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ABSTRACT

For test response compaction in Circuit-Under-Test (CUT) with scan-based
Design-For-Test (DFT), the presence of Unknown-Values (X’s) in test output responses during
test can cause fault coverage lost and degrade the performance of test compression.

In this thesis, the present flexible X-masking logic called selective X-masking to
handle the X’s. The basic concept is to combine our X-masking logic with either X-canceling
Multiple-Input-Signature-Register (MISR) or X-tolerant compactor. The selective X-masking is
used to handle the majority of X’s in scan chains, while the remained small number of X’s can be
tolerated by either X-canceling MISR or X-tolerant compactor. The experimental results based on
ISCAS89 benchmark circuits have indicated that the presented selective X-masking logic can

improve the compression ratio significantly and improve obviously the observability of scan cells.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The scan based test is one of the best approaches [1-3] in DFT which is
used to increase the circuit’s controllability and observability. The objective is to improve the
testability of a design and to reach the target fault coverage goal. The scan test allows the test data
coming from CUT to be stored on the Automatic-Test-Equipment (ATE) in a compressed form.
The test data stored in ATE for stimulus compression and output response compaction determines
the total test data overhead, and the test application time depends on the length of scan chains [4].
In order to reduce test cost in industry design, the initial long scan chains are also cut into large
number of shorter scan chains. As the increasing huge test data volume in industry design,
researches have recently being focused on input stimulus compression and output response
compaction in order to reduce the number of test channels on the ATE, tester memory and test
time.

The response compaction is implemented and received data from the
outputs of the scan chains. The main purpose of the response compaction is to reduce the amount
of test response transferred back to the ATE. A large number of test response compaction schemes
have been proposed. Basically they include the space compaction [5] and the time compaction [6].
It is possible to combine time and space compaction, such as finite memory compactor [7] [8]
which give advantage of time and space dimensions.

For the output response compaction, the presence of X’s in the test
responses has been the greatest barrier to effect the compaction. If there are no X’s in the test
responses, a time compactor, such as MISR, can compact an infinitely long output sequence into a
fixed-length signature [9]. However, when X’s appear in the test responses, it can cause an
unpredictable signature, from which no faulty-circuit signature could be distinguished. When X’s

are introduced to the space compactors, the non-X test responses in the current clock cycle going



through the compactor are XORed by X’s , then the non-X values are corrupted and the fault
coverage might be lost. One of the major issues for test compaction is how to handle test
responses containing X’s. The sources of X’s are caused by several conditions such as bus
contention, uninitiated memory, un-modeled logic, floating tri-states bus, etc.

Lots of schemes have been proposed to handle X’s in the output response.
The widely used techniques to handle X’s are X-blocking [10], X-masking [11-14] and X-tolerant
[15-17]. The X-blocking scheme needs extra logic in the CUT [15], which can cause fault
coverage lost and additional area overhead. Several X-masking techniques were proposed in
previous work [11-13]. In one of X-masking techniques, the conventional Linear-
Feedback-Shift-Register (LFSR) X-masking scheme [13] guarantees to mask all X’s and keeps
specified bits (d’s) as well, where each value contained by d’s is used to detect one or more faults.
However, a large amount of mask data was generated for masking every scan slice. Another
X-masking scheme is called reiterative X-masking [14], the volume of mask data decreases
greatly due to reusing the mask bit. It is necessary to use interval counter for controlling.

Instead of masking X’s, X-tolerant schemes have been introduced in [15]
[17]. In [15], XOR gates are used to minimize the impact of non-X value being masked by X’s.
Since it can guarantee to check erroneous compactor output in the presence of limited number of
X’s, the errors can be detected by the tester when the errors are propagated to the compactor
outputs with X’s appearing in the current cycle. In the schemes of [17], there are N scan chains
and the compacted test responses outputs are M, where N>M. In order to detect faults, the test
responses from scan chains containing d’s and X’s are propagated to the different compactor
outputs. However, the compaction ratio is extremely degraded as the increasing X’s and the
corrupted outputs by X’s may decrease the fault coverage.

In this research, an efficient approach is developed based on the X-masking
technique .It can reduce a large amount of mask bits without losing fault coverage in the presence
of X’s in test responses. The following main contents will be described from chapter 2 through
chapter 5: the research background of compaction techniques and impact of X’s in the test

responses; the literature review on handling X’s by focusing on several types of X-masking and



X-tolerant techniques; the proposed method; conclusion and discussion, respectively.

1.2 Objective
1)
2)

3)

To reduce masking data overhead for test responses.
To improve the observability for scan cells in the presence of X’s.
To improve the efficiency of X-masking when the distribution of X’s has the

tendency to be clustered in the output responses.

1.3 Scope of Work

1)

2)

3)

1.4 Work Plan

1)

2)

3)

4)

5)

6)

7)

8)

Study the scan design in DFT method for Very-Large-Scale-Integration (\VVLSI)
and the test architecture for test compression.

Study test response compaction focusing on X-masking and X-tolerant
techniques.

Implement and analyze X-masking scheme.

To investigate and research on the basic idea of X-masking and X-tolerant
schemes.

To find out an efficient X-masking technique for reducing the mask bits

To present the proposal.

To implement the reiterative X-masking scheme and compute the total
overhead of mask bits based on the ISCAS89 benchmark circuits.

