the CUYT;

(h) an (m + r)-bit scan register.

5.2.3 The BIST Mode

In this mode, the testing hardware in the NORMAL or the SCAN mode needs Lo be

configured into a PRPG and a MICA (Multiple Input Cellutar Automata), as shewn

in Figure 5.3 (b). The PRPG generates input vectors and the MICA compacts the

outputs into a signature in parallel, as in conventional signature analysis. Then,

this signature can be shifted out and compared with the expected one,
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The hardware resources for the BIST mode are as lollows:
(a) an n bit PRPG;

(h) an (an + r)-bit signature analyzer with MICA,

5.2.4 Sharing of Hardware Resources

It has been shown that all the hardweare resources (except the 1-bit comparator
for conenrrent checking) in the three modes of operation are register-based units.
Applying the concatenation and partitioning properties ol LCARs, dynamic recon-
figuration can be achieved, so that the hardware resources can be shared in the
different. modes of operation. For example, the items (a), (b) and (¢) of the NOR-
MATL mode can be shared with the items (a) and (b) of the SCAN mode, as well as
with the ite (a) and (b) of the BIST moric. A design ‘emplate for a benchmark
circuil is given n a later section of this chapter, where detailed considerations ol

the sharing are more evident.,

5.2.5 Summary

We have shown the main concepts of our testing scheme. The key idea is to employ
LCAR based cychie codes 1o replace conventional error-detecting codes for concur-
rent. checking, since, after all, commonly used signature analysis is basel on cyclic
codes. The LOAR-based code generator is cost effective in comparison to those for
Berger and residue codes, and can be used with the off-line test vesources, i.e. the
scan register in the SCAN mode, and the PRPG and the MICA in the BIST mode,
through simple dynamic reconfigurations.

In the next two sections, we first present some modified structures to overcome
some of the problems in the primary scheme, therehy improving the system perfor-

mance. We then present a design template of the proposed scheme.
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5.3 The Modified Structures

The testing scheme presented in the previous section demonstrates a new DI and
BIST structure. One drawback of this scheme is the concurrent checking latency
due to the time delay of serial data compaction. In this section we suggest three
modified structures: oulpul partitioning, oulpul mulliplering and oulpul partitioning
& multiplexing, to increase the concurrent checking frequeney. Tnoall cases, the

principle of the SCAN test and the BIST remains the same.

5.3.1 Output Partitioning

In the primary testing scheme introdnced i the preceding se tion, a code word
(outputs) of a CUT consists of m-bit regular ontputs and an rhit LCOAR code. We
partition the m-bit output vector into A subvectors and the » bit coding hits into &
segments, where | <k < mand m/k > r, depending on the speed requirements of
the circuit and the hardware overhead which can be tolerated. The CUT is designed
in such a way that each subvector of the output is encoded by an (r/A) hit LOAR
code, In concurrent checking, the & subvectors are fed into their corresponding
LCARs simultancously, and m/k clock cyeles are needed to compute the LOAR
codes. Then, the comparator compares the #-bit recomputed LOAR codes collectea
from the & LCARs with the r-bit coding bits stored in the & baffers. Henee, with
the partitioning, the concurrent checking lateney is reduced from m (for the primary
scherme) to m/k. Moreover, the cost in silicon is the same {or bhoth schemes sinee
the same number of LOAR code bits () is nsed to encode the cirenit ontpits, and
the same numbers of shift registers, buffers LOCARs are required for concurrent
checking. ‘The aliasing probability of the LOAR code remains the samie.

Figure 5.0 depicts an example of the partitioning tor A 2 and i The

normal outputs and the coding bits of the CUT arve logically divided into two parts.
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I he two output portions are denoted by Oy and Oy and the two coding segments are
named as (') and (', respectively. The two LCARs, LCAR-1 and LCAR-2, work in
parallel to compute the corresponding LOAR codes for Oy and O,. The comparison
ol the recomputed LOAR codes and the coding bits can then be made in a single

clock eycle,

Y -y \ 1 y / Y Y
Shift-1 Buffer-1 Shift-2 Buffer-2

(m/k-hit) ] (r/k-hit) (m/k-bit) " (r/k-bit)

-

LCAR-1
r’k-bit)

 — Comparaior

LCAR-2
t/k-bit) faq
¥

L Frror Indicator

Figure 5.4: The output partitioning organization

5.3.2 Output Multiplexing

If concurrent checking is required for every output word, we can duplicate the cede
generalor of the primary scheme, snown in Figure 5.2, m times, such that au output
code word is sent (multiplexed) to a codv generator, as depicted in Figure 5.5, For
exanmple, code generator 1 can be enabled when the first code word is available, and
set 2 s assigned to the second code word, and so on. Each of the data compaction

sets takes moclock eyeles to compute a LOAR code. At time m, the LCAR code
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of the first code word is ready in set 1, and comparison between the LOAR code
and the coding bits held in the buffers can be made by the comparator. At time
(m+ 1), data compactor set | starts processing output code wa Vet 1), and the
LCAR code of the second code word is ready in code generator 20 1t takes mr eyeles
to fill up the m code generators, then all the sets are working, simultanconsly, The
comparator receives te first pair of valid data at clock i and is husy the rest of the
time. Thus, every outputl word is checked with m unit concurrent cheeking latency,

and an additional (1 — 1) code generators are needed in silicon.

Inputs el
j_____j___ . Sel
CuT selection
» Normal  Coue ’
outputs bits - \
N . Code A}
\; Gienerator
\\ | N\ .
N\ £ —
b gy [
5 a AY “
\ Code Y % 7‘3 N A
R Generator \ A E_
z =
A} ot A IR 15
. e \ =
- % [V
/‘/ P =
=~ _\, 8h
\ Code < w)
\\ Cieneralor N borror
N m =V Indscator
A

Figure 5.5: The output n.ultiplexing organization

5.3.3 Output Partitioning & Multiplexing

This alternative structure is a combination of the partitioning and the muluplexing,
schemes. The CUT is {rst designed according to ihe technigues deseribed in the
partitioning. Next, the concurrent checking hardware texcluding the comparator,
as shown in Figure 5.1, s duplicated (m/h) times to form a system which is the same
as that of the multiplexing. except that the number of code generators 1 redneed
to r/k.

The newly constructed system has the advantages of the two combined stioe
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tures, with (m/k) concurrent checking latency, the highest checking frequency (every

output word is examined) and the silicon cost of (m/k = 1) data compaction sets.

5.4 A Design Example

In this section, we present a design template for the output partitioning test ar-
chitecture introduced in section 5.3.2. A Berkeley? benchmark PLA circuit, aper,
is nsed to show a complete design procedure. The system implementing apexq has
three modes of operation: NORMAL, SCAN and BIST.

Encoding of the circuit function: Apcrf has 9 inputs, 19 outputs and 138
product terms, given in the input format of espresso. ‘The outputs are partitioned
into two parts, O = 01g0y7...04 and Oy = 0go7...09, and each of the segments
is encoded by a 2-bit LCAR code, i.e. & = 2 and » = 4. The LCAR codes are
compules following the encoding procedures given in section 4.1 for each partition.
The augmented [unction thus has 23 outputs, where 19 of them are the normal
outputs and - of them are the LCAR coding bits. For example, the output word
“0001000000010010000", corresponding to the input stimuli 0110110117, becomes
“0001000000 00" “010010000 107, where the coding bits are in italics.

Choices of LCARs: LCARs should be chosen carefully when desighing the
cirenit. for the NORMAL and the BIST modes. In the SCAN test, all storage
cells are configured into a shilt register, where the structure of LCARs does not
mattler. The quality ol test pattern generators and data compactors depends on the
structure of LOARs or LIFSRs[21]. Primitive LCARs/LIFSRs have been used alimost
exclusively in test applications. However, these lincar machines have some associated
cost, although they are cheaper in silicon than other approaches. Tradeolfs need to

be made between the quality and the cost of the machines. We have suggested in

2With the Berkeley VLSI design tools.
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section -4 that minimuwm-weight primitive LOARs are the most suitable choices.
We show below how to choose LCARs by going through the design process of apert.

A Pseudorandom Pattern Generator (PRPG) and a Multiple Tnput Cellular An
tomata (MICA) are required in the BIST operation. LOAR structures implementing,
the two mechanisms are determined by the rollowing considerations. For the PRPG,
we choose a length 9 (corresponding to the 9 inputs of the cireuit) minimuim cost
primitive LCAR, *1000000000”, which has the maximal length evele and is the
cheapest in hardware implementation. Where the MICA is concerned, other issues

should be taken into consideration as well.

e [Yirst of all, the MICA should be primitive. I a standard Tength MICA e 16
bit, is requirea and the number of ontputs is greater than the standard length,
a multiplexor can be used to reduce the outputs to the required length. In
this design template, we simply use a MICA that has the same wngth as the
outputs, i.e. 23 bits long. Another version of this design was carried ot with

a 16-bit register and a multiplexor, with similar results.

e Secondly, the 23-bit MICA should be partitionable into 2 bit primitive LOARs,
in order to compute LCAR codes during the concurrent checking, one for cach

output partition.

e Thirdly, all the primitive LCARs, namely the 2-hit short LCARs and the 23 it
long LCAR should contain the minimum number of 1's in order (o rednee the
hardware cost. Since there exist only two primitive LOARs of length 2, namely
“01” and “10”, the 23-bit LCAR can consist of any combination of the 2 hit
LCARs. This implies that the LCAR should have at least two I's. [U turns
out that the LCAR, “01000010010000006000000%, is one of the hest choices
meeting all the requireinents above. We show later how this LOAR structure

can be nsed to obtain the maximum sharing between different operation modes
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and the best machine performance.

Logic design — the NORMAL mode: I'igure 5.6 shows the 1ogic diagram of
the conenrrent checking organization, where the Shift-1 and Shift-2 registers hold
the output segments O (the outputs 0 to 8) and O, (the outputs 9 to 18) and the
Buller 1 and Bufler-2 registers contain the coding bits (') (the coding bits 0 to ')
and ('; (the coding bits 2 to 3). In real time, registers Shift-1 and LCAR-1, and
registers Shift-2 and LCAR-2, form two sets of serial data compaction sets, working
in parallel. The concurrent checking latency in this case is 10 clock cycles, whicl is
the length of the longest output partition.

Logic design - the BIST mode: Figure 5.7 shows the block diagram of the

BIST architecture. The PRPG and the MICA are 9- and 23-bit, respectively.

CuT
Inputs + 0, & ‘Cw & 0, & ‘C:)‘
(9-bit, Shift-1 Buffer-} Shift-2 Bulfer-2
(9-bit) | (2~bit) (10-Bit) " (2-bit)
[

1.CAR-1 | o
{2-bity

__E— TSC Comparator

2

¥

LCAR-
(2-bit)

l Error Indicator
Figure 5.6: Apexd concurrent checking organization

IFigure 5.8 shows the sharing of MICA and the concurrent checking resources.
The binary string at the top represents the structure of MICA (implementing LCAR

*01000010010000000000000™). The LCAR-1 and Buffer-1 registers, each 2 bits long,
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Ut

o 3
I’Rl’(i(‘hhm‘] MICA23-buy

Figure 5.7: Apexd BIST organization

are sharced with the first 1 bits of the MICA, where the first two bits implement the
primitive LCAR, *01". The Buffer 2 and LOAR-2 regiters, cach 2 bits lonp, are
shared with the second 1 bits of the MICA, where the Tast two bit implement the
primitive LCAR =107, The Shift-1 register, 9 bits long, has the same length as the
PRPG and perfect sharing can bhe made hetween the two. Finallv, the Shift 2, 14
bits long, can be utilized by the next 10 bits of the MICA.

The MICA consists of five types of bit-sliced eclls: MICAOO(1H0)/5C AROO{TH0),
MICA90/Buffer, MICA90(150Y/Shift, MICASO/- and Connector, where the left po
tions of the /" denote the Tunction of the cells in the BIST miode, and the oph
portions represent their functionalities 'n the NORMAL and cononrrent ohe cking
For example, cell MICAYO/TAOARIO works as a rule 90 cell of the MEC S the
BIST mode and a rule-90 cell of the LCAR-H(LCAR 2) in norma! cscratior T
assumed that in the SCAN mode every cell is connected in the Shafr chne Tan
the sean function is not explicitly stated in the cell names. The Conneido o
simplc daty switches to concatenate and partitionr the MICA Dlock oo o e
operation modes,

Similarly. Figure 5.9 shows the block diagram of the PRPG i 6o BIs1
and the Shift-1 in the concurrent checking. The binary string coain - chne the
stracture of the PRPG, ~100000000™. The cells used are PRPGOOCT0 Sl

The logic designs of the bit-sliced cells mentioned abov are decoctad o bag,
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Gooo00e0

PRPGYO/Shift x 8

PRPG{5(/Shift} —

Shif-1
Figure 5 @ "The block diagram of PRPG

ures 5.10, 5.11 and T 12, The cells have three basie functions: the load signal loads
data into the flip-flops, the shifl signal shifts the content of neighbowr v | 1o cell
i. and the offline signal enables tiie BIST mechanisin sueh as the PRPG and the
MICA. We only show the design of rule-90 cells in the figures. "t he corresponding
rule-150 implementations are similar to the rule 90 cells, exeept one more [SXOR
gate is needed to add the current state of cell v 1o the sum of the enrrent states of
cells (1 — 1) and (¢ + 1).

Logic design — the SCAN mode. All the storage elements of the test logic
(for hoth the NORMAL and BIST modes) are conneeted to form a shift register
chain, assuming that full scan design is nsed. Alternative approaches to the full

‘

H.0.2.

scan design are discussed in section !
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Figure 5.10: Logic design of bit-sliced cells

Logic design - the Compara sr. IMinally, a comparator, which compares the
coding bits and the newly computed LCAR code, is needed in concurrent checking.
[t is shown in [32] that a tree realication of an r-biv comparator is Totally Self-
checsing ('T'SC) [2, pages 581-585] if all 2" combin: tivis of the checking bits arc
available. The r-bit comparator is formed as an interconnection of comparator
modules [32], with two input pairs (knov as 2-tail checker [2, page 585)). Migure 5.13
(a) and (b) show the comparator moduie and the tree realization constructed from
the comparator madules, where (a) compares two inpul pairs, aya; and byby and
detects all single faults during operation, and ' bh) shows the block diagram of a 4-hit
TS comparator.

[n swmmary, in the BIST modes, there are a total of (9 + 23) bit-sliced zells
needed to form the PRPOG and the MICA L while concurrent checking requires a total
of (23 + 1) bitsliced cells, which is a subset of tue BIST resources. Thus, the only
hardware introduced by concurrent checking is the comparator, which is inexpensive

for a small number of checking bits, plus the silicon for the encoded circuit function.
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Figure H.11: Logie design of bit-sliced cells (continned)

A complete examination of arca overhead (including this case study), and other

associated cosis, can be fovnd in Chapter 6.

5.5 Testing of Sequential Circuitry

A sequential machine can be defined as a 6-tuple < 7,0.5,6, A, sy -, where 1 s
the input alphabet, O 1s the output alphabet, S is the set of state. d s the next
state funetion, A is the output fnction. and sy is the initial staces The cspreaso
format ol @ sequential machine can he used [6]. The left block of Table 5.2 shows the
cspresso aoseription of a benchmark circuit, dk27, which has one inpnt, two ontputs
and 7 states. Columns 1.2, 3 and 1 correspond to the tnput, Jhe cnrrent state,
the next state and the outputs, respectively. In the sight colummns of the table, we
show a possible hinary state assigmment. Thus, a sequential civenit can he defined
by a state transition iable describing the input and output relations. The mputs
include two parts: the primary inputs and the curvent states of the machine, while

the outputs are the primary outputs and the next states,
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Figure 5.12: Logic design of bit-sliced cells (continued)

A sequential cireuit can be designed in our proposed scheme in a similar manner
as for combinational logic. At the design stage, we encode the circuit outputs
cprimary ontputs and the next state) by LCAR codes following the procedures given
in section H.1. The system supports three modes of operation: NORMAL, 3I8T,
and SCAN test, where the BIST and the SCAN modes work similarly to the case
of combinational networks. Qur main concern is concurrent checking, We briefly
deseribe the BIST and the SCAN modes of operation below, then devote the rest of
this seetion to concurrent checking,.

The BIST mode. The state register ol a sequential machine is conligured as
part ol the MICA, and the feedback from the outputs of the state register to the
inputs of the eireuit are disconnected, as shown in Figure 5.14. The length ol the
PRPG s (0 + s), where noand s are the numbers of the primary inputs and the
fength of the state register. respectively. Thus, the combinational subnetwerk of
the machine can be tested in the same manner as in conventional parallel signature

analysis.
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Figure 5.14: The BIST organization ol a sequential cireuit

The SCAN mode. The stale register is reconfignred as part of the scan chain

at the outputs, as shown in Figure 5.15. The scan register and the combinational
) 8

subnetwork can be tested by shifting in st veetors, and then cotieceting and shifting,

out the circui* response from the scan register.

The NORMAL mode. in order to conduct concurrent checking, circnit out

puls are used as the information bits encoded, in this case, by a LOAR cade at design

time. For a sequential circuit, the circuit ontpuis to be encoded are considered 1o

be the concatenaticn of the primary ontputs and the current state.




Chapter 5. The New Testing Scheme 87
! 4

Stype fr cype fr

start statel atart statel
v 4 l-7-72 v dl-7T-72
K1 Kins

poId p ot

0 statel  states 00 O QUL 110 00
0 state?  states 0D 1O 010 1) 00
0 state  stated 00 | 0O 011 101 00
0 stated statef} 0y | 0 100 10 00
0 states  satatel 10 ] 0 101 001 10
0 state6  statel 01 | O 110 001 0O}
0 state?  state5 00 | 0 111 101 00
| niabe] nlaed 00 { 001 100 00
| wiate  slateldd 00 F 1 010 Ol 00
] stated  state? 00 | (201 it 00
f stated  stateG 10 { 100 110 10
I stateh  state2 10 1 1ol 010 10
1 state6  state2 0] | 1o 010 ol
i state?  stalet 10 11 111 110 10

Table H.2: Espresso expression of dk27

[Figure 5.16 shows the conceptual diagram of the NORMAL/concurrent checking
operation. We demonstrate later that the error coverage of this system can be
further improved, and the structure can be simplified, by using some existing BIST
PCSOUTCES,

We assume that the State Register (S.R.), the Outputs Buffer (O.1.), the Code
bits Bufler (C.B.) and the Next State buffer (N.S.) are working under the same
clock. Thus, at time fy, ilie S.R. holds the current state of the sequential machine.
Wiien the primary inputs are available, the combinational subnetwork produces the
primary outputs and the next states. At time {y, the current primary outputs,
coding bits, and the next state variables are loaded into the O.B., the C.B. and
the N.5., respectively. Note that the next state of the circuit becomes the current
state at fy, and is also held in the S.R. We comnpute the LCAR code of the primary
outpuis and the next states for the inputs and the current states at time lg by
feeding the contents of the N.S. and the O.B. into the dava compactor (LCAR).