To compare the performance between the proposed scheme and previous
appproaches.

To combine the selective X-masking for measuring the observability of scan
cells.

To analyze implementation results and make a conclusion.

To submit the proposed papers in the international conferences and write the



final report.

1.5 Outline

This document is organized in 5 chapters as follow:

Chapter 1: Introduction. The motivation, objective and the scope of thesis
are presented in this chapter. Then, the work plan for investigating the X-masking schemes is
given as follow.

Chapter 2: Research Background. It includes the DFT architecture, scan
test compression techniques and the problem statement in the presence of X’s.

Chapter 3: Related schemes for handling unknown values. In this chapter,
the wildly used schemes are described to handle X’s in the output responses including
X-masking and X-tolerant schemes. It discusses the issues about achieving high fault
coverage and high compression ratio in the presence of X’s.

Chapter 4: The proposed Selective X-masking and Results. A flexible
X-masking logic is introduced in this section. The basic operation and principle based on the
distribution of X’s are presented.

Chapter 5: Conclusion and discussion.



CHAPTER 2

RESEARCH BACKGROUND

2.1 Introductory Testing Concepts for VLSI Circuits

Testing techniques for VLSI circuits are now facing many excited and
complex challenges. As the continuously shrinking technologies in the large systems embedded in
a single System-On-Chip (SOC), the right behavior of the whole systems is very important. The
electronic testing consists of Integrated-Circuit (IC) testing, Printed-Circuit-Board (PCB) testing,
and system testing at the various manufacturing stages during the whole system operation. The
main function of testing is not only to find the fault-free systems but also to improve production
yield at the various stages of manufacturing by analyzing the cause of defects when faults are
encountered. In some systems, the periodic testing is implemented to ensure fault-free system
operation and to initiate repair procedures once the faults are detected. Hence the VLSI testing
techniques is very important for all the designers, product engineers, test engineers, manufacturers,
and end-users [18].

Testing typically includes the parts of applying a set of test stimuli to the
inputs of CUT and analyzing the output responses, as showed in Figure 2.1.Circuits that produce
the correct output responses for all input stimuli are considered to be fault-free. The circuits that
produce an incorrect response at any point during simulation are assumed to be faulty. Testing is
performed in different stages in the lifecycle of VLSI device, such as during the VLSI
development process, the electronic system manufacturing process, and, in some cases,

system-level operation.

Inputy J——————— Outputy Jr———
Input 4 Circuit 4 Output Pass/Fail
Test . Under -| Response 4a>
stimuli | INputs 3| Test(CUT) | Outputn |  Analysis

Figure 2.1 Basic testing approach [9]



For the VLSI development process, it can be seen that some form of
testing is involved at each stage of the process in Figure 2.2. The VLSI device that fulfills the
customer or project requirement is determined and formulated as a design specification. Design
verification is a predictive analysis to ensure that the synthesized design can perform the function
requirement when it is manufactured. Designers are responsible for synthesizing a circuit that
satisfies the design specification and for verifying the design. Once a design error is found, the
design is necessary to be modified and design verification must be repeated. As a result, design

verification can be considered as a form of testing.

Design Specification

v

Design < Design Verification

v

Fabrication < Wafer Test

v

Packaging < Package Test

v

Quality Assurance 4 Final Testing

Figure 2.2 VLSI development process [9]

After that, then the VLSI design comes to fabrication. It is necessary to
develop a test procedure based on the design specification and fault models at the same time.
Since it is impossible for 100% of any particular kind of IC to be defect-free due to unavoidable
statistical flaws in the materials, the ICs fabricated test on the wafer is the first test during the
manufacturing process in order to determine which devices are defective. After passing the
wafer-level test the chips are extracted and packaged. The packaged devices need to be retested
because those devices may have been damaged during the packaging process or put into defective
packages. The last test is the final testing before the chips go to market, including measurement of
such parameters as input/output timing specifications, voltage, and current. In addition, stress or
burn-in testing is often performed where chips are subjected to high temperatures and supply

voltage. In a word, the design verification is very important for the VLSI development process and



even for the whole VLSI testing.

For the design specification, it can be divided into several levels, as
shown in Figure 2.3. The design process is always transformed from a higher level description to
lower level description. The initial level is a behavioral level which is developed in Very-High
—Speed-Integrated-Circuit-Hardware-Description-Language (VHDL) or Verilog or as a C program
and simulated to determine if it is functionally equivalent to the specification. After that, the
design comes to Register-Transfer-Level (RTL) level description, which is verified with the
functionality of the behavioral level and performed with more structural information including the
data paths and control circuits. The logic level is synthesized from the RTL description and is
designed to guarantee the correct functionality. For the physical level description, the physical

placement is obtained and the transistors in the VLSI device are interconnected to fabrication.

Design Specification

v

Behavioral(Architecture) Level

v

Register-Transfer Level

v

Logical(Gate) Level

v

Physical(Transistor)Level

Figure 2.3 Design hierarchy [9]

Many tools have been developed for design verification process such as
Computer-Aided-Design (CAD), synthesis, hardware emulation, and formal verification methods.
However, design verification takes time, and insufficient verification fails to detect design errors.
Thus, the process of the design verification is extremely important. Moreover, the test stimuli are
often applied to design verification of the RTL, logical, and physical levels for testing the VLSI
device.

Normally, the following two undesirable situations may occur after ICs are

tested:



1. A faulty device appears to be a good part passing the test.
2. A good device fails the test and appears as faulty.
These two situations happen often due to a poorly designed test or the lack of
DFT. For the first case, even if all products pass acceptance test, some faulty devices can be found

in the manufactured electronic system. The next section will give the basic background for DFT.

2.2 Introduction for DFT

A substantial amount of time and effort is required when test engineers
usually have to construct test vectors after the design is completed. However, the effort can be
avoided if testing is considered early in the design flow to make the design more testable. Hence,
integration of design and test, referred to as DFT, was first proposed in the 1970s. In order to test
circuits, we need to control and observe logic values of internal lines. However, it would be very
difficult to control and observe some nodes in sequential circuits. Testability measures of
controllability and observability were first defined in the 1970s, which is considered to find some
parts of a digital circuit that will be most difficult to test in test pattern generation for fault
detection. Many DFT techniques have been proposed since that time as generally falling into three

categories: (1) Ad hoc DFT techniques, (2) Scan design (3) Built-In-Self-Test (BIST).

2.2.1 Ad hoc DFT techniques

Ad hoc methods were the first DFT techniques proposed in the 1970s [1]. It
targets only those portions of the circuit that would be difficult to test. Ad hoc DFT techniques
typically involve applying good design practices or replacing a bad design practice with a good
one. Table 2.1 lists some typical ad hoc techniques. One of the most widely used techniques is test
point insertion. The conception is to insert test point directly to access internal nodes to improve

the controllability or observability.



Table 2.1 Typical Ad hoc DFT Techniques

Al | Insert test points

A2 | Avoid asynchronous set/reset for storage elements

A3 | Avoid combinational feedback loops

A4 | Avoid redundant logic

A5 | Avoid asynchronous logic

A6 | Partition alarge circuit into small blocks

The observation point insertion for a logic circuit with three
low-observability nodes is shown in Figure 2.4. Observation-Point (OP) shows the structure of an
observation point that consists of a Multiplexer (MUX) and a D flip-flop. It includes the Scan
—input (SI) and Scan-Output (SO). A low-observability node is connected to the port ‘0’ of the
MUX for an observation point, and all observation points are serially connected into an
observation shift register using the port *1° of the MUX. An Scan-Enable (SE) signal is applied to
select MUX port. The multiplexer uses SE input to select between the Data-Input (DI) and the
Scan-Input (SI) .When SE is set to 0 and the Clock (CK) is applied, the logic values of the
low-observability nodes are captured into the D flip-flops. When SE is set to 1, the D flip-flops
within OP1, OP2, and OP3 operate as a shift register, allowing us to observe the captured logic
values through OP_output during sequential clock cycles. As a result, the observability of the

circuit nodes is greatly improved.

Logic circuit | ow-observability node B

Low-observability node A Low-observability node C

>

>

OF, OFP, OF;
DI

D =
0
1—{s1 sop—=L \:D— D offA—s1s0l—— oP_output
SE 1l —SE
I_ " SE "
SE ! |

CK ———

Observation shift register

Figure 2.4 Observation point insertion [9]



Figure 2.5 shows an example of control point insertion for a logic circuit
with three low-controllability nodes. The Control-Point (CP) is composed of a MUX and a D
flip-flop. It includes the basic SI and SO. The original connection at a low-controllability node is
cut, where a MUX is inserted between the source and destination ends. During normal operation,
the Test-Mode (TM) is set to 0 and the CK is applied, the value drives from the source end to the
destination end through the port’0’ of the MUX. During test model, TM is set to 1 so that the
value from the D flip-flop drives the destination end through the port’1’ of the MUX. The D
flip-flops in OP1, OP2, and OP3 are designed to form a shift register so the required values can be
shifted into the flip-flops using CP_input. Hence, the controllability of the circuit nodes is greatly
improved. However, the control point insertion can result in additional delay to the logic path. So

the control points can’t be inserted on a critical path.

Logic circuit
Low-controllability node B

Sourc e € " P Destination
\ Original connection /

Low-controllability node C
Low-controllability node A —
A

P, cP, CP,
DI
¥ pol- Yool | Hor o
1]
b1
CP_input sl so sf, Q{0 Sl SO
™ A ™
LA LRy
™ —i—
cK
Control shift register

Figure 2.5 Control point insertion [9]

2.2.2 Scan Design

There are basically two input sources in a scan cell. The first input, data
input, is driven by the combinational logic of a circuit. The second input, scan input, is driven by
the output of another scan cell in order to form one or more shift registers called scan chains. The
scan chain is performed by connecting the scan input of the first scan cell to a primary input and
the output of the last scan cell to a primary output. In order to allow a scan cell to operate in two

different modes: normal/capture mode and shift mode, a selection mechanism must be provided.
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In normal/capture mode, data input is selected to update the output. In shift mode, scan input is
selected to update the output.

The Muxed-D scan design is one of the most widely used schemes in logic
design. The basic operation is 0 pass a logic value from its input to its output when a clock is
applied. The muxed-D scan cell design is shown in Figure 2.6(a). It consists of a D flip-flop and a
multiplexer. The multiplexer uses SE input to select between the Data-Input (DI) and the
Scan-Input (SI). During normal/capture mode, SE is set to O, and the value in the input DI is
captured into the internal D flip-flop when a rising clock edge is applied. In shift mode, SE is set
to 1. The Sl is now used to shift in new data to the D flip-flop while the content of the D flip-flop

is being shifted out. Sample operation waveforms are shown in Figure 2.6(b).