This takes (24 m) clock cycles. The comparator then compares the contents of the
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Figure 5.15: The SCAN organization of a sequential cireuit

LCAR and the C.B. to determine if a lault is present,
By using the structure shown in Figur» 5.16, the following faults can be detected

besides for aliasing:
e detectable Taults in the combinational subnetwork,

o [aults in all the siorage devices (except the S.RU), and on the signal lines

hetween the cor hinational subnetwork and the buffers, and

o the faults on the connections between the combinational network and the SR,

to the N.S.

These faults can be divided into three types: the output bits are Taulty, the next
states are fauwily, and both the outputs and the next states are faulty. However,
faults in the S.R. or on the outputs of the S.R. cannot he detected iy Lhis scheme,
since a faulty current state is directly connected to the inputs of the cirenil wnd
leads to another entry of the state transition table to be exercised. ‘Thus, these
faults are equivalent to the faults on primary inputs of a circuit. Below, we propose
two alternative structures to devect faults on priznary inputs for hoth combinational

and sequential netwo:ks,
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Figure 5.16: The concurrent checking organization of a sequential circuit
5.5.1 Alternatives to Full Scan Design

Although full scan techniques increase the controllability and observability of se-
guential circuits, and offer good test coverage, they have some drawbacks: (a) for
long scan chains, the testing time becomes very long; (b) scannable llip-flops have
longer propagation delays than non-scannable flip-tlops, thus, they cause scan de-
signs Lo have lower performance.

Partial ov incomplete sean pail is an alternative to full scan design [3, 10, 11]. It
i% based on the assumption that the difficulty in testing sequential circuits resides
mostly in some localized parts of the circuit. In partial scan, only a subset of the
(lip flops are conligured in a shiflt register.  Hence the problem becomes how to
choose a set ol flip-llops which gives the best improvement in testability.

For the testing schemes, for both combinational and sequential circuits, proposed
in the previous sections, il full scan path is too expensive in silicon or test time,
partial scan techniques can be used to reduce 1+ overhead. Hov ever, if the BIST is
included in a design in the fivst place, full scan can usually be incor rated without

payving extra cost in silicon. In the case when test time is the main concern, partial
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scan provides considerable flexibility ot design choices,

it has been recommended that scan test can be ased i conjunetion with bound
ary scan at the chip level, Since boundary scan cells make use of the silicon arcas
next to 170 pads. savings are obtained by sharing the resources of tive scan cells with
that of the BIST hardware. Morcover, if theee is more than one function block in a
chip, they can be vested one at time using the same boundary scan/BIST hardware
resources. These same savings can be inherited and ircluded when merging 8187

and concurrent cheeking as proposed here,

5.5.2 Conflict with the Boundary Scan Standard

The boundary scan stancard mainly addresses the problems ol ofl line testing, It
provides a basis for establishing a framework to combine o'T line BIST and SCAN
testing Lo facililate the problems of chip, board and system level testing. In Lhis
section, we xplore the feesibility of adapting our new testing scheme to supporlt
the standard. Since the BIST and SCAN operations are ditectly supported by the
standard, the problem becomes how to incorporate concurrent cheeking nunder this
standard.

In Chapter 3 we showed that the boundary scan standard defines six modes
of testing: Bypass, Idcode/Usercode, Sample/Normal, Internal, Fxternal tests and
Built-In Self-Test [1]. We classified the six test modes into three categories: NOR
MAL (inchiding Sample/Normal), SCAN (consisting of Bypass, [deode/Usercode,
Internal and Iixternal tests) and BIS'T (including Built-In Sell-Test), where all the
tesis vader the SCAN category employ scan-based techniques, Thus, a system de
signed to support the threc operations showid he adaptable to the standard,

The Sample/Normal mode of the standard allows & snapshot of the normal sys
tem operation (see also Chapter 3). The NGRMAL/concurrent checking test of our

scheme works in real time as well, There is a conflict between the operations defined
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by the Sample/Normal mode of standard and the NORMAL/concvrrent checking
of our testing scheme, T'wo possible solutions are given as foliows:

1) In the Sample/Normal mode, cireuit responses are captured in the scan reg-
isters, whose contents are then shifted out for examination. To achieve this, it is
required that the scan registers operate under a separate testing clock. This also
tmplies that the scan registers cannot be used for other purposes in this mode.
Moreover, since Sample/Normal is one of the mancatory test modes defined by
the standard, we suggest that a design incorporating our proposed scheme add
an user defined test mode, which can be called “coi current checking”, such that
Sample/Normal operation can be performed as defined in the standard, and Nor-
mal/concurrent checking can aiso be supported for closer on-line monitoring. A
modilication of our test scheme is reguired: the data compaction set(s) for the
NORMAL/concurrent checking must be independent of the SCAN and the BIST
resonrees  Sinee the mechanism to implement LOCAR codes is cheap, the overhead
dne to the separation of concurrent checking and off-line resources would not Le
significant to the overall cost. Thus, ovr testing scheme can Le adapted to accom-
modate the houndary scan standard.

(2) It is also possible that the restrictions on using separate clock and scan
registers 10 the Sample/Novmal mode will be Lifted in future standards, il more
cfficient on-line testing architectures can be found to replace the Sample/Normal

opetation.

5.6 Summary

In this chiapter we presented the new testing schenie which involves the merging, in a
built-in fashion, of concurrent checking and off-line BIST. This methoa i= applicabl:

to general circuitry. Concurrent checking is achieved using LOAR-based cyclic codes,
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replacing other onventional codes. The choice of ceror detecting code s crueial. It
allows the sharing of hardwace resources in the on line and off line testing modes
by means of LOCAR concatenation, becanse the LOARs used in conenreent cheeking
are the same ones vsed as signature analyzers.

Three modified structures for improving the concurvent checking tatency ad
interval are presented. The best serformance with our sehemes is 1005 conenrrent
chiecking with (m/k) checking lateney, where moas the number of ontput bits of a
circuit under test and A is the number of pe-titions over the outputs. Alternative

implementation steu tures are discussed and a design template is provided.
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Chapter 6
Cost Characteristics

T'his chapler is devoted to cost measures that are suitable for evaluating the testing
scheme of Chapter 5. 'The coneerns are arca overhead, testing time, design complex-
ity, and pin count. In section !, we discuss the problems of existing area overhead
estimation methods and present a new method of estimation for general circuits.
In section 2, we evaluate the proposed scheme an I show some evaluation results on
benchmark civcuits. Fault co.erage, which is another crucial measure of a testing

scheme, is treated separately in Chapter 7.

6.1 Area Overhead Estimation Methods

Arca overhead is one of the main concerns of a BIST scheme. Coniparisons are very
diflicalt among designs presented in different technologies, (!AD tools and bench-
marks. There are two basic requirements [or reasonable comparisons: a set of stan-
dard benchmarks, and a universal cost estimation method. Researchers and design

engineers have been using benchmarks such as Berkeley! and [SCAS89? beuchmarks

'With Berkeley toois,

21989 International Symposiung on Circuit Systems.
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for testing scheme evaluation, However, litte edort has been madie o avea estinma
tion method<logies

Historically, researeh in on line and research in ol line testing, techniques have
bee « developed separately. Distinet arca estimation methodologies are cimployed
Areca cost of off-line testing schemes is ustially measured divcetly on civenit geonaetry
layouts, as the added testing cireuitey is usually quite distinet from the original
circuits. However, one may not be interested ina particular design. Thuas, going,
through a complete design to make sueh a measurement beecomes nneconomical. An
alternative is to count the nmmber of transistors involved in desigrs [22]. The main
drawback of this method is that it is only suitable for standard gate implementation
of designs. or example, the number of trausistors in a PLA does not cellect the
cost of silicon.

In concurrent checking, a given cirenit function is encoded by crror detecting,
codes. The augmented fanction usually results in a cirenit that is igger o silicon
than the original one. In addition, a checker is needed 1o monitor the operation of
the augmiented civewt in real time. Theoretically, both the circait and the checker
can be implemented by a PLA (two-Lovel construet) or a standard gate realization
(multi-level ronstruct). The arca overheard of coneurrent checking sehiemes reported
in the literature is mostly for the augmenicd circuit, and in particntar for PLA
implementations [2, pages 600-608].  The cost of the checker alone is frequently
unstated. The cost of checkers can be bigger than the original circuits themselves,
depending on the functionality, size and inipiementation. A cammon estimation
technique used for an avgmented civeuit with PLA fmiplementation is to nse a cosl
funiction, which is a function of the 1. mber of inputs, outputs and product terms
[53, 61, 64, 68].

in Chapter 5, we showed that a checker consists of two parts, the code generator

and the comparator, where the code generator regenerates the coding bits in real
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time and the comparator compares the coding bits and the check bits carried by the
cirenit function. Checkers are usnally implemented by standard gates. In this case,
i is more difficult to compare the cost of a checkerin a standard gate implementation
to that of the original circuit function realized in a PLA| because of the different
implementations. In [64], it has been shown that PLA implementations can be used
for the augmented circuit and the checker. The similarity of implementation for the
two parts cases the area estimation of the design, but often introduces higher silicon
overhead to the checker. Recently, sorme CAD tools, such as OASIS?, have provided
arca cost information for designs, thereby reducing the amount of work involved in
cost measurements.  However, to obtain such information, a complete design using
the CAD tools is required, and the estimation is still dependent on the availability
ol the tool.

We propose a new metaod below to estimate the area cost of a general design
and overcome the problems discussed above. We present an example of estimation

using one ol our proposed schemes given in the previous chapter.

6.1.1 Transistor Pair Layout Estimation

Transistor pair layoul (TPL) estimation is a silicon cost estimation method for
general circuitry, using the arca of a transistor pair (a pair of N and P transistors,
assuming that (‘MOS technology is used in the designs) as the measurement. In
other words, we use a grid line systemn, where the width of the transistor pair is used
as 'he vertical grid separation, and the height for the horizontal ones, to measure
a design. In this dessertation, we limite our discussion to the fully complemented
C'MOS technology, but the TPL can be generalized for the others.

We classily circuit implementations into three categories: standard cell realiza-

tion, modular implementation, and miscellaneous structures. The standard cell re-

0pen Architeciure Silicon liplementation Software by MCNC,
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alization cuiecompasses circuit functions implemented in standard cells; the modular
implementation includes structural designs, such as PLAs and ROMs ete. the mis
cellaneous structures can be anything which is excluded in the first two categories,

such as data bus, routing channels, 1/0 pins and so on.

6.1.1.1 Area estimation for standard cell realization

The arca cost of any design at gate level can be easily estimated by counting the

number of transistors in il. The general formula can be given as follows.

Y 7T .
Agal(’ = N()gulf‘lyprl x 1 Pyul(lyprl + N()_qulfly/»r'l ~ I)yutrlwul (()l)

L4 Al
+ e + AIV()!/Mflyply X I [)yulltyp:_q»

where A, . is the total area cost of a design using a standard gate implemeniation,
g g B
NOutetune: and TP, wietupes i50 the nmunber of gates and the number of transistor
gatrtyy yatelyy
pairs in galelypet, respectively. For example, the standard CMOS implementation
of a NAND gate consists of two pairs of transistors. Then, we say that the arca cost

of the NAND is 2 I’ PL.

6.1.1.2 Area estimation for moduler structures

Let the height and the width of a transistor pair be [, and W, respectively.
The area cost of a modular structure can be estimated in terms of the arca of the
transistor pair. I{ the height and width of the module are [ and W, iespeetively,

then the area of the unit is computed by

Anmodute = (1] Homar) % (W[ W) = (H 7 W) sy # Woir). (6.2)

To clarify the equation we show how the arca cost of a generie PLA s estimated in

the TPL method. This method can be easily adapted to other modular structnres,
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Migure 6.1 A generic PUA Jayout schentatic

Figure 6.1 depicts a generic structure of a pseudo-nMOS PLA layout in CADENCE?,

The arcas (a) and (h) are for the substrate extension and output lines’ pull-up
transistors, respectively; the areas (c), (d) and (e) are for the product lines’ pull-
up transistors, the space separating the AND and the OR arrays, and the areas of
substrate extension respectively. Each input variable corresponds to two bit lines
(vertically across the input buffer of the AND array). Ifach output variable is rep-
resented by one output line (running vertically across the OR array). The product,
lines run horizontally, crossing both AND and OR arrays. Thus, the heights of (a)
and (b}, named Hppundary, add to the height of the PLA, H.. The widths of (c), (d)
anl (e), called Whuyngary, contribute to the module width, Wy,. We assume that:
(1) the width 0" the area lor a pair of bit lines and their cross points are determined
by the width of the input buffers; (2) the height of the AND array depends on the
number of prodiet terms in the given function; and (3) the width ol the area for

output lines and their cross point transistors is the same as the distance between

A VLSI design tool by Cadence Design System, Ine.
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two input or output buffers. Let us use the height and the width of a transister
pair in an input buffer of the PLA as the [y, and W respectively, Let 1y
be the height of a produet line including the spacing between, and 1, O, I he the
number of inputs, outputs and product terms, respectively. Using equation 6.2, the

arca cost of the PLA in term of the transistor pairs is as follows:

"‘plu = II,,{,, x ”’]rlu (6.3)

where

W Wandary + Woaer x (11 0)

W = — w b W 0
" Wy W (6.1)
”/umm wry
M/pmr
1 2x M e + hawndary ¥t Horoduer = I
Il)u = == e oun b ol lprodue ) 6.0
" ll])tur /I,,,“,- ( ! ))
2 x Ilpmr + /Ib.;umluru lIlll'wlml
= : z ]’ 6.7
[T T (6.7)

Equations 6.3, 6.5 and 6.7 can be simplified when a particular CAD tool and
fabrication technology are chosen. For an example, we use CADENCE and a CMOS
technology (cmos3dlm®), a pair of N and P transistors consumes 10 (width) » 19
(height) square units of silicon, i.e. Wy = 10 and [y, = 19 The heght of 4
product line and the corresponding spacing, i.o. o000, is 6 units. The heights
of areas (a) and (b) in the generie PLA shown in IFigure 6.1 are 5 and 11 units,
respectively. The widths of the arcas (¢), (d) and (e) are 12, 8, and 6. T'hus, the
Hioundary = 19 and Wigundar, = 26. Replacing the parameters in equations 6.5 and

6.7, we ha ¢

W, - +1+0
pla = [0

5A 3-micron technology supplied by the Canadian Microelectronies Cornoration
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= 264140 (6.3)
2419419 )
o = T + 9 x I
= 3+ 0.320 (6.9)

For exasple, il a PLA has 2 inputs, 2 outputs and 1 product terms, then, we
have W, = 6.6 and Hy, = .28, Thus, the estimated silicon cost is approximately

28T L

6.1.1.3 Area estimation for miscellaneous structures

The 'TPL method can he applied casily to estimate the cost of any structures ex-
clnded from the first two categories. For example.if a routing channel occupies 5x 16

square wnits of silicon, then its arca cost is estimated as (5 x 10}/ (W pur X Wir)

TPl
de

6.1.1.4 Summary

[n summary, the TPL method provides a uniform way to estimate area cost of general
designs. Although the results of TPL estimation are not as accurate as exact layout
measurenient, we believe it is more appropriate than a simple transistor count for

the following iecasons.

e The T'PL method is based on logic level design, thus layout design, which is

needed in the exact layout measures, is not required for the estimation;

o T'his method is applicable to general civenit structures unlike the conventional

transistor count method, which is restricted to standard gate implementation;

o lor a given implementation structure, estimation equations can always be
found by using the area ol a transistor pair as a measurement unit in a CAD

tool. These equations then can be used by others who may not share the same
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design tool. Thus, relatively fair comparisoi can be made among designs with

the same measusrement;

o This method can be casily adopted to support other technologies, such as
NMOS technoiogy, where the measurement unit s the area of a single NMOS

Lransistor,

6.1.2 An Area Estimation Example

We present the arca overhead estimation of the design example given in section hol by
using the TPL method introduced in the previous subsection. The exanple cireuit,

aperf, has 9 inputs, 19 outputs and 136 product terms alter esprosso minimization

(1) We first calculate the arca cost of the original aperf PLA. Using cquations
6.8 and 6.9, we have [, = 142.58, Wy, = 30.6, and the silicon cost of the original
PLA is about 4361 transistor pairs.

(2) We count the arca overhead of the PLA with the ontput partitioning scheme.
The cost function is divided into two parts: the augmented ciremit with LOAR

encoding and the rest of the testing circuitry in standard cell implementation,

(a) Augmented circuit. [t is assumed that epeef is designed nsing the
output partitioning with k& = 2 (partitioning outputs into two segimenis)
and r =2 x k =4, i.c. each segment is encoded by a 2-bhit LCAR codes.
The augmented PLA has 9 inputs, 23 outputs and 450 product terms
alter minimization. Using equations 6.8 and 6.9, we have W, 34.6
and Hy, = 147. The area cost of the encoded PLA is H086 Lransistor
pairs. Hence, the arca overhead with the LOAR encoding is (50806

4361)/4361 = 16.6%.

(b) Other circuitry. The basic clements used to construet the bit shiced
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cells ( <hown o Figures 5100 5,11 and Figures 5.12) of apcrd in section
5.4 are NANDs, EXORsc AND and D flip-flops. Table 6.1 lists the cost of
cach of the elements in number of transistor pairs. It is assumed that the
standard 2 pair transistor implementation is used for the NAND gates.
The ciret diagrams of the EXOR [43] and the D flip-flop are shown in
Figure 6.2 (b) and Figure 6.2 (a) respectively. The AND gaics consist of
3 pairs of transistors (2 for the NAND function and | for the inverter).
Column 1 of table 6.2 s a list of bit-sliced cells used in che aperd design.
Columns 2, 3, 1 and 5 list the number of basic elements required by
bit sliced cells, and the right-most column is the corresponding silicon

cost.

Flement Name | No. of Transistor Pairs

NAND 2
BXOR 2
AND 3

D fip-fop 10

Table 6.1: Cost of the basic elements

Figures 5.8 5.9 and  5.13 of Chapter 5 depict the functional modules
used in aperd, the MICA, PRPG and comparator, respectively. The area
costs ol these modules can be found in Table 6.3. Columns 2, 3 and 4
present the number of bit-sliced cells required by the modules. Column
5 is the number of connectors needed, and column 6 shows the total
number of transistor pairs used in each type of cell. The total cost of
cach module is given in column 7. The bottom-right entry is the total

cost.

Using the information provided in Tables 6.1, 6.2 and 6.3, Table 6.4 summarizes
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Figure 6.2: Circuit diagrams ol hasic hit-sliced cells
the costs of aperf with different testability designs. Data on the rows are explained
as [ollows:

(a) Row I shows the cost of the original circuit, 4361 transistor pairs;

(b) The cost of the original epeaf circuit with concurrent ciecking (LCAR
code) alone is given in row 2. ‘T'he area overhead in comparison Lo the

original circuitl is the sum of:

o the wumber of transistor pairs for the coding part of circuit, (5086

1361),

e the cost of the connectors and the comparator, (15), and
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‘Vl - 2 3 4 5 6
fiv-sliced cell No. of NANDs | No. of EXORs [ No. ANDs { No. of I): No ‘lran, Pairs »
 MICADO/LCARSD 3 2 . T 20
MICA159/LCARLRD 3 3 I 24
mi\;i‘l‘("/\s)u/Hufrvr 3 2 B I 21
MICAD/ Skt 4 2 1 22
""""" MICA 150/Shift 4 3 T 24
MIC A0/ 2 2 | 18
PRPGOU/ShifL 1 : ) 1 20
PRPG o Shin A 2 - | o
7/7\;;;mg4' cell ;r—;st, | - 2.1 1 21
Cannector - - 2 - 6
2input Ivi:tlul—:' G o 6
(comparator)

Table 6.2: Cost of the basic cells

o ihe cost in bit-sliced cells for concurrent checking is (21-4) x {(23-4),
g

where 21 is the average cost of bit-sliced cells (see Table 6.2), (21-

1) is the cost of a bit-sliced cell without supporting the BIST and

SCAN operations, and (23-+4) is the total number of bit-sliced cells

used, Thus, the area overhead with respect to the original apexs is

1202/4361=27.6%.