DI
D af-
- _ a/so

o
L
(a)
SE;
DI
- e

Figure 2.6 Edge-triggered muxed-D scan cell design and operation [9]

A clock-scan cell design was another important approach proposed in [2].
Comparing with a muxed-D scan cell, a clocked-scan cell also has a data input DI and a scan input
SI; however, the input selection in the clocked-scan cell is applied with two independent clocks,
Data-Clock (DCK) and Shift-Clock (SCK), as shown in Figure 2.7(a). In normal/capture mode,
the present value at the data input DI is captured into the clocked-scan cell by data clock DCK.
During shift mode, the shift clock SCK is used to shift in new data from the scan input Sl into the

clocked-scan cell, while the current content of the clocked-scan cell is being shifted out. Sample
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operation waveforms are shown in Figure 2.7(b). The main advantage is that it can result in no

performance degradation on the data input. However, it requires additional shift clock routing.

DI 1+

H-Q/s0
Sl
FaN FAN
1
DCK SCK
(a)
SCK |_|

DCK |_|
2
SI | T | T, [ T3 | T, |

Figure 2.7 Clocked-scan cell design and operation [9]

Different from muxed-D scan cells or clocked-scan cells using for edge
triggered, flip-flop-based designs, the Level-Sensitive-Scan-Design (LSSD) scan cell is used for
level-sensitive, latch-based designs [19] [20] [21]. Figure 2.8(a) shows a polarity-hold
Shift-Register-Latch (SRL) design described in [19] that can be used as an LSSD scan cell. This
scan cell consists of two latches, a master two-port D latch L; and a slave D latch L,. Clocks C, A,
and B are used to select between the data input D and the scan input | to drive +L; and +L,, which
can be used to drive the combinational logic of the design. In capture mode, master latch L1 uses
the system clock C to latch system data from the data input D and to output this data onto +L;, and
clock B is used after clock A to latch the system data from latch L; and to output this data onto
+L,. In shift mode, clocks A and B are used to latch scan data from the scan input | and to output
this data onto+L,, and then latch the scan data from latch L; and to output this data onto +L..
Sample operation waveforms are shown in Figure 2.8(b).

The main advantage of LSSD is to insert scan into a latch-based design. But

the technique requires routing for the additional clocks, which increases routing complexity.
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Figure 2.8 Polarity-hold SRL design and operation [9]

2.2.3 Built-In-Self-Test (BIST)

BIST was proposed around 1980 [3] [22], which integrate a
Test-Pattern-Generator (TPG) and an Output-Response-Analyzer (ORA) in the VLSI device to
perform testing internal to the IC, as illustrated in Figure 2.9. The test pattern can be generated
automatically by TPG for application to the inputs of the CUT. The ORA is then applied to
compact the output responses of the CUT into a signature. The logic BIST controller can generate
specific BIST timing control signal for coordinating the BIST operation among the TPG, CUT,
and ORA. During the BIST operation, the compacted final signature needs to compare with an
embedded golden and the logic BIST controller then provides a pass/fail indication. The
compaction for output responses requires that all storage elements in the TPG, CUT, and ORA
must be initialized to known state, which means that no X could be propagates from the CUT to

the ORA.
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Figure 2.9 Typical logic BIST system [9]

Scan DFT techniques have been wildly used in the industry. Some of major
elements for scan test cost are: (1) test data volume, which translates to tester memory requirement;
(2) total number of tester channels;(3) test time, which translates to the maximum number of flip
flops in a scan chain. As the IC chip complexity increases, test data volume also increases rapidly.
Since test data volume is a major factor that determines test cost, several test compression
techniques to reduce both volume of test patterns and output responses have been developed,

which is described in next.

2.3 Test Compression Techniques

For the test compression, it involves the amount of compressing data
including both stimulus and response that is stored on ATE for testing with a deterministic test set.
The benefit of test compression is that the amount of test data can achieve a 10 or even 100x
reduction on the ATE. The ATE memory requirements are greatly reduced and even more
importantly it reduces test time because less data has to be transferred across the bandwidth
between the ATE and the chip. Moreover, the test compression techniques are easy to implement
in industry design because they are compatible with the conventional design rules and test

generation flows used for scan testing.

14



Figure 2.10 shows the test data bandwidth between the tester and the chip. As
ATE has limited speed, memory, and 1/0 channels, the chip cannot be tested any faster than the

amount of time required to transfer the test data, and the time is equal to:

Amount of test data on tester

(Number of tester channels) (Tester clock rate)

Tester
Test
data
2 Test data bandwidth
I =(#Channels*Clock Rate)
Chip

Figure 2.10 Block diagram illustrating test data bandwidth [9]

Test compression technique is to compress the test data stored on ATE
including both stimulus and responses, and the structure is illustrated in Figure 2.11. It can largely
reduce the total amount of tester memory. Moreover, the test time can be obviously reduced due to
less test data transferred across the low bandwidth link between the tester and the chip. It shows
that the additional on-chip hardware is integrated before the scan chains to decompress the test

stimulus coming from the tester and after the scan chains to compact the response going to the

tester.
N —
Compressed ¢ | Stimulus core Response|c
stimulus 2 o Compacted
m Scan-based m response
Low-cost pl— e p
ATE L Circuit a
e (CuUT) an
s t
s o
Io) r
r