(¢) Row 3 shows the cost of the orviginal circuit with the BIST and SCAN

Lest. 1 costs 4963 transistor pairs, whicli is the sum of the original cost,

1361, plus the cost of the other resources for the MICA and PRPG,

(176+180), and minus the cost of the NAND gates {or cencurrent check-

ing in bit-sliced cells, (2 » (23-++1)). The area overhead over the original

apexd is 13.8%.

() The cost of our proposed scheme (i.e. with concurrent checking plus the

BIST and SCAN tests), shown in row 4, is 5790 TPL, which is the sum
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l— ! 2 3 m{ 5 - B 7
I Bit-sliced cell MICA | PRPG | Comparator | Connectors | Moo of Tvan. Pans | Pran Paies/madule
[ MICADO/LCA RSO 2 - - A
MICA150/1L.CARIS0 2 - . : 44
MICAB0/Buller 4 . - : 8 176
ATCAD0/Shift 0 - . : 18
MICA150/8hift ! - - : 24
MICA0/ 5 - - it
PRIGO0/Shift ) 8 . ] L0 I
PRPG150/Shift - 1 - 20
Connector - - . 'n | 7 0 0
2-input module - - 3 I IH B
{compar:ator)
Total Tran, 1 nus - - o | 704

Table 6.3: Cost of the modules

of the ~ost of the original circuit with coding, H086, plus the cost of the
rest of the testing circuitry, 704 (see Table 6.3), "The total area overhead

is 52.8% over the original.
It can be seen from Table 6 4 that:

(a) With concurrent checking alone, 27.6% arca overhiead is required for
apex, while using our merging scheme, only an additional 3% increase
is needed to provide both on-line and eff-line testability (see row 1), Nole
also that we used cyclic codes for coneurrent checking, and thus a small
checker, instead of Berger coding and a corresponding larger checker,

More discussion on this can be found in Chapter?.

(b) With BIST and SUAN testing alone, 13.8% arce ovethead is induced

by adding BIST and SCAN cirenitry. To use our scheme, an extra 19%
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[i i [ l)«-ngius No. of Transistor Pairs | Area Overheaa (%)
1 “‘()rigiuul 4361 0
2 | Concurrent checking 1361 4 1202 27.6
| BisTHSCAN 4963 13.8
~~4 ’7:(:;11‘;lrl'<'lll cheening 5086 + 704 32.8
+ BIST «SCAN

Table 6.4: Comparison of different schemes

(32.8 13.8) silicon is needed to add concurrent checking to it, as opposed

to Lhe 27.6% required by having concurrent checking aione.

[ sismmary, we have shown through a design example how the TPL method works.
I provides an ellicient way to estimate silicon cust of designs. it is based on gate
level logie designs but also permits lower level descriptions such as transistors. This
method can be used at diffcrent levels of a design hierarchy, and comparisons among

designs can be made without depending on the availability of VLSI design tools.

6.2 Costs on Benciimarks

In the previous section, we introduce a scl of formulas, which can be used Lo esti-
mate the silicon cost of general circuitry and provide a case study example of area
overhead estimation. This section presents varicus cost measures of onr proposed
testing scheme on Berkeley henchimark circuits. The cost measures discussed in the
following subsections are area overhead, and testing time. Fault coverage and error-
detecting issues are presented separately in Chapter 7. In this exposition, we use
a number el benchmarks to illusirate the feasibility of the scheme, but we do not
rely on them as prool of its effectiveness in all cases. When dealing with concurrent
checking techniques, one must be aware that the encoding is very dependent on the

function and one can always find counter examples {or which a particular scheme
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does not work as well as others in area overhead.

6.2.1 Area Overhead

In our experiments on arca overhead, we look only at designs implemented either
with a PLA (two-level construct) or a standard gate rvealization (multi level con
struct). In the arca overhead estimation discussed in this seclion, we assume that a
PLA implementation is used for the main part of a circuit. and a standard gate real
ization is employed for the rest of the test circuitry (i.e. the BIST, SCAN resourees
and the checker for concurreit checking). The justifications behind this assumplion
are twofold: first of all, most of the work reported in the literature in concurrent
checking is for PLA implementations. Secondly, the circuit deseription of a PLA
contains only the functional information of the circuit, such as the number of in
puts, outlputs and product terms, while the corresponding implementavion stracture
is implied and is the same for all when a fayout format is chosen. fn contrast, a gale
realization may greatly vary from one designer or CAD package to another, and the
area cost usually depends on many other factors such as cell libraries and routing
strategies, etc.

The discussion of arca overhead is divided into two parts: the main circuit and

the rest of the test circuitry.

6.2.1.1 Area overhead of the main circuits

Designing the augmented circuit of a given function involves obtaining the folly spece
ified (i.e. no “don’t-cares™) form, adding code bits to cach output vector, minimizing
the encoded [unction and implementing it as the augmented cirenit, as detailed in
section 5.1. Note that this process is the same for PLA and gate realizations. The

area overhead is investigated from four different perspectives.
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(1) In the previous chapter, we show that length-r cychie codes can be used
to replace other error-detecting codes for concurrent checking, and we
choose to implement them with LCARs. However, for a given length-r
code, there are many choices of LCARs. Table 6.5 shows the area over-
head of the benchmark circuits encoded by LCAR codes generated by
all length-2 and -3 primitive LCARs. The exact silicon cost and area
overhead is examined by using CADENCIE’s PLA generstor since either
the TPL or the product term counting methods may not be able to re-
flect the difference among different LCARs of the same length. Column
3, Amin, is the exact area cost of the original benchmarks after cspresso
minimization. Columns 4 and 5 present the arca overhead of LCAR
codes genera'~d by length-2 LCARs, “10” and “017, respectively. Sim-
ifarly, columns 6, 7 and 8 are the area overhead of LCAR codes from

length-3 primitive LCARs, “100”, “001” and “110".

Observations:

@) When the number of coding Lits increases, the overhead usu-

ally increases.

(h) Area overhead of cyclic codes generated by different LCAR
machines of the same length may vary significantly. For ex-
ample, length-3 LCAR, “001", introduces only 23.8% overhead
for circuit conl, while LCARs, 100" and “110" cause 80.5%
area increase.

(¢) Thearca overhead induced by encoding depends heavily on the
nature of an implemented function. The best LCAR, introduc-
ing the minimum arca overhead to a circuit, can be found by

simulation.
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(

2)

Table 6.6 shows the arca overhead estimated in product term counting,
method [61, 62] on the same set of benchmarks, Comparisons are made
among 2-bit LOAR codes, residue codes of the same length, and Berger
codes, which usually reauire more cheeking bits - The area overhead s
defined as the pereentage of the number of rodact terms inereased al
ter encoding, over the nunber of product terms of the original circuit.
Table 6.6 provides the results of the experiments. Columns 3, 1 and
5 list the number of inputs, outputs and product terms ol the circnits
respectively, Column 6 is the number of product terms after the ini
tial minimization. Columns 7, 9, and 11 give the number of product
terms after adding a 2-bit cyclic code based on LCAR 91, Modi and
Berger codes respectivery, and minimizing. Columns 8, 10 and 12 are

the percentage increase comparing with column 6.

Table 8.7 preseuts the arca overhead estimation in 'T'PL with LOAR,
residue and Berger codes. The arca overhead of an augmented PLA in
the TPL method is defined as the number of transistor pairs inereased
alter adding the checking bits, The table shows the results of the esti
mation. Columns 3 and 4 list the number of inputs and outputs of the
circuits respectively. Column 5 is the number of transistor pairs afte,
the minimization, Columns 6, 8, and 10 give the nmumber of transistor
pairs after adding a 2-bit cyclic code based on LCAR <01, Mod3 and
Berger codes respectively, and minimizing, Colnmns 7, 9 and 11 are the

percentage increase comparing with column 5.

Observations from (2) and (3):

(a> It can b - seen from Tables 6.6 and 6.7 that the arca overhead

of an augmented CUT is usually better with LOCAR codes than

108




Chapter 6. Clost Characteristics

with residne cod s, and always better than Berger encoding (if
the number of circuit outputs is g eater than one).

(b) The area overhead in Table 6.7 are higher than those in Ta-
ble 6.6 in most vases. Table 6.7 not only reflects the changes
in the number of product terins after encoding, but also shows
the difference in the number of checking bits introduced. For
example, dk15 of Table 6.6 has the same number of product
terms (17) after adding the LCAR, mod3 and Berger codes.
Thus, the three error-detecting codes have the sane area over-
head. It is obvious that the area overhead for Berger code
is underestimated sinc: the 5-output circuit requires a 3-bit
Berger code bat only 2-bit LCAR and mod3 codes. The data
shown in Table 6.7 also shows the effects of the increased num-
ber of product terms or checking bits on the circuits of differ-
ent sizes. Thus, the TPL estimation is superior to the product

term counting approach for area estimation.

To make comparisons with the area overliead obtained from the two
level (PLA) realization above, experiments using multiple level gate im-
plementations were also pursued. The area cost is evaluated by means of
OASIS, in particular, using the program decaf. Decaf takes an espresso
form ol circuit description, and produces the corresponding multiple level
gate realization automatically. It provides two sets of information re-
garding silicon cost: the types of gates and number of gates used, and
the exact area cost in a desic ...

Table 6.8 shows the area cost of some benchmark circuits. Columns 2,
3, 1 and 5 are the nuraber of inputs, outputs, total number of gates,

and silicon cost of the original circuit, respectively. Columns 6 and 3 list
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the number of gates and arca cost after adding 2-bit LCAR codes, and
columns 7 and 9 are the percentage increase of the angmented circuits

over tue original ones. Similarly, columns 10 to 13 are for Mod-3 codes,
Observations and discussions from (4):

The percentage increase of area overhead in multiple level implementa
tion is bigger than those of PLA realization. Mod-3 codes give lower
area overhcad than LCARs in terms of number ol gates used, for this
set of henchmark circuits, This is not necessarily trvee in general, and
needs to be further examined. The important point is that the numbers
are quite close. When exact silicon cost is concerned, the cirenits with
LCAR encoding show some bhetter results. 'T'he veason behind this is
that OASIS cell library contains gates with various sizes. For example,
both a 2-input and 6-input gate are counted as one gate, hut the size of
their geometry layout differ significantly. [t should also bhe noted that
the data in Table 6.8 are design-tool-dependent. They rely on the design

of the cell libraries, the placement and routing algorithms nsed, ete.

FFor this set of benchmarks, Mod-3 codes seemn to introduce lower arca
overhead than LCARs. However, when both on-line and off line testa
bilities are required, LCAR codes are miore cost eflective because of the

merging ol hardware resources in the two test modes.

6.2.1.2 Area overhead of the rest of test circuitry

In the previous section, we have shown how the TPL method can he nsed to estimalte
area cost of designs. In the aperd design, our scheme provides both on line and off
line testability with significant savings in silicon when compared witl incorporating
concurrent checking, and BIST and SCAN separately. For the givea example, only

an extra 3% and 19% increase is required if the concurrent checking and off line
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testing are associated with a design in the first place, respectively (see Table 6.4), as
opposed Lo 27.6% and 13.6%. If Berger or other conventional error-detecting codes
are used, the cost of the code generator (which is part of the checker) would ad.!
significant overhead to the cost. It may make the total silicon cost exceed that of the
original. The main saving of our scheme is from the LCAR-based code generator,
which is inexpensive in implementation and can be shared with the BIST and SCAN
Fesourees,

Table 6.9 sumnarizes the arca overhead of the testing circuitry (excluding the
augmented circuit) for our proposed schemes in TPL estimation. We assume that
every input and ontput of a design corresponds to a Lit-sliced BIST cell, i.e. either
connc ting to a PRPG and a data compactor or a scan register. This is the most
expensive case when hardware overhead is concerned, as opposed to partial scan or
partitioning techniques for the CUT. Column 2 shows vhe number of bit-sliced cells
required for each scheme. Column 3 is the corresponding number of transistor pairs,
where factor 21 is the average cost of a bit-sliced cell from Table 6.2, and the P(c}

is Lthe cost of the primary scheme defined as [vilows:
Pley= m+4+2r ifn+(m+r)<m+2r (6.10)
Pley= n+m+r ifn+(m+r)>m-+2n (6.11)

where the (m 4 2r) in the if statements is the number of bit-sliced cells required in a
design ((m + r)-bit for the output buffer and r-bit for the LCAR compactor). There
are two cases here: (1) there is an equal or smaller number of bit-sliced cells in the
BIST resources than the (m + 2r) cells for the concurrent checking; (2) there are
more bit-sliced cells in the BIST resource. For (1) as shown in equation 6.192, there
are (m 4+ n + r) bit-sliced BIS'T cells, where m, n and r are the number of input,
output and coding bits of the design. These cells can be modified for concurrent
checking. For (2), since (m+n+r) < (m+2r), an additional (m+2r)—(m-+n+r)-bit

sliced celis are needed when concurrent checking is introduced.
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Figure 6.3 shows the logic diagram of a 1 - Yo ~ | multiplexor. In general, a
)8

multiplexor of s control inputs and 2* data inputs forms a 2° - fo - 1 multiplexor.
Assume that an -input NAND gate requires ¢ transistor pairs. Since there ave 2°
NANDs at the first level and each ol them has (s+ 1) inputs, the number ol transistor

pairs at the first level is 2° x (s - 1). Similarly, 2 Cransistor pairs are needed for

the second level NAND.

s()’s1’ sO's! () s1° sO &}

do d1 2 d3
Figure 6.3: Logic diagram of a 4 —to — | multiplexor

Moreover, cach of the s controls needs two inverters (2 transistor pairs) Lo gen
erate the true and complementary signals internally. Thus, the cost of a 2" Lo |

m dtiplexor is
% (s+ 1)+ 2"+ 28 =2 x (s +2) 4 2u

'n the area overhead estimation above, we are awarce of ignoring the routing cost,
which can be casily incorporated into of the 'TPL method when a particular design

is considered (sce Section 6.1.1).

6.2.2 Performance and Testing Time

The testing time of the proposed scheme varies in the three modes of operation.
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NORMAL/concurrent checking. In chapter 5, we defined two measure-

ments for the performance of concurrent checking: concurrent cheeking latency and
coneurrenl ehecking interval. The former is defined as the time delay to sign=| a
fault in real time (defined differently from [48]); while the latter is the number of
conseculive output words between any two checked output words, plus one.
In ‘Table 6.10, m is the number of outputs of a circuit under test, and & is the
munber of partitions over the output bits. It can be scen that the primary scheme
has the largest concurrent checking latency and interval. The partitioning scheme
improves the two parameters by a factor of 1/k. Multiplexing achieves 100% con-
current cheeking (i.e. checking every output word) with m clock latency. Finally,
partitioning and multiplexing imposes the smallest checking latency, [#], and the
interval, 1. The best known merging scheme is by Saluja ¢/ al [48]. The concurrent
checking interval of its primary scheme is I and the checking latency can be 2%,
where nis the number of CUT inputs.

BIST. The signature analysis, used in this case, can be exhaustive or non-
exhaustive. [n the case of exhaustive testing, the PRPG goes through all 2" — |
possible patterns and a signature is obtained at the end of the test, where n is the
number of inputs of the CUT. The testing time is thus 2" — 1 + ¢ = 2", where {
is the number of clock cycles required to initialize the BIST mode. I a systen: is
designed to comply with the IEEE Std. 1149.1, then ¢ = [ + | clocks are needed,
where Lis the number of clock ceyeles to shift the BIST mode instruction into the
instruction register of the houndary scan controller, and 1 is the number of clock
cycles required to switeh the system to the BIST mode. The performance of ofl-line
BIST is unaffected by the new merged scheme.,

SCAN. A simple scan operation requires ¢ clock cycles to set up the testing
mode, 2 x L cycles to shilt-in and out the scan data, and 1 cycle to exercise the

C'UT for a combinational logic, where L is the length of the scan path. A sequential
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circuit requires the same set-up time, but 1 x L eyeles to shift inand out data, and 2
clock cycles to exercise the cireuit, one for the initialization and one for evaluation.

Again, this performance is unaflected by the new merged scheme,

6.2.3 Design Complexity

One solution to th> design complexity of introducing testability is to use structured
approaches and to automate the design process. Some VEST CAD tools have in
cluded various testability features and greatly reduced the design complexity, The
proposed testing schemes in this dissertation are all structured approaches. The
encoding process adds complexity to the design, but the procedure is antomated by

using our program cemini (the manual page can be found in Appendix 2).

6.2.4 Pin Count

We claim thal our proposed scheme supports the TR Std. THO L The mini
mutn number of pins required by the standard is four. 'Uhey are: the lest elock
inpul (TCK), the lest mode scleel input(TMS), the lest dala inpul(TDI), and the
test data outpul(TDO). With our scheme, an extra pin can he introduced Lo signal

a lault in concurrent checking.

6.3 Summary

In this chapter, we present a new arca estimation method, Transistor Pair Layoul
('TPL). The main goal of the TPL method is to provide a uniform method of area
estimation for general circuit implementation stroctures, without going down to
layoul level designs, and allowing design comparisons to be made in design houses
that do not have access to che same CAD tools. The 'TPL method employs the arca

of a transistor pair as a measurement unit and relies on designs imainly at the logic
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gate level. The estimation accuracy lies between exact layout and conventional
transistor counting. An area estimation example using the TPL method for our
proposed scheme is provided.

We present various cost. measures of our schem on Berkeley benchmark circuits.
The arca overhead is examined for the augmented circuit functions and the rest of
the testing cirenitry, %We show the exact area cost of the cyclic codes generated
by different finite state machines of the same length. The results are function-
dependent. Qverall, the area overhead of cyclie codes in concurrent checking is
comparable to residue codes of the same length, and more cost effective than Berger
codes, For the rest of the testing circuitry, significant savings can be obtained by
merging the on-line and off-line resources.

T'he festing time is evalnaled for concurrent checking and off-line test separately.
In the former, cur proposed primary scheme achieves e clock concurrent checking
fateney, as opposed to the 2™ in [48], where m and n are the number of input and
output of the CUT, respectively. For the latter, the performance is not alfected by
merging. Better perlormance can be obtained by using our modified structvres. 'T'he
hest achievement is having every output word checked with (m/k) checking latency.

Fault coverage of eyclic codes is another main concern ol this research. In Chap-
ter 7, we formally introduce the fault models, error coverage analysis and present

fault simulation results on benchmark circuits.
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! 2 3 1 5 6
Type Name Amin LCAR=10 | LCAR=01 I.¢ './\Vlr(: l(Al(')”
(nm?) % % Il %
¢ red84 5,221,192 7 7 B "I"E'
QO Osym 1,770,732 8 8 8
M conl 270,000 65.5 13 80.5H
B misex1 464,400 11 1 12.2
[ misexsd 260,020,842 -
N bw 1,118,305 53 5.4 10.2
A f2 222,040 18.9 18.9 RYR
T rd53 582,627 0.8 1.8 12.5
i rd73 2,273,658 13.1 16 12.8
O 8302 1,446,280 10.4 10.4 I8.5
N S5xpl 213,160 7.5 7.5 17.5
s hbtas 306,033 25 o I o
D) dkt4d 520,359 5.7 10.1 6
Q dk15 306,520 0 0 )
U dki1¢ 2,057,580 0 0 (4]
1) dk(7 404,096 9] 4] (J
N dk27 237,969 0 0 0
T dk512 594,216 0 ) 0
| donfile 937,480 0 0 0
A lion9 300,105 0 0 [}
L modulol?2 541,200 0 0 0
shiftreg 210,740 b} 0 n

Table 6.5: Comparison of arca overhead using different LOCAR codes of the same

length

-
[

LOAR - 00
o
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) l 2 3 4 5 6 7 l 8 0 I 10 11 l 12
T No. No. Nao. No, LCAR = 01 Mod3d Berger
Name input. | output | product | pmin | product | Y% product | % product l %
rel B4 8 4 256 255 265 0 255 0 256 0.4
(] Osyim i3] | 87 85 84 -1.2 84 -1.2 166 79.3
M conl 7 2 3] 8 9 4] 17 88.9 22 144.4
B misex | 8 7 32 12 13 8.3 13 8.3 18 50
I misexd 14 14 1848 890 1044 51.3 1331 92.9 1937 180.7
N hw 5 28 87 22 22 0 22 0 24 9.1
A f2 4 4 12 8 9 12.5 10 25 15 87.5
T rdh3 5 3 a2 31 31 0 31 0 32 3.2
] rd 73 7 3 141 127 129 1.6 127 0 128 nsg
O 802 10 q 58 58 58 0 58 0 60 3.4
N nxpl 7 10 75 64 97 51.2 127 98.4 115 79.9
b hbtas 2 2 24 16 16 0 17 6.3 17 6.3
I dki4 3 5 56 25 28 12 28 12 27 8
Q dk15 3 5 32 17 17 0 17 0 17 0
tr dk16 2 3 108 65 55 0 55 0 58 5.5
15 dk17 2 3 32 U 20 u 20 0 21 5
N dk27 ! 2 14 10 10 0 10 0 10 0
T k512 1 l 30 21 21 0 21 4] 22 4.8
I donfile 2 { 96 24 24 0 24 c 24 0
A lion9 2 l 25 10 10 0 10 0 10 0
L, modulot2 1 1 24 24 24 0 24 0 24 0
shiltreg | 1 16 9 9 0 9 0 10 11.1

Table 6.6: Arca overhead in terms ol number of product terms
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5

o

1 2 3 4 5 T
No. No. No. LCAR = 01 ' r\l(lvll:‘
Type Name input | output | TP(min) | No. TP I ‘7(; Nu, “l::k'ni
« 184 8 4 12356 1404 13.7 l<|()-i b
O Osym 0 1 381 434 1.4 430,
M conl 7 2 68 80 17.6 s
B misex| 8 7 120 140 16.7 140
misex.Jd 14 14 6848 109RY 60,4 F39483
N bw A 28 367 378 5.9 AR
A f2 4 4 54 74 264 TR
T rdb3 H 3 137 162 18,2 163
1 rd73 7 3 550 646 17.4 67
O sa02 10 4 357 A4 12.3 401
N 5xpl 7 10 460 74h 60 HEN]
S hltas 2 2 544 70 20.06 TIK’ i
5 dki14 3 5 117 Int 29,1 151
Q dki5s 3 5 89 106G [N {4
u dkid 2 3 157 197 25,5 198
D dk17 2 3 71 90 26.8 90
N dka7 1 2 35 47 34,3 a7
T dks12 { 3 64 R4 312 84
1 donfie 2 1 60 81 a5 Bl
tion® 2 1 35 17 343 47
L modulo1?2 1 | 49 70 42.9 70
shiftreg 1 I 26 26 0 2

A

Table 6.7: Area overhead in TP estimalion

oo
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i

B | 2 3 4 l 5 6 | 7 | 8 | 9 10 I 11 | 12 | 13
- No. | No. The Original 2-bit LCAR(0]) Mod3
Name | input | output | Nosiate | Area No.Gate ‘ % | Area I % Gate | Y% | Area | %
“4:m| 7 2 15 21808 22 46.7 20696 36.2 30 100 46400 112.8
R I;w "; 28 138 206480 159 16,2 | 234320 | 13.5 140 1.4 205088 -0.7
N "_;" 4 4 20 26084 21 5 29696 14.3 20 0 334C8 28.6
rd53 ] 3 10 56144 60 50 86768 54.5 1.2 5 64032 14
rd73 7 3 04 141520 158 68.1 | 236176 | 66.9 133 41.5 | 194880 | 37.7
rd84 8 4 178 270976 278 56.2 | 408784 [ 50.9 239 34.4 | 363776 | 34.2
#i02 to l 123 182352 185 50.4 | 272832 | 49.6 151 2.8 | 232464 27.8
‘“'.’_;x"')'l 7 10 105 154048 | 178 69.5 | 262624 | 70.5 156 47.2 | 236176 53.3

Table 6.8: Arca overhead for standard gate realization

Schemes | No. of bit-sliced cells | No. of T.P. |

Primary P(c) 21 x P(c)
Partitioning P(c) 21 x P(c)
Mutiplexing Pley x m 21 x P(c) x m

+ m to | Mux. 4+ m to | Mux.

Partitioning
& Pley x [#] 21 x Ple) x [#]
Multiplexing + [#1-to-1 Mux. + [#]-to-1 Mux.

Table 6.9: Area cost formulas for different testing schemes

Schemes Concurrent Checking | Concurrent Checking
Lalency Interval
Primary m m
HH H m
Partitioning ol [
Mutiplexing m 1

Partitioning

& [ 1
Multiplexing

Tabie 6.10: Impact on concurrent checking
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Chapter 7

Error Characteristics

In Chapter 5 we presented a new testing scheme, which employs LIFSR/LCAR
based cyclic code checking as a medium to combine the concurrent checking and
signatute analysis in a built-in fashion, and uses bit-sliced LIFSRs/LCARs as the
implementation mechanism. This chapter is devoted to the error-detecting capa
bility of LEFSR/LCAR codes. The investigation is carried oul on both PLAs and
general circuitry, by means of simulation. In section 1, we give the preliminaries. In
section 2, general error coverage of several error-deteciing codes is given. Tn section

3, we present some simulation results on fault coverage of error detecting codes.

7.1 Preliminaries

7.1.1 Definitions

An erroris a resull of noise in a communication system or fault effects in a defective
circuit. In on-line BIST, concurrent checking techniques employ error-delecting
codes as part of a function’s specification. It is achieved by encoding a given dala
word with an error-detecting code, and concatenating the generated checking bils

to the data word to form the code word. During normal operation, the recomputed
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checking bits, called the signalure, are obtained fro.n the ontput data word and
compared with the attached checking bits. If the signature differs from the checking
bits, an error is detected.

An error pallern is an erroncous code word, which differs from the correct code

word, Frror patterns can be classified into the following two categories:

I. Unidirectional error pallern: an erroneous code word that has only 1 — 0 or

0 — 1 errors in it

2. Bidireclional error pallern: an erroncous code word that contains both 1 — 0

and 0 — 1 errors.

Definition 7.1 The behaviour of error-detecting codes is described in terms of their

crror coverage. We define

L. Unidireclional error coverage is the total number of unidirectional error pat-
terns detected by an error-detecting code over the total number of unidirec-

tional ervor patterns;

2. Bidirectional error coverage is the total number of bidirectional error patterns
detected by an error-control code over the total number of bidirectional error

pallerns;

3. Tolal error coverage is the total number of error patterns detected (both uni-

directional and bidirectional) over the 'otal number of error patterns.

7.1.2 Error-detecting Codes: Berger, Residue, LFSR/LCAR

In Chapter 5, we introduced LIFSR/LCAR codes as an alternative to conventional
error-detecting codes in concurrent checking. LFSR/LCAR codes are gevneral error-
detecting codes that can be used for both PLA-based and conventional logic appli-

cations, Three error-detecting codes, Berger [46, page 338], residue (46, page 339],
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and LCAR codes, are examined in this chapter. The reasous we chose Berger and

residue codes lor coniparison are as follows:

. Berger codes are traditiv ally used in concurrent ervor detection for PLAs, A
considerable work has been reported in the literatui Berser codes are known
tc save high crror coverage for unidirectional errors, but the checker is very

expensive[12, 31];

2. Residue codes are especially suited for error detection in arithmetic operational
units. In particular, Mod 3 and Mod 7 codes have the advantage of Tow cost
both in checking bits and encoding/decoding precess [17, page 128]. Residue

codes are also used in non-arithmetic applications [50].

7.1.2.1 Berger Codes

Let (dydmoyo--dy) be a given data word, where d, ¢ « binary ficld lTor (4

1,2,--+,m). The checking bits are lormed by counting the number ol ' in the
data word, and converting such number into the corresponding binary representa
tion of r bits, where r = [log,(1n + 1)]. The entire code word is (1 1) bhit long,
For example, il the given data word is 065111, then the corresponding checking bits
are 010, since there are two 0's in the data word, Berger codes Tor me-bit data words
have (1 + 1) valid checking patterns. For example, data words of length 5 have a

maximum of five zeros, and thus have sty valid cheeking patterns, 000, 001 -« 101,

7.1.2.2 Residue Codes

Let DD be a positive integer represented in binary form. The vesidue [t of 1) for
divisor b is denoted by

It = 1) modb.
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The concatenation of D and R, (DR), is called a code word of the residue code with
cheel base b, Low-cost residue codes have a modulus of b =27 — 1, where r is some
integer greater than or equal to 2. We use term residue codes to refer o low-cost
residue codes in this dizsertation. Residue codes of  bits have 27 — 1 valid checking

patierns,

7.1.2.3 LFSR/LCAR Cyclic Codes

LESR/LUAR codes are separeble cyclic codes based on a linear cellular automata
register ineplementation. LFSR/LCAR codes are obtained by taking a data word as
the input stream of the LESR/LCAR. The data stream is fed into the LFSR/LCAR
one bit at cach clock cycle. At the end of the operation, the last state ol the
LYSR/LCAR is used as the checking bits. LFSR/LCAR codes of r bits have 27

valid patterns.

7.2 FError Coverage — General Estimation

The primary empheasis of error-detecting codes has been the design of reliable com-
munication systems. In concurrent checking, checking circuitry is part of the func-
tion specification, and is often implemented along the main circuit with shared cu
cuitry. Thus, faults inay occur and cause errors in both data word and check bits.
However, in the literature, it is usually assumed that checking bits either contain uni-
directional errors only {for Berger codes) or are error-lree (for other error-detecting
codes).  In practice, bidirectional errors may also occur in PLA- and ROM-based
systems, where unidirectional errors are considered most likely to occur [15, 31, 67].
For example, it is known that multiple faults in PLA can cause bidivectional error:
Although the equally likely error model may be considered inadequate [23], it can

be used to provide some general estimation. Under the equally likely error model,
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Data-word length | Check-bits length 1 Berger | Resicdue 7|4( ‘A'l'(
(m) ro=logy™ ;}{T :{7:1_"_’A ) ] '_,l.
2 2 RN IL';._:; - ”.!.").(’)
4 3 20.0 1.3 [PR{)
8 A (1 6.67 G.25
18 & 5.88 3.22 A2
32 6 3.03 1.59 1.0h6
64 7 1.54 0.79 0.78
128 8 0.78 0.39 g
266 9 0.38 0.20 0.20

Table 7.1: Total aliasing of the three codes

the aliasing probability of an error-detecting code can be computed by /&, where
g | A
k is the number of valid checking patterns of the code word, Table 7.1 shows the
g1
predicated aliasing probability of Berger, residue and LCAR codes, for data word
lengths 2".r = 1,2,--- 8, when the same number of checking bits are used.
It is shown that the fault detection ability of LIFSR/LCAR codes is comparable
) |

to residue and Berger codes because:

1. a residue code of r-bits has a general aliasing probability of /(2" 1), while
that of a LFSR/LCAR code of the same length is asymptotic to 1/27. Tor
small values of r, (as assumed in our proposed testing scheme), and with »

independent of m, residue and LFSR/LCAR cyclic codes are comparable;

2. the wotal aliasing of LI'SR/LCAR codes is around one half that of Berger
codes when data word lengths are equal to or greater than 4, all patterns are

considered.

[n both cases, LFSR/LCAR codes preserve lower aliasing probability, The gen
eral error coverage of the codes can be obtained by I - p,. where p, is the aliasing

probability of the error-detecting codes.
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7.3 Fault Coverage — Simulationn Results

In our experiments on fault coverage of the three error-detecting codes, both two
level (PLA) and multiple level (standard gate) circuit implementations are consid-
ered. In this section, we first introduce the simulation environment of this experi-
ment, including the simulators, benchmark circuits, and simulation processes. Then,

we present, some simulation results for the two circuit structures separately.

7.3.1 Simulation Environment
7.3.1.1 Fault Simulators

Three fault sitnulators are involved in this investigation. They are faullsimulator
[64], plasim [69] and Logiclll(uvic)sim [7], where the first two are PLA s.mulators

and the last one is for multiple level gate realization.

I. Faulisimulator is a deductive PLA fault simulator[42]. It takes as input the
espresso-outpul style of PLA description, and simulates all single faults of the
stuck-at, bridging (all adjacent-pair faults which do not cause the formation of
a sequential circuit), and crosspoint faults [42]. The simulation is performed
based upon a gate level implementation of PLAs. For a PLA with n inputs, m
oulputs, and p product terms, the expected running time is O(2" (n + m)*p?).
Details on the design and implementation of the fault simulator can be found

in Appendix B of [64].

o

Plasim s a transistor-level pseudo-NMOS PLA simulator. It accepts an espresso
format description of a circuit, and simulates all single {aults of the stuck-at,
bridging and crosspoint faults in a PLA, and multiple stuck-at faults on the
primary inputs and outputs. The total number of faults simulated for a PLA

with ninputs, moutputs and p product terms, is {In+6m-+3p+4pn+5pm—35).
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Details on the design and implementation of the fa.t simulator ave in [69)].

3. Logiclll(uvic)sim is a gate level simulator. It takes a Logicll1' desceription
of a circuit’s function, and simulates all single stuck-at faults in the multiple
level gate implementation. 1t is assumed that the gates are fault free, and all

stuck-at faults appear on signal lines.

The motivation for designing the Logiclll(uvic)sim simulator is due to the
complicated translation process between Logiclll language arvd the Logiclll
simulator. A Logiclll circuit description is first translated into RNL formal?,
then the RNL file is converted into 1SCAS cireuit deseription®. The Logiclil
simulator takes ISCAS format as the input, simulates all single stuck al faults,
and generates some statistics. However, to trace a faull simulated by the sim
ulator, the reverse translations, i.c. from the simulator to Logiclll deseription,
are required. The backtracking complicates the fanlt simualation environment.,

Detailed discussion on these issues can be found in [7)].

[t should also be noted that decaf' accepts cspresso forms of cireuit deserip
tion, performs multiple level circuit minimization, and produces a Logiclll
circuit description. This feature of OASIS benefits our experiment on Tanlt
simulation, and allows the same set of PLA benchmarks to be used inmualtiple

level gate realization.

7.3.1.2 Simulation Processes

All three fault simulators follow the same simulation processes:

IThe hardware description language of OASIS.

2A netlist description of logic circuits.
3From 1985 and 1989 ISCAS (International Symposium on Cireuits and Systems) benehmark

circuits.

The multiple level logic minimizer of QOASIS.
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I. for cach fault ennmerated by the simulators, exhaustive input combinations
are applied to the circuit, the output responses are collected, and compared

with the fault-free output;

2. the outpul responses are classified into fault-free, unidirectional and bidirec-

tional categories;

3. the fault coverage of the circuit is obtained by computing the mean fault

coverage for all the faults in the fault set.

7.3.1.3 Benchmark Circuits

The benehmark circuits used in this experiment are a subset of the Berkeley benchmarks®,

that we used for the area cost estimation.  However, there are two main restric-
tions on circuil sizes when fault simulation is concerned: numbers of inputs and
outputs, In faullsimulator (the first one used), although only single faults are taken
into account, the total number of faults simulated is exponential in the inputs and
oulputs, Morcover, for each [ault, all inpul combinations are used to exercise the
circuit. 'Thal is exponential in the number of inputs as well. These factors pose
severe restrictions on the sizes of the circuits we can simulate. In addition, extra
coding bits are added to the original circuit function in order to achieve concurrent
checking, increasing the problems because ol the additional outputs. With all the
restrictions outlined above, the benchmark circuits we use in practice are limited to

1 to h inputs, and 3 to 12 outputs.

7.3.2 Fault Coverage for PLAs

In Chapter 5 we show thal concurrent checking is achieved by employing error-

detecting codes to encode a given circuit function at design stage. Checking bits are

"With Berkeley tools.

]
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added to each output vector, and the augmented circuit funetion is then minimized
and implemented by certain circuit structures. The lault coverage of LOAR codes

is investigated from two aspects.

L. Tor a given number of cheeking bits, there are different LOAR machines which
can produce the cyclic codes. Tables 7.2 and 7.3 show the unidivectional and
bidirectional fault coverage of LCAR codes generated by all length 2 and 3
LLCARs, where the data in the two tables are obtained from faullsimulator and

plasim, respectively.

We apply statistical tests, t tests, [11, page 206] to the data colleeted in Ta
ble 7.2, and examine how the fault coverage from the simulation matches the
expected value of aliasing, 1/2% x 100%, for a k bit LCAR code. The test
results are as follows.

(a) For the unidirectional fault coverage of 2-hit LOAR codes, the expeeted
fault coverage is 75%. The average unidirectional fault coverage of the I8
samples is 80.36%. The standard deviation is 4.51. The £is 5.05 and {(.000) is
2.9. These results indicate that with 99% conlidence the unidirectional fault
coverage of 2-bit LCAR codes is higher than 75% in a two tail test [, page

197].

(b) For the unidirectional fault coverage of 3-hit LUAR codes, the expected
[ault coverage is 87.5%. The average fault coverage of the 27 samples is 86, 18%..
The standard deviation is 4.52. The s -1.10 and /(.005) is 2.75. Since the
t falls in the rejection region of the test [41, page 194], we have insullicient,
evidence to reject the expected fault coverage, 87.5%.

(c¢) For the bidirectional lault coverage of 2-hit LOAR codes, the expected
fault coverage is the same as (a), 79%. The average Tault coverage of the 18

samples is 60.55%. The standard deviation is 17.73. The is 346 and 1(.005)
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is 2.9, It appears that the bidirectional fault coverage of 2-bit LOAR codes is
lower than 75%.