Figure 2.11 Architecture for test compression [9]
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2.4 Test Stimulus Compression

Test data is inherently highly compressible. In fact, typically only 1 to 5% of
the bits have specified values, and majority of unspecified bits that are not assigned values during
Automatic-Test-Pattern-Generation (ATPG). Consequently, test stimulus compression can be used
to significantly reduce the amount of test stimulus data that must be stored on the tester. Normally,
ATPG procedures perform random fill, in which all the unspecified bits in the test cubes are filled
randomly with 1’s and 0’s to create fully specified test vectors. During test stimulus compression
procedure, the specified (care) bits should be lossless in order to preserve the fault coverage of the
original test cubes. After decompression, the resulting test patterns shifted into the scan chains
should match the original test cubes in all the specified bits. Many compressing schemes have
been proposed, which can be classified into the three categories: (1) Code-based techniques, (2)

Linear-decompression-based schemes (3) Broadcast-scan-based schemes.

2.4.1 Code-Based Schemes

In order to encode the test cubes, the data compression codes partition the
original data into symbols which can be replaced with a codeword to form the compressed data.
The decompression is performed by using a decoder that simply converts each codeword into the
corresponding symbol. Depending on whether the size of symbols and codewords is fixed or
variable, data compression codes can be classified into four categories.

Take a dictionary code (fixed-to-fixed) for example, which had been
proposed in [23]. There are n-bits blocks to form the symbols in the original test cubes, and then
the symbols are encoded with codewords that each has b bits, where b<n. One can view each
symbol through dictionary because each codeword has been indexed into the dictionary that points
to the corresponding symbol. Since there are 2n possible for symbols and 2b possible for
codewords, no all possible symbols can be in the dictionary. If Sy, is the set of symbols that occur
in the original data, the number of distinct symbols that occur in the original data |Sgat| is much
less than 2". The compression ratio is equal to:

2n—[10g2 IS data ”: 1
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The scheme is shown in Figure 2.12. There are n (n>=1) scan chains, and
the test cubes are partitioned into n-bit symbols such that each scan slice corresponds to a symbol.
The size of each codeword is b bits, where b = [log; |Sqaa |1 -This figure shows that the b
channels from the tester can be used to load n scan chains. Normally, b channels can just load b
scan chains from the tester. Thus, the length of each scan chain becomes shorter and less clock
cycles are required. The dictionary code gives a good example for how test compression reduces

not only tester storage but also test time.

Scan-slice
(n-bits)
eeoe Scan chain 1
. oo Scan chain 2
Channels b- bits Dictionary
From
tester
} ‘ ‘ eee Scan chain n ‘

Figure 2.12 Test compression using a complete dictionary [9]

2.4.2 Linear-Decompression-Based Schemes

Another test stimulus compression scheme is to expand the original data
from the tester to scan chains by using linear decompressor, which consists of only XOR gates and
flip-flops. The linear space can be spanned by a Boolean matrix. In other words, the linear
decompressor can expand an m-bit compressed stimulus from the tester into an n-bit test vector,
the set of test vectors that can be generated by the linear decompressor is spanned by A, and a
Boolean matrix is A, «mn- Any test vector Z can be compressed by a particular linear decompressor
if and only if there exists a solution to a system of linear equations, AX = Z, where A is the
characteristic matrix of the linear decompressor and X is a set of free variables stored on the tester.
There is an example of a sequential linear decompressor shown in Figure 2.13, where each free
variable coming from the tester is represented by a symbol. The initial state of the LFSR is
represented by the free variables X;—X,, and the free variables Xs—Xio are shifted in by two
channels as the scan chains are loaded. After symbolic simulation, the characteristic matrix for a

linear decompressor can be obtained and the final values in the scan chains are represented by the
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equations for Z;—Z;,.

XoX7 X5

X10XaXs

Zg=X1®X4®X9 Z5:X3€BX7 lex2®xs
Z10=X1®X20Xs®Xe Z6=X1®BX4 Z,=X3

Z11=Xo@X3BXsDX7DXs  Z7=X1@DXo®Xs®Xs  Z3=X19X4
Z15=X3®X7®X10 Zg=X,®XsDXg Z4=X1®Xs

Figure 2.13 Example of symbolic simulation for linear decompressor [9]

The operation of symbolic simulation is shown as follow: Assume that the
initial seed X;—X4 have been already loaded into LFSR. In the first cycle, the top flip-flop is filled
by the XOR of X, and Xs, the second flip-flop is filled by X3, the third flip-flop is filled by the

XOR of X1 and X4, and the bottom flip-flop is filled by the XOR of X; and X,. Finally, it gets

Z1= XoPXs, Zo= X3, Z3= X1B Xy, andZ4: X1 Xe.

In the second cycle, the top flip-flop is filled by the XOR of X3 and X,
where X3 is the contents of the second flip-flop; the second flip-flop is filled by the values of the

third flip-flop (X1©X,); the third flip-flop is filled by the XOR of the values of the first flip-flop
(X28Xs) and the fourth flip-flop (X16Xg); and the bottom flip-flop is filled by the XOR of the
values of the first flip-flop (X2©Xs) and Xg. Thus, it can get Zs= X3 ®X7, Zg= Xi®Xy, Z7=
X1PXPXsPXe, and Zg= XoPXsBXg. In the third cycle, the top flip-flop is filled by the XOR of
the values of the second flip-flop (X1®X4) and Xo; the second flip-flop is filled by the values of
the third flip-flop (X:®X.PXs®Xe); the third flip flop is filled by the XOR of the values of the

first flip-flop (X3 X57) and the fourth flip-flop (X.®Xs@Xs); and the bottom flip-flop is filled by
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the XOR of the values of the first flip-flop (X3®X;) and Xjo. Thus, it gets Zg= X;HXo,

Z10=X10Xs, Z11=XoPXsPXg, and Z;,=Xz®X:PX1o. At the moment, the scan chains are fully

loaded with a test cube and the whole simulation is complete. The corresponding system of linear

equations for this linear decompressor is shown in Figure 2.14.

0 100100000 _ [X«
00100000 0 o%]]|Z
100100000 ofZX|]|%
1 0 00 010 0 0 0f|Xs]|]Zs
0 0100010 0 ofZXsafjZs
1.0 0 100 0 0 0 0|l Xs|Z
110 0 1100 0 oflX[712,
010010 00 0 0llX;/][2Zg
1001000 0 1 0lXg]]|Z
11001100 0 0flx,]]|z
011010110 ofx,/JIz,
0 01000 10 01 7.,
Figure 2.14 System of linear equations for the decompressor [9]

For the linear decompressor, the linear equations can be used to encode the
test cube and can be solved with the Gauss—Jordan elimination [24]. The test cube that does not
find a solution is called unencodable test cube, In this case, it is not possible to encode the test
cube with this particular linear decompressor. In order to handle unencodable test cubes, a simple
way is just to bypass the decompressor when applying those test cubes. Another approach is to
restart the ATPG to find a different test cube that is encodable. A third approach is to use more
free variables when decompressing the test cubes, which can make it easier to solve the linear
equation. Generally, it is very unlikely to be able to encode a test cube as it has more specified bits
than the number of free variables. In other words, when the number of free variables is sufficiently
larger than the number of specified bits, the probability of not being able to encode the test cube
becomes negligibly small. For example, if the number of free variables is 20 more than the
number of specified bits, then the probability of not finding a solution is less than 10-6. The
encoding efficiency, for linear decompressors can be defined as follows:

(Specified Bits in Test Set)/(Bits Stored on Tester)
The optimality of encoding efficiency is 1. However, it is not possible to achieve higher than an

encoding efficiency of 1 because there are normally more free variables than specified bits.
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Since a sequential linear decompressor allows free variables from earlier
clock cycles to be used when encoding a scan slice in the current clock cycle, it can provide much
more flexibility than combinational decompressors and solve the problem of the worst-case most
highly specified scan slices limiting the overall compression. In other words, the more flip-flops
that are used in the sequential linear decompressor, the greater flexibility can be achieved. A
typical design of a sequential linear decompressor were described in [25], [26], and [27], as
illustrated in Figure 2.15. There are b channels from the tester that load free variables into LFSR
(one of linear finite-state machines), and the following is the combinational linear XOR network
that expands the outputs of the LFSR to fill scan chains. In decompressing process for each test
cube, the state of the LFSR is first reset and then some initial free variables are loaded to LFSR
within a few clock cycles. After that, additional free variables are loaded into the LFSR in each
clock cycle. The total number of free variables that are use to fill each test cube is equal to b
(g+m), where b is the number of channels from the tester, q is the number of clock cycles used to

initially load the LFSR, and m is the length of the longest scan chain.

| Scan Chain 1 (mbits) |

RO Ll = »| Scan Chain 2 (mbits) |
b Channels o Fl» Comb.
from Tester | | |, |Linear .
Sle Expand L
R .

4>{ Scan Chain n (m bits) ‘

Figure 2.15 Typical sequential linear decompressor [9]

2.4.3 Broadcast-Scan-Based Schemes

The third kind of test stimulus compression schemes that broadcast the
same value to multiple scan chains was first proposed in [28] and [29]. This method has been
widely used in many test compression architectures. The advantage is the same pattern can be
extended to multiple circuits as illustrated in Figure 2.16. The problem is how to guide the ATPG

tool to generate the patterns to be shared. Generally, the inputs here include the primary inputs as
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well as the pseudo-primary inputs.

Scan- input
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Figure 2.16 Broadcasting to scan chains driving independent circuits [9]

Since one test vector can detect a fault in a stand-alone circuit then it will
still be possible to apply this vector to detect the fault in the broadcast structure, the main benefit
of broadcast scan for independent circuits is that all faults that are detectable in all original circuits
will also be detectable with the broadcast structure. Thus, the broadcast scan method will not
affect the fault coverage if all circuits are independent. Moreover, broadcast scan can also be
applied to a single circuit if all subcircuits driven by the scan chains are independent.

After the test stimulus data has been applied to CUT, the response data

requires to be shifted out for compaction. The compaction technique is described next.