(d) For the bidirectional lanlt coverage of 3-bit LCAR codes, the expected fault
coverage is 87.5%. The average fault coverage of the 27 samples is 69.54%.
The standard deviation is 22.45. The tis -4.16 and {(.005) is 2.78. It appears

that the bidirectional fault coverage of 3-hit LCAR codes is lower than 87.5%.

(¢) For the total fault cosorage, both unidirectional and bidirectional ones,
of 2-bit. LOCAR codes, the expected fault coverage is again 75%. The average
fault coverage of the 36 samples is 70.47%. The standard deviation is 16.24.
The s -1.68 and ((.005) is about 2.7. Thus, we cannot reject the value of
(Y

([} Vor the total fault coverage ol 3-bit LCAR codes, the average fault coverage
of the 54 samples is 77.86%. The standard deviation is 18.35. The { is -3.85
and 1(.005) 1s around 2.66. It appears that the bidirectional fault coverage of

2-bit LCAR codes is lower than 87.5%, the expected fault coverage.

rom the above investigation, it is not evident thalt any LCAR machine is
superior Lo the others in terms of the faull coverage. As with many other logic

problems, it is function-dependent.

The all-zero biairectional fault coverage from plasim is due to the facts that it
simulates a pseudo-NMGS PLA, where unidirectional errors dominate as only
single faults are injected. As a consequence, the bidirectional faults simulated
by plasim arc the ones on primary outputs of circuits. However, due to the
limited computational power of our machines, only small circuits with 3 and
12 outputs are chosen. Thus, a very small number of bidirectional errors occur
during the simulation. Miscatching of a bidirectional error may results in a

0% bidirectional error coverage.
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9

&

LCAR=01 LCAR=10 LCAR=001 LCAR=100 LOAR =110
Uni. Bi. Uni., Bi. Uni. Bi. Uni. Bi. Uni. l Bi.

rd53 79.83 0.00 83.10 | 60.00 | BO.19 0.00 87.92 | GO0 | K88 1 oo

hy2 75,75 | 53.37 | Th.82 | GBI [ T4 | 66.67 | B39 L TeA0 | T6.62 ihodd

f2 T3 | 81,25 | 72,20 | 7708 | 7499 | BB.67 | 81.60 [ 92868 | 7H 20 | 85,10

2by3 T4.83 | 52.86 | 76.27 [ 52.22 | 80.90 | 65.49 | 85.05 | 62.67 | 81.68 [ 63,92

del 81.78 | 54.92 | 79.02 | 49.00 } 80.78 | 67.22 | 8825 [ T1.06 } B7.11 | 68.50

wim 82.27 | 69.24 | 83.16 ¢ 61.20 | 91.89 | THL57 | 9134 1 T84 | 9410 [ 82.51

Dk27 | 85.42 | (9.02 | 85.62 | 63.00 | 93,43 [ 7844 | 92,72 | TR.G6 | RO-AH | 8040

Apla | 84.92 | 67.62 | 82.65 | 66.9T7 [ 91.29 j 80.25 | 89.63 | 81 47 [ 92,13 | 8186

Sqré 84.76 | 74.66 | 84.57 | 7405 | 88.7Y | 85.09 § Y106 [ A1.40 92306 1 8000

Table 7.2: Fault coverage of LCAR codes (Juullsimulalor)

Tables 7.4 and 7.5 compare the fault coverage of Berger, Modd, and 2 and
3-bit LCAR codes, from faultsimulator and plasim, vespectively. The Tault
coverage for LUAR codes listed is the best one for the given lengths, Tt can
be scen that (a) Berger codes have very high unidirectional fault coverage,
from 94.41% to 100.00%, in feultsimulator, and 100% i plasim; (h) 2 bit
LCAR codes have better unidirectional fault coverage than Modd from hoth
faultsimulator and plasim; (¢) Berger codes give better fanlt coverage than
Mod3 and LCARs. The reason behind this is mainly hecanse more checking
bits are used for Berger encoding. For example, a 4-bit output circuil requires
3-bit Berger codes, as opposed to the 2 bits for Mod3 and 2 hit LCAR codes;
the zero bidirectional fanll coverage by plusim is caused by the same reasons

discussed earlier in 1,
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LOCAR=01 LCAR=10 LCAR=001 LCAR=100 LCAR=110
Uni. Bi. Uni. Bi. Uni. Bi. Uni. Bi. Unj. Bi,

rdb3 | 75.04 [ 0.00 | 80.50 | Q.00 | 75.00 | 0.00 | 83.39 | 0.00 | 73.39 | 0.00

2hy2 | 63.42 | 0.00 | 65.43 | 0.00 | 64.05 | 0.00 | 73.46 | 0.00 | 67.42 | 0.00

{2 60.93 [ 0.00 | v0.93 | 0.00 | 61,33 [ 0.00 [ 69.48 | 0.00 | 61.33 | 0.00

 —

2byd | 62,75 | .00 } 62.19 | 0.00 | 64.54 | 0.00 | 68.99 | 0.00 | 64.96 | 0.00

del 72.74 | 0.00 [ 69.20 | 0,00 } 74.94 | 0.00 | 72.43 [ 0.00 | 72.37 | 0.00

wim 7744 1 000 [ 78.46 | 0.00 | 85.02 [ 0.00 | 86.38 | 0.00 | 91.64 | 0.00

Dk27 | 88.00 3 0.00 | 86.49 | 0.00 | 94.45 [ 0.00 | 92.44 | 0.00 | 89.65 | 0.00

Apla | 81.09 | 0.00 | 80.44 | 0.00 | 87.26 | 0.00 | 84.20 | 0.00 | 88.73 | 0.00

Sqrg § 86.22 | 0.00 ° 89.62 | 0.00 | 81.52 | 0.00 | 84.19 [ 0.00 | 87.33 | 0.00

Table 7.3: Fault coverage of LCAR codes (plasim)

7.3.3 Fault Coverage for Multiple Level Gate Implemen-

tations

The second type of circuit structure in our experiments is a multiple level gate
realization. The data is listed in the Logiclll{uvic)sim columns of Table 7.6, wherc
the Tolal is the mean ol the total erroneous outpul patterns detected by 2-bit
LCAR codes, from the generator LCAR=10, divided by the mean number of the
total erroncous output patterns for all input combinations.

[n theory, for 2-bit LCAR codes, we expect 75% crror coverage or 25% aliasing
(see Table 7.1). The Total column of LCAR codes in Table 7.6 shows that about 50%
of the benelimark circeuits reach this expectation, and the remainder is 5.7% to 8.75%
lower than the expected value, The reason is mainly because of the bidirectional fault
coverage, which we are not able to simulate or cannot simulate adequate number of
multiple faults in the circuits.

The faultsimulator and plasim columns of Table 7.6 depict the unidirectional,
bidirectional and the total fault coverage of LCAR codes respectively, from machine

LOAR=10. The fault coverage for multiple level gate realization falls between the
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l | Berger Mod3 S YI AR
#i | #o. | #p LOAR=10 | LCAR- 100
Cai. | B | ouaic | B [ o | H:J tui. [ Ri.
rdal ) 3 31 100,00 0.00 78.00 ().U()’”‘ K340 Tli()‘()“ T 37‘?".; I li(’).UU l
'21)}'2 4 4 7 u7.04 76.1%) THA0 RE.N81 TH.82 [T 1 LR THAY
2 4 4 12 4,41 65,513 72.03 T2.08 TR 81.26 81.60 2 .86 I
'be.'l 5 5 12 07.958 71.73 73156 T35 TH.27 52,22 Rh.Oh 6267 !
det o 7 0 96.96 89,28 TH.33 B7.068 81.78 S4.90 BB, 20 TH.OMD
wim | 4 | 7 | o | o378 | 8001 | 8071 | 7ees | 8227 | eo2a | wato | sen
Dk27 5 9 {0 98.36 £9.09 | 85.52 HG.86 85.12 69.072 f).'ri"li.'\ ‘ TH 14
l\])lll o 12 26 X6 X 83.67 73.85 84.02 47.62 HP N R HA KRG
Sqr6 , 4 12 50 X X 80.03 ] 68.04 | B4.76 | 7466 ] 8RR 8508

Table 7.4: Fault coverage of three codes (faullsimulator)

data [rom the two PLA simulators. [t is interesting to see that the results from
Logiclll{uvic)sim and plasim are very close, in spite of the different Lypes of faults

simulated for the two distinet circuil structures,

7.4 Summary

In this chapter, the error detection ability of LOAR codes was examined for a nnmber
of benchmark circuits. Comparisons are made among three error-detecting codes,
LCAR, Berger and residue codes, by means of two PLA fault simulators and one
multiple level gate fault simulator.

In spite of the restrictions on the computational power, the size of benchmark

circuits, and the sets of faults simulated, we can conelude from this experiment that:

1. the standard deviation of LOAR code fault coverage generated by different

LCARs of the same length varies up to 23%. However, it is not evident that

5The simulation failed due to the circuil exceeding the implementation limits.
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Berger Maod3 LCAR
H#i. | Fo. | #p. LCAR=10 LCAR=100
Uni, Bi. Uni. Bi. Uni, Bi. Uni. Bi.

“—I:I"-—SA 4] 3 31 100.0u | 0.00 | 74.94 | 0.00 | 80.51 | 0.00 | 83.39 ( 0.00
2hy?2 4 4 7 100.00 | 0.00 | 62.57 | 0.00 | 6543 | 0.00 } 73.46 | 0.00
2 4 4 12 100.006 | 0.00 | 60.90 | 0.00 | 6093 | 0.00 { 69.48 | 0.00
2hy3 H 5 12 100.00 [ 0.00 | 61.51 0.00 | 62.75 | 0.00 | 68.99 | 0.00
del 4 7 9 100.00 | 0.00 | 68.10 | 0.00 | 72.74 | 0.00 | 74,96 | 0.00
wim q 7 9 100.00 | 0.00 } 81.07 | 0.00 | 78.46 | 0,00 | 91.64 | 0.00
_A|A)Ak'.!7 H 9 10 100.00 | 0.00 | 84.34 | C.00 | 88.05 | 0.00 | 94.45 | 0.00
Apla 1 12 26 100.00 | 0.00 | BU.25 0.0 | 81.09 | .00 88.73 0.00
Sqr6 4 12 50 100.00 | 0.00 { 81.14 | 0,00 | 89.62 | 0.00 | 87.33 | 0.00

Table 7.5: Fault coverage of three codes (plasim)

any LCAR is hetter than others, as a cyclic code generator. As with other logic
problems, it is function-dependent. For a given circuit function and a number
of checking bits, the best LCAR code generator can be found by simulation,

if the circuit size and computational power permit,

2. the fault coverage of LCAR codes is comparable to residue and Berger codes
of the same length. In most cases, the LCAR codes give better fault coverage
than residue codes of the same length, in all unidirectional, bidirectional and

total Tault coverage categories.

[n conjunction with the investigation in Chapters 5 and 6, it has been shown that
LCAR codes can be used in concurrent checking as an alternative to the conventional
error detecting codes in regard to its error detection ability. The high fault coverage
ol off-line BIST is not affected by introducing the proposed LFSR/LCAR-based
concurrent checking. When the merging of on-line and off-line BIST is concerned,
LESR/LCAR-based concurrent checking allows the sharing of hardware resources

with off-line signature analysis, and scan-based DFT techniques, thus, resulting in
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N

LogicllI{uric)sim Jaultstmulator plasim

Uni. | Bi. [ Total | Uni. | Bi. | Vel l'ni,lWHi [ l_x;ml

rd63 T4.80 | AE.T0 | TR.IY [ 83.40 60.00 H’).-HT 80.51 000 1 6nhTa

2by?2 6917 | 13.89 | 69.30 | 75.82 63,81 TALE | 6643 1 0.00 | K670

f2 68.79 0.00 6792 | 72,20 | 81.25 T2a8 | 6093 ] 0on | T
2by3 TL38 | 10.76 | 66.26 | 76.27 H2.22 T2 L a2 | 0o | A2
del 81.01 19.81 | 78.64 | 79.92 54.92 TTRO | 8920 1 000 | G612

wim 81.36 | 16.18 | 74.40 | 83,16 69.2: THO0 | TRAG | 000 | 6110

-

3 -0.25 | -7.016 1 -L10C 032 [ -12.86 | -1.44 1.6 : 6.1

| 1(.005) i 1,03

Table 7.6: Fault coverage comparisons

a significant reduction in the overall silicon cost.
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Chapter 8
Conclusion

Technological advances have been dramatically changing one’s traditional view of
digital design and test. The IEEE boundary scan standard [1] futher encourages
the testing community to a cept built-in sell-test (BIST) and incorporate testing
civcuitry in digital designs. Testing problems now can no longer be treated as post-
manufacture problems and problems of testing engineers. Testing requirements need
to be considered at every step of a design process from the module, chip, board up
to system levels. 1BM reported that testing costs exceeded H0% of the total chip
cost [16]. To reduce the overall cost of production, testing costs must be minimized.

This dissertation primarily encompasses design lor testability (DFT) problems
of concurrent checking and structural ofl-line BIST. It differs from traditional circuit
design methodologies, where design and testing problems are treated separately, and
from the conventional strategy in solving testability problems, where on-line and off-
line testing are considered independently. There has been an industry-wide effort to
use boundary scan techniques to enhance mainly off-line testability since the release
of the standard. In a system with the boundary scan circuitry in place, on-line BIS'T
may be acceptable if it can be provided by sharing the existing resources. The goals

are to introduce on-line BIST with a reasonable increase in silicon (in comparison
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with having on-line and ofi-line testability separitely), and with acceptable impact
on the system performance. The objectives of this research are to pursue a feasibility
study ol the merging of on-line and ofl-line BIST, and to find a feasible solution.
The main contributions of this dissertation are as follows.

(1) We reviewed previous work on the merging of on-line and ofl line BIS'T, and
examined the problems with the merging. This initial rescarch led to a new DT
method and a new testing scheme.

(2) The main idea is to find commonality between the different testing solutions,
such that on-line and off-line testing circuitry can be shared. The new DT method
employs LIFSR! /LCARZbased cyclic code checking as a medium to combine con
current. checking and signature analysis in a bailt-in fashion, and uses bit sliced
LI'SRs/LCARs as the implementation mechanism.  The choiec of LIFSR/LCAR
codes is crucial: cyclie codes are the basis of signature analysis, and the use of
cyclic codes in both concurrent cheching and off-line BIS'T implies the sime im
plementation mechanism. Thus, the hardware resource can be shared hetween the
two test modes. The design procedures for concurrent checking are antomaled in
this research. The suggested DIYI" method is systematic and can be incorporated in
design automation tools.

(3) The nev. BIST scheme supports both on-line and off-line testability with
shared hardware resources and comparable on-line crror-detecting ability Lo the
conventional error-detecting codes, and without affecting the high fault coverage
of off-line signature analysis. This scheme complies - . he TEEF, boundary sean
standard and is applicable to general cirenitry.

The proposed testing scheme is mainly evaluated from the following aspeets:

(a) Area overhead is one of the main concerns of any BIST method. The

PLinear feedback shift register.

2Linear celiular antomala registoer.
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(h)

arca overhead of circuits augmented with error-detecting codes is exam-
ined through the application of encoding methods on a set of Berkeley
benchmark cireuits. Both two level (PLA) and multiple level (standard
gale) realizations of the circuits are considered.  The error-detecting
codes under examination are residue, Berger and LFSR/LCAR-based
cyclic codes. Area overhead of LIF'SR/LCAR codes with the same code
lengths but generated by diflerent machine structures is also investi-
gated. The results show that the area overhead of the augmented cir-
cuits is function-dependent, as predicted, and that the area overhead of
the LISR/LCAR-based cyclic codes is comparal:le to residue codes of
the same length, and usnally more cost effective than Berger codes. In
the overall design, including checkers and controls, significant savings are
gained by the use of LFSR/LCAR code generators and the merging of
on-line and off-line testing resources. UBIST (37, 38] employs different
test techniques in on-line and off-line tests, which usually results in a
substantial increase in silicon, mainly due to the cost of code generators
for concurrent checking. Moreover, considerable design effort is required

for circaits designed with a number of error detecting codes.

The error-detecting ability of LEFSR/LCAR cyclic codes is investigated
on both PLA~ and general circuit structures, by means of simulation. It
is shown that fault coverage or LCAR codes of the same length generated
by different LCARs varies on the set of benchmark circuits. However,
it appears that there is no evidence that any LCAR is better than oth-
ers, as a cyclic code generator. Similarly to other logic problems, it is
function-dependent. Statistic tests show that the fault coverage of LCAR
codes is comparable to residue and Berger codes of the same length in

al" unidirectional, bidirectional and total fault coverage categories. Fur-

13

{
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ther more. LEFSR/LCAR-based cyelic codes are general error-detecting
codes and applicable to general circuitry. When only unidirectional er
rors are concerned, however, Berger codes are superior to hoth residue
and LFSR/LCAR codes. In comparison, UBIS'T [37, 38] employs distinet
error detecting codes for different circuit functions. A system designed
with UBIST is strongly faull sccure (SF'S)[H8], and is supernor to our
proposed scheme in terms of fault coverage. However, the SF'S feature

is obtained by paying higher price in silicon.

In conjunction with the investigation in the proposed testing scheme and
the area cost estimation, it can be concluded that LESR/LCAR-based
cyclic codes ic a viable alternative to the conventional error detecting
codes ir concurrent checking, regarding its error detection ability. The
high fault coverage of off-line BIST is not allected by introducing the

on-line testability. When the merging of on-line and ofl-line PIST is

concerned, LESR/LCAR-based concurrent checking allows the sharing of

hardware resources with off-line signature analysis, and sca-based DIYI
techniques, thus, results in significant reduction on the overall silicon

cost.

The concurrent checking latency of the proposed primary scheme is
clock cycles, as opposed to 2" reported in [48], where noand e are the
number [ inputs and outputs of the circuit, respectively. Better perfor
mance can bhe achieved by uising the suggested modified structures, The
high fault coverage of off-line BIST is retained in the merging. Design
templates and simulation results on henchmark circuits are provided to
demonstrate the feasibility and applicability ol the DT method and the

new testing scheme.
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The contributions of this dissertation are also made in some related issues in the
course of pursuing the main research.

(4) There are two ways to vary lengths of LFSRs and LCARs: concatenation and
partitioning. We clarified and summarized recent development in the theoretical and
practical issues of LIFSR and LCAR concatenation and partitioning. This study has
led Lo a better understanding of the machine behaviour and testing applications ir
general. A direct application is dynamic reconfigurations of LFSRs/LCARs, which
allow the registers to be nsed in both vhe on-line and off-line test modes.

(5) A new arca estimation method for integrated circuit design, transistor pair
fayout ('TPL), is presented. This method provides a uniform way of area estimation
for general circuitry. The estimation is carried ot ot transistor and logic gate
levels. To use the area of a transistor pair as a measurement unit, one can derive
a set of estimation equations for standard library cells, different implementation
structures, ete, using a ('AD tool. Then, the equations can be usel to make design
comparisons by others in diflerent design houses without requiring access to the CAD
tool and going through layout designs. These equations also lift one restriction of the
conventional transistor counting method [22], which is only applicable to standard
gate realization. The estimation accuracy lies belween exact laycut and transistor
counting,.