2.5 Test Response Compaction

Due to a large number of scan cells in complex designs, the test data
volume would be large and the test time would be long. A common way for reducing test data
volume and test time is to break original scan chains into a larger number of shorter scan chains,
and then use a smaller number of ATE channels to specify inputs stimulus and observe output
responses. Figure 2.17 shows the architecture for input stimulus compression and output response
compaction in a scan-based design. It contains total k test channels from ATE for input stimulus,
where (k<n). After compaction, the total bits are m, which is greatly less than the total number of
scan chains (n). The output response compaction can generate a “signature” for output responses,
the signature then can be observed through a limited number of channels to compare with the

good-circuit signature. In order to support a large number of scan chains with a limited number of
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ATE channels, researchers have recently worked on input stimulus compression and output

response compaction.
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Figure 2.17 Compression scheme for scan-based designs

Test response compaction is performed at the outputs of the scan chains. The

test data after compaction must be transferred back to the tester. Unlike lossless for test data in

stimulus compression, the test responses in test compaction can be lossy. The compaction

techniques generally are classified into three categories: space compaction, time compaction, and

mixed time and space compaction.

2.5.1 Space Compaction

The space compaction can be expressed as a linear function of the input vector

X and the output vector Y

Y =o(X)

where X is an m-bit input vector and Y is an p-bit output vector, p<m, asillustrated in Figure 2.18.

Test
patterns

Circuit Under —

Test

m-bit wide
input patterns

Space
compactor

—

p-bit wide

output patterns

Figure 2.18 Space compaction schemes [9]

Figure2.19 is a simple example to show the space compactor for compacting 4

22



( m=4) scan chains of the circuit under test to 1(p=1) output, where the combinational circuit

consists of the network of XOR gates.

Scan chainl

Scan chain2
Scan chain3

Scan chain4

Figure2.19 Basic space compactor structure

2.5.2 Time Compaction

Different from space compactor using combinational logic, the time
compactor uses sequential logic. A time compactor compacts n input patterns to g output patterns
(where g < n), as illustrated in Figure 2.20. Once time compactor is applied, no X’s from circuit

under test is allowed to reach the compactor.

Test Circuit Under Time C
patterns Test compactor
n input patterns g output patterns

Figure 2.20 Time compaction schemes [9]

The most widely used time compactor is the MISR. The Figure 2.21
demonstrates the n-stage MISR. The structure of the n-stage MISR can be expressed by a
specified characteristic polynomial of degree n, f(x), the symbol h;can be set either 1 or 0 based

on the existence or absence of the feedback path, where:

F(X) = 1+hyx+hox? + —=+hy o X" 14"
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Figure 2.21 An n-stage MISR [9]

Take an example for the four-stage MISR applying f(x) = 1+x+x’ as
illustrated in Figure 2.22(a). Set M= {10010}, M= {01010}, M,= {11000}, and M3= {10011}.
After calculating by the formula M(X) =Mg(X) +XM(xX) +X*Ma(X) +X*M(X), it can get M(x)
=1++x*+x%+x” or M= {10011011}, as shown in Figure 2.22(b). Finally, the signature R is

represented by the rightmost four bits of the M sequence. Hence, R={1011}.

e

@)

Mo/10010

M; 01010
M, 11000
M3 10011

M|10011011

(b)

Figure 2.22 An equivalent M sequence for four-stage MISR [9]

In this example, there are totally four input patterns (n=4) such as My, M1, M,

and M3. After compaction, there is only one output pattern (q=1) R.

2.5.3 Finite Memory Compaction

In this section, finite memory compaction is introduced, which combines the
advantages of time compaction and space compaction. Many finite memory compactors have been
proposed such as OPMISR [30], convolutional compactor [31], and g-compactor [32] [33] [34].

Figure 2.23 shows a simple example about the basic structure of a

g-compactor, including six inputs coming from scan chains and one output, where each flip-flop is
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connected to the corresponding output of XOR network. It shows that every error in a scan cell
can reach storage elements and then outputs in several possible ways. Since the g-compactor does
not have feedback path, any error can be shifted out for comparing with the expected data after at

most five cycles.

Inputs

+X——

e
+ + +
ﬂ E B output

Figure 2.23 An example g-compactor with single output [9]

The list three types of compactor is very efficient for output compaction.
However, once X’s occur in output responses, the fault coverage may lost due to error masking,

which is described in next section.

2.6 Error Masking

Once these X’s are introduced into the output response data, the
performance of the test compression schemes can be significantly degraded. For the class of
output compactors called time compactors, MISRs for example, once an unknown is introduced,
the signature quickly becomes corrupted and must be reset, that means no error can be observed.
For example, the MISR and two scan chain in Figure 2.24. The scan chain 1 contains one error in
first cycle and scan chain 2 contains an X in second cycle respectively, after two cycles the ¢ and u

are XORed together in MISR bit, then the error is corrupted.
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Scan chainl

no error
for observation

Figure 2.24 Error masking in MISR

When the scan-out responses come to output compactors, the scan-out
responses are compacted by XOR gates. However, an error response may not be observed due to
unknown-induced error masking. An error means a response different from the good circuit
response. An X means the value in response is not determined in simulation. Take an example for
space compactor in Figure 2.25, an error and an X are represented by ‘e’ and ‘p’, respectively, and
‘s’ means don’t care bit. The unknown and error can be propagate to the output of XOR operation,
for example the result of XOR operation between ‘u’ in scan chain 1 and ‘s’ in scan chain 2 is ‘p’.
The error cannot be observed after XOR operation with an X, and the second stage of XOR
operation shows the result of XOR operation between ‘e’ and ‘u’. This is called unknown-induced
error masking which happens when there is an X along with some errors at the inputs of the
compactor. Under such a situation, the good-circuit response at the compactor output is X, Thus,

no error can be observed.