Merging of on-line and off-line BIST is a promising area of research in testing. In
the near future, one may expect more consideration to be given to on-line testability
and to the merging of on-line and off-line BIST. This research should increase un-
derstanding of the design trade-offs in merging on-line and off-line BIST, and should
therefore allow circuits to be tested more economically and effectively. Tle future
rescarch includes the investigation of other merging schemes, BIST structures and
implementation mechanisms. In particular, different error-detecting codes and data

compaction schemes will be examined for commonality and potential in merging.
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Appendix 1
Tables of LCAR Concatenation

1.1 Self-concatenation of Primitive LCARs

This section contains tables of primitive sell-concatenation of primitive LOARs, one
for each length from length 2 to [6, forming longer primitive LCARs up to length
64. The digits in the brackets are the number of self-concatenations to construct a
primitive LCAR from a given LCAR. As an examiple, in the table of length 4, the
primitive LCAR, 1010, sclf-concatenates 3, 7, 13 and 15 times Lo obtain primitive

LCARs of length 12, 28, 52 and 60 respectively.
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[ Length 2 |
initial LCAR (Number of Self-Concatenations of Initial LCAR)
10 (2,3,5,6,9,11,14,23,26,20,30) 01 {2,3,5,8,0,11,14,23,26,20,30)

[ Length 3 |
Initial LCAR (Number of Self-Concatenadions of Initial LCAR)
100 (4) 110 (16) 001 (4) OI1(16)

[ Length 4 ]
Initial LCAR (Number of Self-Concatenations of Initial LCAR)
1010 (3,7,13,15) 0101 (3,7,13,15)

] Length 5 ]
Initial LCAR (Number of Sell-Concatenations of Initial LCAR)
11000 (6,7) 01100 (3,9) 11100 (6,7)

0010 (3,9) 11001 (3,8,9) 00011 (6,7)

| (0011 (3,8,9) 00111 (6,7)

[ Length 6 I
Initial LCAR (Nuriber of Self-Concatenations of Initial LCAR)
100000 (3) 101010 (2,3,10) 011010 (6,8)

010110 (6,8) 101110 (9) 000001 (3)

101001 (2,4,6) 100101 (2,4,8) 010101 (2,3,10)
011101 (9)

| Length 7 |
Initial LCAR (Number of Self-Concatenations of Initial LCAR)
0010000 {6) 1001000 (3) 0000100 (6)
1010100 (3) 1110100 (4) 1000010 (8)
1101010 (3) 1110110 (3) 1011110 (4)
0100001 (8) 0001001 (3) 0010101 (3)
0111101 (4) 0101011 (3) 1111011 (6)
0010111 (4) 0110111 (3) 1101111 (6)
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L(‘néﬁl 8

11110000 (7)
11011010 (5)
01000101 (3,5)
01011011 (5)
00001111 (7)

10100010 (3,5)
10111010 (3)
01011101 (3)
01110111 (2,8)
11101111 {4,7)

H1O10010 (8)
THIOTLI0 (2 8)
Gron1oLt (8)
TLHLOLEL (4,7)

L

Length 9

011100000 (2)
11001000 (3,7)
110000100 (7)
001001100 (3)
111100010 (5,6)
000001110 (2)
110010101 (2)
001000011 (7)
110011011 (3,5)
000100111 (3,7)
000110111 (3,4,7)
000101111 (3)

101110000 (5,6)
F1TI01000 (3)
000100100 {7)
010101100 (2,3)
001101010 (2,3)
1110 (1)
L0001 1101 (5,6)
101010011 (2)
11011011 (2,1,7)
100010111 {7)
LIO110111 (2,4,7)

001001000 (7)
L1101 1000 (3,4,7)
001100100 (1)
LI 100 (7)
11010110 (7)
111010008 (7)
OLELI1101 (1)
110110011 (13,5)
00111101 (7)
0HIOI01 1T (7)
0Lo0uL 1L {5,6)

Initial LCAR (Number of Self-Coneatenations of Init

1

Length 10

1111110000 (3)
1101001010 (3,5)
1000010110 (4)
1100000001 (2)
0101010101 (6)
100000001 1 (2)
1111010111 (3,5)
0000111111 (3)

0110101000 (3)
1010101010 (6)
0110010110 (5)
0110100001 (4)
10111011061 (2)
0101001011 (3,5)
110101111 (3,5)

FHITL00010 (13)
0110100110 (5)
6O010101.0(13)
1101110001 {3,4)
1011011101 (2)
LOOOE11011 (3,4)
QLO0ULLEEE (53)

Initial LCAR (Number of S(‘If~('on('n.tounlinns ollmlml l;(‘;\“)

1 LCAR)

Initial LCAR (Number of Seli-Cloncatenations ()f;*lllll.qfn-l; l,('/\R)

|

|

1h0
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Length 11

Initial LCAR {Number of Self-Concatenations of Initial LCAR) 1

00110000000 (5)
000DBO 10000 (3)
00100001000 (3)
11111011000 (2)
01010100100 (3)
00000001 100 (5)
OIN01 1000106 {3,5)
01000110010 (3,5)
UOOHLIOT0110 (33)
OOOTCOTOTI110 (33)
01000101110 (5)
10001 LT 10 (5)
0OUO 0000001 (1)
01001100001 (1)
00111010001 (5)
11010110001 (5)
10011110001 (4)
100111001 (1)
1100110101 (3)
10119011101 (5)
0110100011 (5)
00010001011 (3)
101010111911 (3)
00000100111 (2)
000010101 ET (3)
DOTOLEOEET (V)
1000110111 (1)

09001000000 (3)
11101010000 (3)
11010001000 (3)
00010000100 (3)
01110010100 (5)
10001011100 (5)
11100010010 (3,4)
00100101010 (3)
01111110110 (2)
0100101011110 (3)
11000101110 (5)
OHIOITLT110 (2)
10010000001 (2)
11011100001 (2,4)
10111010001 (5)
11110110001 (4)
10000001001 (2)
10101100101 (3)
11110001101 (2)
10001011101 (5)
10111010011 (3)
10001001011 (4)
10000111011 (2,4)
10001100111 ()
1HI0G1101 1T (2)
011110111 (3)
00011011111 (2)

11100100000 (2)
10000001000 (13)
01101011000 (3)
01111000100 (2.,4)
11100110100 (3)
01110100010 (5)
10000110010 (4)
10000C10110 (5)
0U1JIONT 110 (5)
1010011011110 (2)
00100011110 (2,4)
11101111110 (3)
01101600001 (5)
11010010001 {4)
11100110001 (4)
11101110001 (3)
01111101001 (5)
11011010101 (3)
10111001101 (5)
11001011101 (3)
LLL11110013 {5)
10001101011 (5)
01001000111 (3,4)
1HI00100111 (2)
10001110111 (3)
10110001111 (2)
11001111111 (5)

151
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Length 12

Initial LCAR (Number of Sm»!.f-(‘()n('ntmm(iulv:;»i;f iirlrirliz\l':ll('.»‘\ R} |

101101010000 {2)
001101101000 (2)
110111000100 (3)
100010101100 {2
000111101100 (0
5

)
1)
100010010010 (3)
101010301010 (5)
110101011010 (3)
010100111110 (4)
001101010001 {2)
101001101001 (2,3)
010101000101 (2)
610101010101 {5)
151100010011 (3)
001110001011 (4)
1IO100101011T (2)
111011111011 (2,4)
110111110111 (2,4)

110001110000 (2)
100110011000 (2)
LO1000LE0T00 (3)
000101101100 (2)
110100011100 ()
011111001010 (4)
100101101010 (2)
110100111010 (3)
000101000001 (4)
LOUT0H00HO0L (2}
010101101001 (2)
001011000101 (3)
GUOOTOI01 10T (2)
111010010011 (2)
110101001011 (2)
OHOL1O10101T (3)
00LELILEIOTL (3)
IOUT10001 11 (3)

100000101000 (1)
VOTTOTLEI000 (3)
110100001100 (2)
RITTIIRIVIRIPIN S
LIOTLILETL00 (3)
101000101010 {2)
OUHIONIO0TND {4)
11110010110 (3)
01001001000T (3)
1OOTAUIO1001T (2)
0OOT L0 1001 (2)
100101100101 (2,13)
OOOUT EIUOUTT ()
001100001011 (2)
OLOT1IOM01T (33)
001000101 (33)
TIO010010111 (2)
OLI01001 11T (33)

Length 13

Initial LCAR (Number of S(*If-(7()11(3l,<‘n;\,I,inus"bf hnlmll('A i)

1011116000000 (2,4)

0001001100000 (2)
1101111100000 (4)
0011100010000 (3)

1)
3)
3
1001110110000 (.

¢
N1ao 110010000 (X
0011001610000 (¢
10000001 000D (!

1011101110000 (4)
1100110001004 (2)
0111101001000 ()
1110100101007 (3)
1041 11101000 (13)
1501011011000 (3)
1100101000100 (2}
0110000010100 (4)

1101000100000 (:3)
1100101100000 {3)
0011000010000 (2)
0101010010000 (2)
0010110010000 (3)
0001101010000 {4)
00001001 FOOOG (1)

1010101110000 {2,%)

D108 EETLOA0L [2)
1UTO0UI0GT000 (2)
0000011001000 (2)
11TO110101000 (4)
1011000911000 (13)
1011010111000 (4)
HO1TE00100100 (13)
0111001010100 (13)

1100005100000 (2)
0110101100000 (3)
QETOT000 10000 (2)
HOOBLTOLIBBOD (1)
0110001010000 (1)
1HHIOLIOT0000 (2)
Hoomotuoou (2)
GO0 o000 ( 2)
LOBOOTOONTOON (°3)
THIOI05001000 (1)
0100106101000 (2)
TTI010T 101000 (3)
QOLOTOTOT TOu ()
11T 0000000 (4}
HILOTTOI00100 (4)
1000101010500 (3)

)
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[
(

Length 13 (continued)

Initial LCAR (Number of Self- Concatenations of Initial LOAR)

ODIN 11010100 (2,3)

0000100110100 (3)
1000011110100 (2)
10111H1110100 (4)
0011010001100 (2)
1101101001 160 (1)
1100100101100 (3)
1101110101100 (2)
1100101101100 (3)
100000001 11060 (4)
1100010011100 (2)
0111011111100 (2)
0011100000010 (2)
1100101000010 (3)
1101101100010 (3)
110001710010 (4)
1000101110010 (2)
1101010001010 (3)

1111000101010 (2,3)

0100001101010 (1)
1110110111010 (2)
OFHTI00000110 (3)
1010111000110 (4)
0100100100110 (3)
1110010010110 (3)
0000011010110 (3)
LOLETLO1 10110 {2)
0010111110110 (3)
001001001110 (3)
VOTTLINTOLELO (2)
0U0 1001011110 (3)
1000110111110 (3)
00" 1100000001 {4)
0111001000001 (3)
LHI0TTOTG000T (3)
0010101010001 (3)
Otirrtoriooot (3)
FHHTO000BTO0Y (2)
1011001001001 (2)
1000111001001 (3)

1010111010300 (3)

0010101110100 (2,3)

0100111110100 (4)
1000000001100 (3)
0010110001100 (4)

1110111001100 (2,3)

1111100101100 (3)
1011110101100 (3)
1010101101100 (3)
0100000011100 (2)
1100011011100 (2)
1101000000010 (4)
1110010000010 (2)
0101011000010 (4)
0110010010010 (3)
OLLLI01GT0010 (3)
1110011110010 (3)
0110101001C10 (2)
CO00100101010 (2)
1100101011010 (2)
0110001111010 (3)
111100100110 (2)
0101111000110 (3)
1111000010110 (4)
1001001010110 (4)
101000110110 (3)
1001001110110 (3)
0110110001110 (3)
1011000101110 (2)
0110000011110 (3)
0100101011110 (3)
LHOOTILRIELIO (3)
0110010000001 (3)
0001000100001 (3)
0010111100001 (2)
1110101010001 3)
1001001 110001 (3)
0110110001001 (3)
0110101001001 (4)
0110111901001 (33)

0011000110100 (4)
1111101110100 (3)
0110111110100 (3)
0000100001100 (2)
0000101001100 (3)
0011000101100 (2)
1010010101100 (2)
1001001111100 (3)
1051101101100 (3)
0000100011100 (3)
100111100 (2)
1110100000010 (3)
1001001000010 (2)
1100100100010 \3)
0001010010010 (2)
00001001 1,310 (%)
0010111110010 (4)
1101111001010 (4)
1100100101010 (3)
0000111C11010 (2)
0010100000110 (4)
0000101000110 (4)
1000000100110 (3)
00001GO010110 (2)
0101001010110 (2)
0111000110110 (3)
0000111110110 (2)
1000001001110 (3)
1101010101110 (3)
1101000011110 (2)
1010011011110 (2)
0011000000001 (3)
00001 10000001 (3)
1011010100001 (3)
1001111100001 (3}
0100111010001 (2)
1101000001001 (33)
0100001001001 (2)
0011011001001 (3)
1111100101001 (3)

15

D
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L

Length 13 (continued) )

Initial LCAR (Number of Seif-C'oncatenations nllmlmll(\ll)

1101010101001 (2)
1111011101001 (2)
1010000111001 (3)
1000011111001 (3)
0011010100101 (2)
1001101010101 (2)
00001 11010101 (2,3)
0010101110101 (3)
0111010001101 (2)
1000010101 101 (3)
0010010011101 (3)
000VOV0T T LIOT (2,1)
0011010111191 (3)
0001011111101 (3)
0011100100011 (2)
0001001011110 (3)
1111011100011 (3)
0011010010011 (3)
0101101010011 (2)
1100111010011 (2)
1111010110011 (3)
O1111E1810011 (3)
1011000001011 (4)
1101010001011 (2)
0101000101011 (3)
01110101010t 1 (3)
0011010111011 (2)
0100101000111 (4)
1111010100111 (4)
0100000010111 (3)
1000101010111 (3)
0001010110111 {4)
1001000001111 (2)
0110001001111 (2)
1100110101111 (3)
1011001101111 (3)
1010101101111 (2)
1100111101311 (2)
0011010011111 (3)

1010110101001 (2)
1010101011001 {2)
LHHTGI01 11008 (4)
1001110000101 {3)
0111101100101 (2)
0011011010101 (3)
1001010110101 (2)
1101000001181 (1)
1001001001101 (2}
QU0 TLOT01101 (1)
OULTOTLOTTI0L (3)
(101000111101 (2)
0110110111104 (2)
0010111111101 (4)
0uo01 10100011 {2)
0100101011110 (13)
0100010010011 (3)
0100001010011 (3)
000001101001 (3)
000100011001 (2)
1100101110011 (2)
0100000001011 (4)
0111100001011 (2)
1011110001011 (2)
1101000101011 {2)
0011001011011 (4)
0101601111011 (4)
010000100111 (2}
0100111100111 (33)
0GOIOIOUI0TLT (3)
QUOTOLEOIOELT (33)
0101110110111 (2)
GHIOLOOGGTE L] (1)
11011001111 (4)
1001110101111 (4)
1EHL00110111LT (4)
1100011101111 (33)
0010000011111 (4)
001110011111 (2)

000110101001 (1)
1011011011001 (1)
00001 0T HI00L (2)
oot toooLal (2)
1011110010101 (4)
1HHLOBLOTO10T (2)
0110001110101 (1)
0001100001101 (:3)
HHI0TTI001101 (3)
LOOT1OTTO1101 ()
VOO EOTLTOT (1)
101010011101 (1)
THLOGLELEEIOE (3)
000D TTOBODT T (2)
00 101100011 (2)
1010011081110 (2)
0101010010011 (3)
0010001010011 (2)
0011011010011 (33)
0010010110011 (4)
HHEIOL 10010 (2)
1001000001011 (33)
OUN0OT000LOLE (1)
FELIOTI001011 (3)
1001010101011 (2)
0100011011011 (13)
000001 111011 (1)
0110100100111 (1Y)
TOLEELEI001TE ()
O001GOTGIOILT (4)
100001011081 {3)
0011001 HIO1TL (2,3)
GLO1010G011 11 (2,3)
10010 1111 (1)
HIOTOOLLOT111 ()
GUODTOTTONTET (2)
o010 101111 (2)
1001010011111 (1)
OULOTTIORINY (13)

l
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(¥'£) 01101 100100000
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Appendix 1. Tables of LCAR Concatenation

wlTrTngth 14 {(continned)

Initial LCAR (Number of Self-Concatenations nl I]nlml Hl;'('.‘\ R)

1110011110110 (4)
00101100101110 (4)
1101110110110 (4)
010010010111 10 (3)
H0OO00BOCOV0T (4)
00110100100001 (4)
01101000010001 ()
1101110101000t (1)
1100110110001 (3)
1 1000001001001 (2)
10101 111001001 (2)
01001011101001 (2)
1010001011001 (4)
00101111011001 (3)
01110110111001 (2)
1111000000101 (3)
1011000100101 (3)
10111110010101 (2)
10011100110101 (2)
1001001 1110101 {2)
00100000001101 (2)
1010011000101 (3)
00101110101101 (4)
01100111101101 (4)
01111000011101 (3)
10000001011101 (2)
0001 1000111101 (2)
Q0110011111101 (4)
1000101000001 1 (4)
0110010101001 1 (4)
1000011101001 1 (33)
1100101010011 (4)
01100100001011 (3)
00G1 1110001011 (2)
00110001101011 (3)
0011011001101 1 (4)
1000101011101 1 (4)
DULODOITTEIONE (4)
1001101111011 (33)
1010111010081 (4)

1001 1000001110 (2)
Q0100010101110 (1)
0010001 1101110 (2)
01000101 111110 (2)
01010100000001 (2)
101101 10100001 (3)
11011 100010001 (2)
0O1LELETOTO00T (3)
0OLIOLLTIO00T (3)
00111011001001 (2)
00010000101001 (4)
0111000001 10UT (2)
00110101011001 (3)
T1011111011001 (3)
0110000111001 (3)
01010001009101 (2)
00100110010101 (3)
IO TTI010101 (3)
1100101110101 (4)
LELHIOLL 10108 (3)
11010000001 101 (3)
0100101001101 (33)
OLHI11110101101 (2)
0UITT1T1101101 (2)
01001110011101 (2)
0H101001011101 (1)
1010100111101 (2)
1001000000001 1 ()
010001 LHTO00LT (3)
1100101010011 (1)
0001011101001t (2)
10001 101110011 (3)
10011010001011 (4)
01100000101011 (2)
0100000001101 (4)
0UN11OTI011011 (3)
01110110111011 (4)
TOTOTOTELEIONT (73)
0100111111100 (2)
0001011110011 (1)

Illl()lllm)lll>()(‘l)
100101101110 (2)
LOLTLO000L T IO (3)
1OHT0LoL 1110 (2)
101 11010000001 (2)
1100101 1100001 (:3)
OO0 OTOVOT {4)
010110001 10001 (3)
11U000D0LOTOOT (:3)
Lot 1ontout (1)
11001000 101001 (:4)
QL0101 10O 1001 (1)
0101004 1011001 (2)
1010110011 1001 (2)
QULOTOLI L1001 (2)
1010100100101 (2,3)
0100110010101 (4)
01100100110101 (2)
DOOBDDTTEIOT0L (33)
QLOOOLTLTTOI0T (4)
000DTO1O0DTI01 (33,4)
10100100101 10T (2,13)
10000101 101 101 (73)
0011100001 1101 ()
1011110011101 (1)
O10HUL 1011101 (3,1)
L0011 11101 (4)
1001001000001 (2)
TOOT01000TO 11 (1)
0OLOTO1EO10011 {2.7)
1HHTO001100) 1 (2)
1011000000501 1 (13)
0TI L0000, (1)
0100010101011 {4)
0101011001 1011 (13)
1000100011011 (2)
00010V 108 (3)
THTOY0LITH10)) (1)
FLETOTT00D0T1) (2,)
THI01101011] (4)

1H0




Appendix 1. Tables of LCAR Concatenation

[ Length 14 (continued) |

Initial LCAR (Number of Self-Concatenations of Initial LCAR)
00011010001 111 (3)
0100111010111 (3,4)
0110011101111 (4)
1100100011111 (2)
1110101101111 (4)

HIOEHL 11010111 (4)
0110111100111 E (4)

G1001001 110411 (3)
000001 10101111 (2)
11100001 101111 (2,3)
101000000111 11 (3)

0101110101111 (2,4)
0010111101111 (2)
0100101001 1111 (3)
1010115 1011111 (3)

1001001101111 (3)
Q1010000181111 (3)

[ Length 15 |

Initial LCAR (Number of Self-Concatenations of Initial L(",AR)__

100100100000000 (3)
0101111 10900000 (3)
01001001 1000000 (3)
011100000100000 (3)
111011000100000 (4)
1100160 10100000 (3)
0010110100000 (2)
1111001 11100000 (3)
110001 110010000 (3)
111010101010000 (2)
100111061110000 (4)
011011 110001000 (4)
111111001001000 (2)
0000001 11001600 (4)
(10010000101000 (4}
010000001 101000 (3)
01111101 1101000 (2)
11100100101 1000 (4)
10000101 1011000 (3)
101101001 111000 (3)
01000501 1111000 (3)
V011110010001 (2)
01011001 1000100 (4)
100000000100100 (4)
101000001 100100 (2)
000101001 100100 (2)

100110100010100 (3)

001101010000000 (3)
111010001000000 ¢2)
111011011000000 (2)
110010000100000 (3)
[ 11101 100100000 (4)
111001010100000 (4)
011001001100000 (3)
001101111100000 (2,3)
101010010010000 (2)
001111100110000 (3)
1011101 11110000 (4)
101011003001000 (2)
011000101001000 (2)
0010001 11001000 (2)
001001 100101000 (2)
011 110001101000 (2)
1001111 11101000 (3)
001100101011000 (3)
0011010001 11000 (2)
1001110011 11000 (3)
0101101 11111000 (3,4)
1100010101010 (4)
10006101 1000100 (4)
000000 100100100 (2)
001010001 100100 (3)
100101001 100100 (3)
001001 100010100 (3)

111110110000000 (2)
001001001010000 (2)
000100111000000 (4)
0011109%00100000 (4)
110111100100000 (4)
1001 11010100000 (3)
001101101 100000 (2)
110010000010000 (4)
111110110010000 (4)
0111101 0110000 (3)
010100110001000 (3)
110111001001000 (4)
111010101001000 (3)
001111111001000 (3)
101111100101000 (3)
011101101101000 (3)
100001100011000 (3)
001100011011000 (3)
1101110101 11000 (2)
O11111001111000 (3)
100111012000100 (3)
OU1110101000100 (4)
00L100111000100 (2)
0101000101001 00 (3)
101170001190100 (3)
10010001 1100100 (3)
001110110010100 (3)

l
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Nl

(1) 01010101010
(7) o5 1000011010001
(53 0101 1T 110000000
(s} 010111010011 100
(r) 0101010001010
(') o100 LronG:
() 0101100111100
(£:) n1otor101001100
(£} 01010101 1001010
(:7) 01010011 1110100
(£:) 0101001 10001000
() oloInooio1yinio
() otooittorotion
(r)otonttotiiion
(Y oronr1ono10:0n1
(£)oto0t001 110110
(4:) 01001001 1000000
() aronotttoroni
(¢ 2) 0100010101 11101
() 01000010 1101001
(z) orononptonoton
() oo rt001000
(Y 0011100110000
(z) gt oo1a00ioo
(£) oot rtort 000t
() voritototonoioo
() oottiooriioniit
(1) 0011 10000100000
(£ oorinrtotiioolo
() oartatiatooator
(#) out1oot 11100011
(7} ooreottotoinio
(eYoutiootoootorto
() 00110001 1000001
(e z) oototrivenoon
(e)ootorttorino
() ootmtorotinol

{s)ortooototoritnn
(£) 0110000001 10110
(¢)otottiortortion
(£) 0101110100100 1
{(rYororroniioin
(£) 0101 10111100001
(¥) 01011001 1000100
(v) 0101011010001 10
{r) olo101010101001
(z) oteroorotiorn
{£) orotont001001 10
(7) 010100010101110
(£) o100t 1100101001
(£)otoottootiitrio
(z)olunio111001 100
{(¥) 010010011010100
(&) 010010001101110
(¢} mooatort i tooo
(v'e) 01000101001 1010
(z) o1o00010100101 1
{£) 0100000011 10010
(£) 00111 1110011010
(+)oor1itoto010001
(z) antttiogonot 101
{(z) 001110110100001
() 001110100100111
(e)ootitiooiotttolo
(£'2) 001101111100000
{z) oo1101101100000
{£:) a0t 101010000000
(£)ooticoi1totino
(£)oo1100101101010
{£1 00110001101 1000
(£) vot 100010111010
(¢'z) ootot1111001010
(£) oorotitaoiooolo
(£) oo1o11000100011

(z) or1on0101001000
(vjoto111110110030
{v') a10111010100010
(£) 010111010001100
(£) 0101110001 17001
(¥) 010,10110100011
(z) 0101011100111
(z) ot0101011001100
(z) oro101000101001
() o10100110101010
(£) ot0t000110101 10
(£:) D10100910100100
(£) 010011106300010
(£) 010011001101 101
(£) 010010100101001
{£) otoolo011001101
(+'£) 0tono1 110110001
(¢) oroimtollolino
(£) 010001001 110100
(£:) 010000010001011
(£) 010000061 101000
(v) oorttionitiint
(£) 00111100161 1001
{¢) 001111000000011
(£) 0o1110110010100
(v) co1t10100100101
{(£) oo11t0000110011
(r) 0011011110108 11
(z) ooviotiotottito
{(7) co110100011 1000
(z) out100111010010
{£) 001100101011000
(£) 0011000110001 10
{z) 001100000011011
{£) ontot1t10100111
(v) ootottotiotiiio
(¥) 001010110010010
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Appendix 1. Tables of LOCAR Concatenation

[

Length 15 (continued)

]

(Mnitial LOAR (Number of Self-Concatenations of Initial LCAR)

HI01 11101000110 (3)
0111110001001 10 (3)
F10001 100100110 (3)
116101110100110 (3)
HIG010001010110 {4)
01010001 1610110 (3)
1011001 11010110 (3)
100000011 110110 (3)
LHOOLLETT10110 (3)
OFTOTT 10001110 (3)
010100010101110 (2)
F1GOOOTO Y 101110 (4)
0111000 1161110 (3)
111001110011110 (3)
00T101101011110 (2)
00101101 1011110 (4)
011001000111110 (3)
V0011 HLO0111110 (3)
100100001 111110 (3)
100001 00C00000] (3)
1000001 10060001 (4)
[11010001000001 (2)
00110001 1000001 (3)
11001 1000100001 (3)
111100100100001 (3)
0001101 10100001 (3)
O11111001100001 (3)
100101000010001 (4)
100101010010001 (4)
1010111001000t (3)
1HI010010110001 (2)
HOLO 10001 110001 (3)
101101 100001001 (3)
1001 10110001001 (4)
GOOGO101 1001001 (2)

010101000101001 (2)

11100003 1000110 (3)
0101001001001 10 (3)
0111011001008 10 (4)
LHTI0LETII00110 (3)
111101001010110 {4)
HI0110011010110 (3)
011000000110110 (3)
0UO1000I 1110110 (4)
000001000001 110 (3)
101110001901110 (3)
01001000 10111Y (3)
101000101101110 (4)
10100100001 1110 (3,4)
110001001011110 (2)
010V0101101 1110 (3)
001100111011110 (3)
100001 100111110 (33)
10001:010111110 (3)
010011001111110(3)
001001000000001 {4)
1011001 10000001 (3)
011100101000001 (33)
1001101 11000001 (3)
101000100100001 (2)
110010010100001 (2)
(01110110100001 (2)
111010011100001 (2)
10001 1100010001 (3)
001111010010001 (4)
101011101010001 (2)
0111 HIDIUL0001 (3)
1010010011 10001 (:3)
O11111100001001 (3)
001001 110001001 (3)
100111111004001 (3)
01001 1000101001 (3,4)

00110001 1000110 (3)
000001 100100110 (3)
1100001 10100110 (3)
001 100100010110 (3)
101010101010110 (4)
101101011010110 {3)
{11111110110110 (3)
01001001 1110110 (3)
H1001100001110 (1)
1000001010011 10 (3)
011001001101110 (4)
OUIVTT0T 101110 (3)
¢o0101 100011110 (2)
111001001011110 (3)
0UOO IO 101TT10 (3)
GLITHITLLOIT10 (3)
110011100111110 (3)
000101 110111110 (2
OLITIOLIEITITM0 (3)
111110010000001 {4)
011011110000001 (3)
10000001 1000001 (4)
1000000001 00001 ()
110100100160001 {4)
0010001 10100001 {4)
00011000 1100001 (3)
0101101110001 {3)
111010010010001 (3)
1001 10110010001 (3)
¢1100001 1610001 (2)
010001 110110001 {3,4)
LLLE10111110001 (3)
010000010001001 (2)
000000001001001 (3)
100010000101001 (4)
010010100191001 (3)




Appendix 1. Tables of LOCAR Concatenation

f Length 15 (continued) 1 - ' ]
Initial LCAR (Number of Self-C'oncatenations Qlfwlikivit'ilzi\'l LCAR) ]

001001100101001 (3)
100010010101001 (4)
010000101 101001 {4)
061010001011001 (3)
10001961 1011001 (3)
100000111011001 (3)
1100111001 11001 (3)

1010100101 11001 (3,4)

10010011 E111101 (3)
001001100000101 (2)
1011101G1000101 (3)
011101101000101 (4)
001110100100101 (4)
101100011100101 (3)
101110110010101 (3)
011010101010101 (4)
1010101001 10101 (3)
100110110110101 (3)
110010111110101 (3)
101911010001 101 (33)
101000001001 101 (4)
011010111001101 (3)
100100001101101 (3)
L1 111001101101 (3)
011100100011101 (3)
TELE11110011101 (4)
101000101011101 (3)
110110111011101 (3)
001011010111101 (3)
001111101111101 (a)
111011000000011 (3)
011101101000011 (4)
011110100100011 (2)
111001110100011 (3)
101000101100011 (3)
0UO0 10000010011 (4)
011010100C 10011 (4)

C1001 1100101001 (3)
010101010101001 (4)
1001101 1101001 {3)
0011 11001011001 {3)
TLLEI0UTL0F 100 (3)
0101 11000111001 {3)
00011 1100111001 (3)
0000010101 11001 {3)
Qo010T11 1111001 (3)
11111 1100000101 (33)
110001 101000101 ()
OLL110000100301 (3,4)
10001 1100100101 ()
000010010010101 (2)
110011001010101 (2)
101 110000110101 (33)
HHOTLIO0TLO101 (3)
100101001110101 (3)
001111000001 101 (2)
101001 11GEIT101 (3)
100000011001 101 (:3)
0001 11100101101 {3)
LILTT0001101101 (3)
1001001 1101101 (3)
0U1001 10001 1101 (3)
11100000101 1101 (3)
10101001101 1101 (33)
000011111011101 (4)
000101001111101 (3)
1011000111101 (33)
0011 11000000011 (1)
0110010100001 1 (3)
110101 100100011 (%)
DO0OTO00110001 1 (1)
O0LIOGT 11100081 (3)
QULOUTOOUOIOOT ] (33)
101160010010011 (1)

mmlllnuinmnl (4
HIOTIOHII0T1001 (2)
FHHIOTL 001100 (1)
100100 TOH 1001 (1)
101011010100 (33)
000010011001 (1)
001ODOOTOLTOOL (:3)
HTODTO0LL 111001 (2)
LO1 100100000101 (1)
1000010000010 (2)
GOTEOT 01000101 (3)
LIOO 11000100101 (2)
11ON00D0T 100101 (1)
OO T1OT001010) (3,1)
1OTO1HO01010101 (:3)
00010D100110101 (L)
LOTTOO0IDN D10 (3)
1000101011 10101 (2)
110010010001 101 (3)
TOTTLETI0001 100 (33)
01001001 1001101 (3)
OLIO10110101101 (3)
O10011001101101 (13)
L0000 10T (3)
FHOTTTOOLTEOL (2)
111100001011101 (2)
GIOTLI00I011101 (3)
01000101081 1101 (2,3)
QUIOTTEOTLELIOL (13)
FHIOOELTIL 0L (2)
1010011000006, (.3)
001011000100011 (3)
GLOT101 10100011 (4)
011001001 100011 (1)
L TEOTT 00011 (2)
OOOTOTON0GION T (1)
00ODUIOTONT00 L (3)

60




Appendix 1. Tables of LCAR Cloncatenation

Length 15 (vontinued)

|

Mlnit,in,lv LCAR (Number of Self-Concatenations of Initial LCAR)

100001010010011 (2)
LEILTT101010011 (3)
(011100001 10011 (3)
1010101001100 1 (2)
L0010 110011 (3)

010000101001011 (2}
THBOTIOTTG1081 (3)
00110000001 1011 (2)
011010110011011 (3)
1010101 1011011 (2)
000100100° " 1011 (4)
00000TOOTTITONT (4)
1011101000001 11 (3)
110010111000111 (2)
Q0110100100111 (3)
00000 T0101GOT 11 (4)
011100001 100111 (4)
11000101 1100111 (3)
HO00DO100010111 (2)
L0001 1010010111 (2)
OUONLO101010111 (2)
00000 1000110111 (4)
0101001 10110111 (2)
0101110011011 (4)
100001001001 111 (3}
TIOTTLTLIO0NTLT (2)
1001001 1101111 (d4)
OLI00L11 110111 (3)
1O0000OLO0TL L1 (4)
OFTOU0TOTOTTTTT (3)
L10001 111011111 (2)
1011011001 1111 (3)

OO0t L (4)

O0IVLETIIEI00L) (2,3)

010111010010011 {3)
1110001101001 (2)
100001000110011 (3)
111011100110011 (2)
1001 11001115011 (3)
0100001000101 1 (3)
Q0111011100101 1 (3)
1TOL1001 1101081 (3)
11111010001 1011 (3)
11010111001 1011 (3)
101110111011011 (3)
0001 11010111011 (2)
011000101111011 (3)
011000110000111 (3)
111110000100111 (2)
011110100100111 (3)
010001110100111 (3)
1010110110011 1 (3)
0L1011111100111 (3)
0000010001011 1 (2)
100001 110010111 (2)
0011011101011 1 (4)
1011001011011 (4)
11001 1001110111 (2)
1101110000011 (3)
000001111001 111 (3)
0110101001011 1 (4)
001110011101111 (3)
1100100001111 (2)
1001 10110011111 ()
00000001 1011111 (2)
10001 1111011111 (3)
101000001 111111 (3)
0110110111111 1 (3)

1001111001001t (2)
101011111010011 (3)
101001000110011 {2)
100101110110011 (3)
O1I1110011 10011 (3)
100001001001011 (4)
110001 001101011 (3)
011001011101011 (33)
111011010011011 (4)
101110011011011 (2)
111100000111011 (3)
111101110111011 (3)
111100111111011 (2)
0010001010001 11 (4)
000110100100111 {4)
1100111001001 11 (3)
001011110100111 (3)
011110011100111 (3)
10H1TTH11100111 (2)
100010010010111 (3)
000100101010111 (3)
1100000001101 11 (3)
000000110110111 (2)
101011001110111 (3)
101110100001 111 (2)
010101111001111 (2)
000001001 101111 (4)
110111011101111 (3)
101101100011111 (3)
110110001011 111 (3)
00001001101 1111 (4)
000100100111111 (2)
1100101011111 (3)

161




Appendix . Tables of LCAR C'oncatenation

|

Length 16

Initial LCAR (Number of Self-Concatenations of Inltm‘ll(\l()

0011 110000000000 (4)
1101100100000000 (2)
0110011 110000000 (4)
1101 101000100000 (:3)
1110011010100000 (2)
0010001101 100000 (3)
1110101011100000 (4)
1111101100010000 (3)

0000000001010000 (2,44)

10000001001 10000 (3)
100100101 1110000 {4)
100010001000 1000 (4)
O111111110001000 (3)
11CE011101001000 {4)
001001111 1001000 (2)
1111100010101000 (4)
0110100101101000 (2)
0110101111 1¢1000 (3)
0111110110011000 (2)
1001110011011000 (3)
11001001 11011000 (4)
01001 10010111000 {4)
0011010110111000 (4)
1001000000000100 (2)
0100010011000100 (4)
000011 1000100100 (2)
0111000101100100 (2)
010101001 1100100 (3)
0100010000010100 (3)
101 1100010010100 (3)
1001101110010100 (3)
0110100000110100 (3)
01010110100 (4)
1010100101 110100 (2)
1101010011110100 (3)
1111100110001 100 (4)
0110010110101100 (3)

N000 101000000000 (2,4)
0111010010000000 (2)
1101 LTO101000000 (4)
1001111100100000 (2)
01000101 10100000 (4)
1010011 101 100000 (2)
010101 1111100000 (2)
1001011 100010000 (2)
0101100061610000 (4)
0010010001 110000 (2)
11001010111 10000 ()
10001 10010001000 (13)
0010100001001000 (:3)
001101 1101001000 (1)
0001001000101000 (:3)
111011001 101000 (4)
0116010011 101000 (2)
1101110000011000 (1)
TLELIOTT10011000 (4)
11101 11011011000 (3)
10001 11100111000 (4)
00011010101 11000 (2,4)
1011001 101111000 (4)
1000001 100000100 (4)
00001 1011000100 (3)
1101010100100100 (2)
0011101101100100 (3)
01000101 11100100 (2)
0001001000010100 (13)
01000001 10010100 (4)
1010110011010100 (33)
11011000001 10100 (4)
GLO10000OT 110100 (3)
1000101 101110100 (2)
1001100000001 100 (4)
0001101110001 500 (2,3)
0001 110110101100 (4)

a10001 l(m()()(nu)m (2)
LOT 10001 TORO0OO {4)
0110011000000 (2)
100U TOTOTO00OY (3, 1)
LHHLOTO00 T 100000 (1)
OETIO0101TT00000 (2)
11O LT TR T00000 (1)
100001 1010 L0000 (3)
QU LOBVoaLLONON (2)
OLEEIO00TT Fu0o (3,
FHEHIO1000001000 (2)
11O 1O TU001G00 (1)
BUOTOTOOOTOVLOON (1)
0101111011001000 (2)
0100100101000 (1)
1011000101101000 (2)
LOT0110011101000 (3)
101OTOT0000 T 1000 (1)
0001 110101011000 (2,1)
QOT1000T 11011006 (2,13)
1ODOTLOOTOTT 1000 (1)
FLOTONOTT10E1 1000 (2)
0100100111 11000 (33)
0100110101000100 (1)
THoot 1 noootan (1)
LIOTT00EO100100 (2,1)
010001001 1100100 (13)
00010011 11100100 (2)
01 10100100010100 (1)
100110011601010C (1)
L0001 TI0TOr00 ()
FELOTLI0001 EO00 (2,
HHGOOLOOTETOTG0 (2)
1100100011 110100 (4)
1O1000001000T 10 (2)
QOTITIUNTTOB1 100 (4)
0010001101100 (1)

[
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[

Length 16 (continued)

[nitial LCAR (Number of Sell-Concatenations of Initial LO'AR)

000100101 1101100 (4)
0100100100011 100 (4)
100060101 1011100 (2)
HOOO0OBOODTT 1100 (4)
111001100012 11100 {2)
1100001 110111100 (2)
F1OU01001 1111100 (2)
1011001 101000010 (3)
LO10000000100010 (4)
1100001 100100010 (4)
0110100010100010 (4)
000000U00 1 100010 (2)
0011100010010010 (4)
1001001 110010010 (3)
01110001 11010010 (3)
1010010 0110010 (2)
0100111101 110010 (2)
0100111011110010 (2)
0010111000001010 {4)
1011101001001010 (4)
0100011011001010 (3)
0111000100101010 (4)
LI0H101010101010 (2)
FLILIO1011101010 (2)
1100010001011010 (2)
110100101 1011010 (4)
1010101L10111010 (2)
ODO1001 101 111010 (2)
111001001 3000110 (3)
0001011100100110 (2)
1000001 110100110 (2)
1111001011 100110 (3)
L 100010000010110 (4)
0010100010001 10 (4)
0110101101010110 (3)
0001011111010110 (3)

000U 10000011100 (2)
1001010100011100 (2)
0010011011011100 (3)
010111000011 1100 (4)
00VOT 110U 11100 (3)
0011001110111100 (4)
0111100100000010 (4)
0111000111000010 (2)
0010100000100010 (3)
0010001 100100010 (4)
00000101 10100010 (4)
0101001101100010 (3)
0100111010010010 (3)
1000100001010010 (3)
1110000100110010 (4)
0010001010110010 (3)
101000001 1110010 (3)
1101110111110010 (3)
1000010110001010 (3)
0111011001001010 (4)
10000101 11001010 (2)
(1101 110100101010 (4)
{110011110101010 (4)
0000011111101010 (2)
101100001 1011010 (4)
111001 1111011010 (2)
1100100101111014 (3)

100001 1000000110 (2,3,4°

0111111011000110 (2)
0001 111100100110 (3)
1011100001100110 (3)
00000001 111001 10 (4)
00101 10000010110 (3)
0001011010010110 (2)
101101 1101010110 (2)
11001 11100110110 (2)

11010GU1000; 1100 (3)
110000001 1011100 (2)
0111110111011100 (2,4)
11011100001 11100 {3,4)
0111000010111100 {2)
0100010001 111100 (2)
00101001 10000010 (4)
11010101 11000010 (3)
0011111000100010 (2)
0010011100100010 (3)
001001 1110100010 (2)
10010101000100° . (2)
11000001 10010010 (4)
0111011101010010 (2,3)
00011101001 10010 (1)
0100100101110010 (3)
100001001 1110010 (3)
0111011000001010 (33)
1110011110001010 (2)
1110111001001010 ()
1010001000101010 (2)
0010011100101010 (3)
1001110011101010 (4)
000010100001 1010 (4)
000101001 1011010 (4)
00111100001 11010 (4)
1111010101111010 (2)
1001100016000110 (3)
0111010000100110 (4)
0011010110100110 (3)
0111110001100110 (2)
1100111111100110 (2)
0100010100010110 (4)
0110110101010110 (3)
0110101011010110 (3)
1001111100110110 (1)
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[

Length 16 (continued)

Initial LCAR (Number of Solf-(‘ulu‘alblmli()rlll};v“(;‘l"i!ilr'“ki%‘klA LCAR)

0110101010110110 (3)
0111011001 110110 (2)
FIOTHT1011110110 (4)
0011110100001 10 (2)
01000011 10001110 (2)
0110010000101 110 (4)
0101000001101110 (3)
010010101 1101110 (2,3)
0L0U0DOBTOOL 1L IO {4)
LHI1001110011110 (2)
1011001 111011110 (2)
100000010011 1110 (4)
0001100110111110 (2)
0110001 101111110 (2)
00001 10010000001 (3)
0011101101000001 (2)
0110010111000001 (2)
01010001 10100001 (3)
0000100101 100001 (3)
101100001 1100001 (2,3)
0001000100010001 (4)
111001 1101010001 (3)
00010001001 10001 (3)
1011101001110001 (3)
001000000000 1001 (2)
1000010001001001 (3)
1001 110111001001 (2,4)
0100100010101001 (2)
T1HI00101 1101001 (4)
011000010001 1001 ()
00101001 10011001 (4)
1011100111011001 (3)
0001101100111001 (:3)
1110001101111001 (2)
LIOTEHIOTTLL1001 (3)
010011110000G101 (1)

1110100110110110D (4)
1011000101 110110 (2,4)
1001101111 10110 ()
0101010010001 110 (1)
0100101 110001110 (1)
Q000000 TUOTOT 110 (2)
0101001001 1O 110 (1)
LHIOTTIOT IO o (1)
OO TOVUOTOO LT (2)
10101 10001011110 (3)
1THI0010001 1 LI0 (3)
000000 LOOTLE110 (2)
OO11I0LTTOLLIETO (2,1)
LIOTO0101TTLLEI0 (3)
0111110010000001 (1)
001000001 1000001 (4)
100 1001000100001 (3)
01010011 10100001 {2)
011011 1101100001 (2)
011001 111100001 (1)
1010010010010001 (1)
1010011011010001 (4)
10110001001 10601 (2)
000111001 LT T0001 (1)
01 11100100001001 (2)
000011 1IGT0O0100] (1)
LHTOOT1T1E001001 (33)
001 1100010101001 {2)
001 1000660011001 (1)
LHTIOUG 00011001 (33)
1100101001011001 {3)
OLTOTTITLI0E1I001 (4)
010101 110DE 11001 (4)
00000100111 11001 (2)
0100010000000 (1)

0101010001000101 (2)

llIHHIVH(H‘l(Hl(l(:{)
OO L0 L EOTLO ()
LLETO0000000E 110 (1)
Q01001101000 LT 10 (2)
N000OTTTOTOTIT0 (2)
LIOTO00, 00101110 ( 1)
GHIOETTO0LTO1110 ()
TOFLETITO00LETLO (2)
THOOT o010 (2)
P00 ionLo (1)
L1001 10004 11O (2)
HOOOT00TO1 LT (2)
HHOT0010 L0 ()
Q00TCGOT TN ETIO ()
00000TOTO100000T (3,1)
HTTIO101 1000001 (2,4)
Q1001110010000 (13)
0110000001 100001 (2,3,1)
1011100180001 {4)
0100101000G10001 (3)
HOTHI0010010001 (:3)
GOTOTHIOLTO10001 (2)
QOO TBI00TTU00] ()
HOTTO010TSE10001T (3)
FHLEOT 100001001 (2)
010010011 1001001 (3)
TL10001000101001 (1)
DO0OTNLOTILOT0OT (2)
LIOTL 000011001 {3)
HLOOT 1010001 1001 (1)
VOTOTONTEIOTI0DY (1Y)
10110000001 11001 (2)
100100111011 100) (2.1
LEILHOon L toar (2)
001100 TOUOGITOT (2)
LIOT100000100101 (2)
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Length 16 (continued) l

—

Initial LCAR (Number of Self-Concatenations of Initial LCAR)

ml()()(Jl()()l()()l(]()l()l (4)
[O1 1100101100101 (2)
OUOODTTOLTI0010G (2)
01011101 11010101 (2)
LO11! 0000110101 (13)
001V 100110101 (3)
00000TT1T 410101 (4)
0101161100001 101 (4)
10001 10010001101 (2)
00000001 10001101 {4)
00OTT110T1001101 (4)
O 101010101101 (2)
011001100001 1101 {3)
1001101 110011101 (3)
1001 11001011101 (3)
OLTT10001 E1 1L 1u] (2)
0011101100000011 (2)
0100UH01100001 1 (4)
TLELTETTL100001Y (4)
0101101000100011 (2)
OUi 1111100100011 {2)
000100101 1100011 (4)
00101 11100010011 {1
00011011 10010011 (1)
0000101010011 (3)
011011001 1110011 (2)
0011 100010001011 (3)
0001 110110001011 (2)
001011 1100101011 (3)
1101010110101 (1)
001011000001 1011 (1)
GOBOLBOLOTOOLTOT L (2)
OIOLOLOLO101 1011 (2)
0001 100000111011 ()
LEVOLO0T00TTLOLT (3)

GO00001010111011 (4)

0100110100100101 (2)
LHETHLOI0T1J0L0] (3)
0O10111010010101 (2)
1110000000110101 (3)
0111101000110101 (3;
¢0J1011100110101 (3)
1101111111110101 {4)
1000011100001101 (2,3)
0001011010001101 (2)
1000111101001101 (3)
OLITIOEIT1001101 {2)
011010101 1101101 (2)
001010010001 1101 {3)
110110000101 110} (2)
110110061101 1101 (3)
011011001 1111101 (4)
01001001 10000011 {4)
1010110011000011 (3)
0110100000160011 (4)
1101 100100100011 (3)
1110000101100081 (4)
1011111000010011 (2)
ITIOT11010010011 (4)
1001 101501010011 {3)
11000010001 10011 (4)
0110011111110081 (=,
0111019010001011 (4)
0101101101001011 (4)
0010010010101011 (2)
1LIGOI0T 11101011 (2)
1011 101000011011 (2)
110001001001 1011 (3)
1011010101011011 12)
11U0010000111011 (2)
0010010100811011 (2,4)
110001 1010111011 (3)

1110101100100101 (4)
1000101101 100101 (4)
0001100001010101 (4)
1101000000110101 (4)
110N001100110101 (3)
0001060110110101 (4)
1001110000001101 (2)
1111100010001101 (4)
0110111010001101 (2,4)
0100001011001101 (",
J000011111001101 (4)
1010110000011101 (3)
101001101001 1101 (2)
0101001001911101 {4)
1100100001111101 (2)
1000011011111101 (4)
1100110001000011 {4)
0011110111000011 (2)
1101110000100011 (2)
0111110100100011 (2)
1101110101100011 (3)
1110110100010011 {4)
0101111010010011 (3)
1101000101010011 (3}
100110001011001 1 (4)
1010110000001111 (4)
1100101010001011 (3)
0111111101001011 (3)
0100001 110101011 (3)
1010010000011011 (2)
1611101100011011 (3)
0000010001011011 (3)
1111000111011011 (2

001 HI000uL1101L {3.4)

0101010010111011 (4)
01001111101110611 (3)
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Length 16 {continued)

Initial LCAR (Number of Solf-{'oncatenatir 1s of Initial LCAR)

1001100001111011 (3)
1010111 EELELIOLL (4
1100011010000111 (1)
10011 11011000111 (2)
1010111101001 11 (2)
0000010101100111 (2)
0101010111100111 (4)
0101101 111100111 (2)
00101011130101 11 (3)
1101011011010111 (4)
0010110001110111 (2)
{ UL1ul101110111 (3)
1001100010001111 (33)
011001110100111 (3)
0000011000101111 (4)
100160001 1101111 (2)
1011000100011 111 (4)
OL1 1101110011111 (4)
1000001 101011111 (2,4)
0001100E11011111 (4)
1001111001111 (2)

OLLOELHIOLTTIOLT (4)
10TGLIN000V0OT T (3)
100 TOTOVOLO00 L (1)
QOTTIOTI000TOOTIL ()
Q01110001 100111 (2)
100010101 1100111 (3)
00100011E11001 1L (4)
0111101001011 (3)
DUOBOTHIDIOIOLTT (4)
1100100010010111 ()
0101001001 110111 (4)
0111011501 110111 (4)
LEOTI0T 110001111 (2)
TODIOTTEOT00T L] {4)
O10E 1101010111 (2)
LELTTIOOTLLOL LT (4)
0001010100011 211 (4)
000100000101111) (2)
GICIOEITOL01 L (2)
THIOLIOT 101 1) {3)
TO100110TOETEEY (33)

FOOETLETOLELIO8E ()
G100 O0TVOOO LT (1)
BOIOTHTO0T000T 11 (2)
0110001001001 1L (3)
O1itoeroltoortt (2)
0101000111100 (2)
LOOTOOTEEELO0TT (3)
OL10TTOTIOOTOEE (1)
TO100100F101011) (4)
THHTTOLIIOI01 1Y (33)
HTOOTO0TI T TOTEE ()
0111000000001 11 (2}
OELTETOO0TOVTEEE (3)
Ofreroofrtoor Ly (2)
0000100110 LTT (4)
OHOBTHITIoLEn ()
QOTIO00T1LOTLLTL (1)
COTOTTOEOIOTITEY {4)
0000100011011 {13)
VEILOTELO0T (LY (4)
HIOOOOTESLTTLETE (1)
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1.2 Non-self Primitive Concatenation of LCARs

Due 1o the very large namber of possible concatenations of cach length, we only
include some examples here.

We list all length 5 primitive LCARs in the first row of the table. For each of
the LOARs, we concatenate the rest of the LOARs to it and check the primitivity.
The length 10 primitive LCARs on the second row are obtained from the non-+ If
primitive concatenation of the LOARs in row |, Similarly, the primitive LCARs of
rows 3 are formed by the non-self primitive concatenation ol the length 5 LCARs in

row | and the 10 LOCARs in rows 2.

I i Al 1
L ength [ Primitive LCARs |
[ s 11110 10000 01160 11100 11000 11001

10 11110-01100 01100-71100 11160-01100 11000-11110 11000-11100

HI000-121001 1HO0E-11110

Ih 11 110-01100- 11100 10000-11100-01100 10000-11001-11110
01100-01100-11100 11000-11110-01100 11001-11110-01100
HHO01-11001-11110
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1.3 Non-Self Primitive and Non-primitive Con-

catenation of LCARs

This lists a set of LOARs of length 16 constructed by both PP and PPN concatena

tion from length 8 primitive LOARs. The LOARs with * are primitive,

Length &
Primitive LCARs

Leagth 16 LCARs

10100010

10100010000 10001
1010001000100010
10100010001 T H10]
1010001001 100100
1010001010000110
1010001010100
101000101 1110001

100010000101 Il
Ltotoontooolotolo™
LGLOO0 001001110
130001001 101001
101000 1010010100
1O10001011010100

10101011

1010101 100000001
1g10t01tato001011*
10101011G1101110
1010101 110100101
1010101110110101
1010101111000110

i(lrl()l(ll 1O l()i()()
1010101 101001011
OO0 o
1010101110101 101
otarorron o
1o1s10i10no10*

11010010

1101001000101010*
1101001001010000
1101001010010011*
1101001010101 101
1101000 11011010*
11010010111 10010

1101601000101 100
LIO100T00TT101L 1"
1H1G1001010100000
HOTO0to101 10000
FL01001011011101
LEOTOOI0T L1001

11010011

1101001 100001101
1101001100101000
1101001 101000000
1101001101001101
HIGIOOTTO EN I g
TLOTOGTTI0R0T00
LIOT00LET T RO

111001 100010000
OO0 100,01
HIOTO0EEO1000010
Frolool o1 10001
HIoJoor 1o
1101001111001 100

LHotoorritlino

lllrlill!()lnl)()()l t1on
LOTO0G 10001 LOBDO
1OTA00 LONTOY [H0D
HOTOOOTOOTET o0
otooolotuinioto

LOTO00T0HIOI0I01®

L0 *oloontor®
1OHOLOTIO1T0T10000
TOIO1OTTI001 1 100
OO T o006

{10101 11 100N

Lrorotoe:rrolron

HLOTO01010001 110
Tintontoloioiolo
Liotootalrtoioim*
LHOTOOIOETEOT LR "
HOM00Err e
Iihmul 100010110
Hotooltaor et inn
Ho1uo110t001010
Horoorioiriring
Ltoroaltiotiioll

Holnoirrrrinola




Appendix 1. Tables of LOCAR Concatenation

Length 8
Primitive LCARs

Length 16 LCARs (continued)

11010101

HO1010100001 100
HOM010100111011
t1otolatototr oL
11010141 10000001
110,010110010110
1101010111111100

1101010100100010
11010101001 11500
1101010101110010
11010101 10000110
1101010110111001

1101010100100100
1101010101010101
1101010101110101
1101010000111 1
110J010111000010

11011010

11011010000111C0
1101101001010101
1101101010000001
1101101010101010

1101101000100000
1101101001101001
1101101010000110
1101101010101 101

1101101G0001111
1101101001110010
1101101010001101
1101101011 1EHE100

01000101

0100010100000001
010001310001 1000
0100010101001 101
0100010110100000
010V01011 1100100
U1000t0t 11T TD000™

0100010100010001
01000101001 101 0™
0100019101010100*
0100010110110010
0100010111101001
otooot0111L1010™

01000101000101 10
0100010101001010
0100610101 101000
0100010111000001
0100010111108 L™

arootogt

Q100101 100010100
0100101101011010
010010 1ioouL 10
0100101 110110000
0r1pot0t 101101

giooiotiootoottl
0100101 101100000*
0100101 110010001
0100101116110010
orooiortr oLy

gigoicrtootitort
010010110110001 ¢
0100101110101 101
0100!01111010011*
grootottIttrnnto
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Appendix 2
CCMINI Manual Page

NAME
cemini - a concurrent checking code generator and minimizor.
SYNOPSIS

cemini [-hfelp]] [-blerger]] [-plarity]] [-m3] [-c[ombinational]]
[-slequential]] [-r[pattern}] [-m7] [-]|pattern]] [<filename:s]

DESCRIPTION

Cemini is capable of adding berger code, Mod3/Mod7 code and LI'SR/LCAR
to output of benchmarks circuits (or other circuits), and parity code to input of
the circuits. Minimization is automatically carried out. alter above codes are added.
The format of input file is compatible to that of espresso. “Don’t cares”™ can appear
in input or output or the both. A statistic information about the given circnit can
be found in a *.rpt file,
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OPTIONS

blerger]
-c[ombinational]
hielp]

A[pattern]

ma

mT
plarity]
r[pattern]

sfequentiall
< filename:»

-1
Pt

add berger code 1o output of the circuit.
for combinational circuit.

gets cemini user manual.

add LIFSR code whose divisor polynomial is
gi 'en by pallern in binary form.

add mod3 code to output of the circuit.
add mod7 code to output of the circuit.
add parity code to input of the circuit.
add LOCAR code whose LOAR structure is
given by pallern in binary form.

lor sequential circuit.

input file name.