Scan chainl

Always B in
good-circuit
response

no error

€ € :error
1 :unknowm

Figure 2.25 Error masking in space compactor

Since the structure of the finite memory compactors is adding some memory

elements in the space compactor, the compaction schemes obtained by combining time and space
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dimensions, so the error masking in finite memory compactors happens in both situation of time

compactor and space compactor.

2.7 Summary

In this chapter, the overview of VLSI testing technology development is
provided and the main challenge of VLSI testing is discussed. In order to illustrate the problem
statement clearly, the whole picture is draw in this area including the basic DFT concepts, scan
design and test compression techniques. As shown in this chapter, the presence of X’s in test
responses can greatly degrade the output compaction due to the error masking. In order to handle

this problem, several efficient schemes are proposed in the next chapter.
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CHAPTER 3

RELATED SCHEMES FOR HANDLING UNKNOWN VALUES

3.1 Introduction of Schemes for Handling X’s

Scan design has become main stream for complex digital circuits in test
industry. For the test compression, the main goal is to achieve high test quality with lower test
overhead. However, the presence of X’s in test streams can largely degrade the efficiency of
compression during test mode. To reduce the impact of X’s, a large number of schemes for
handling X’s have been developed in recent years. The basic methods are X-blocking, X-masking
and X-tolerant.

During response capture, the generated X’s can be blocked from reaching
the scan cell. One way is to identify X sources and add additional DFT logic to fix the X sources
by adding additional test points [35]. Another way is to block the X’s from reaching the scan cells
by careful test pattern generation. The approach in [36] is to identify the X-candidates and to
generate control vectors for reducing the number of X’s in the scan response. X-blocking can
ensure that no X’s will be observed. However, it does not provide a means for observing faults,
which can cause fault coverage lost. In addition, the approach in [36] is not compatible with the
test data compression technique.

As the X-blocking technique may cause fault coverage lost and it does add
area overhead and may impact delay due to the inserted logic, the X’s can also be masked off right
before the response compactor [37-40]. The X-masking technique can be easily implemented as it
just adds the X-masking logic in front of compactor. It does cause additional hardware overhead.
However, it does not cause any circuit delay during the test.

Meanwhile, the X’s can be tolerated during the compaction of the test
response. The X-tolerant technique is used to design a compactor which can guarantee the errors

are detected even in the presence of X’s in the same clock cycle. The main advantage is it does not
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require any additional hardware for X-masking logic and does not degrade the system
performance during normal operation. For the space compactors, it utilizes XOR gates to compact
test response coming from N scan chains {0, 1, X}" into a compacted observable test response
with Q outputs {0,1,X}? for each scan cycle, where N > Q. The following section lists several

related schemes for handling X’s in recent years.

3.2 X-masking Techniques

As mentioned earlier, the X-masking techniques are applied to mask X’s
before the X’s coming to response compactor. Figure3.1 shows a general structure of X-masking
circuit with three scan outs. It shows that the mask controller can apply a logic value ‘1’ for any
scan output to mask off X’s in scan output responses. Notice that the mask date can be generated

for each scan cycle and it can be stored in compressed format.

Mask logic
Scan outl 7w>
Scan out2 R
’D_/ » compactor »
Scan out3 SN

\ 4

Mask
controller

Figure 3.1 A simple X-masking circuit

Many schemes for X-masking have been proposed. In this section, some
important X-masking schemes are list, including conventional LFSR X-masking, reiterative

X-masking, and X-masking by use of a Hierarchical-Configurable-Mask-Register (HCMR).

3.2.1 Conventional LFSR X-masking

The conventional LFSR X-masking is wildly used scheme which is described

in [13]. It creates a mask for every scan slice to ensure that all X’s in each scan slice get masked,
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and all d’s remain unmasked, where d records a value that is required to be observed for the
detection of one or more faults. The basic architecture of this technique is shown in Figure 3.2.
We can see the LFSR is used to drive scan chains and create the mask data from the phase shifter
as well. The compressed mask data stored on the ATE is expanded through LFSR for each scan
slice. Since the ATE has to store enough mask data to create a mask for every slice, amounts of

mask data are required.

m-bit
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Figure 3.2 Architecture of conventional LFSR X-masking [13]

Figure 3.3a shows the basic operation for conventional LFSR X-masking. For
an interval of each scan slice, the mask bit is given for each scan cell. The mask bit can be set to ‘1’
(masked) if X is present in a scan cell ; the mask bit can be set to ‘0’ (unmasked) if d is present; if
there is neither of X and d in a scan cell, the mask bit can be set to ‘?’(don’t care). The results are

shown in Figure 3.3b where none of X's is left and all 4's remain after masking.

=0

(2]
PVOOW [X0aan oad

EVEESEENEENE wwwmxwg

VWOV (0O v VN
>

WP VYR (00X 0on X o®

Scan
Slice

3

%
P NWAOOKFENWAO
EVIENIENIES IR I (7 N7 7 7 7 K e
cowvwrRrO|laa®n X alpR
WP O (00X 0 0Ny
ECIENIEN IES BRI 17 7 7 B R T
WUV (000 n n o
NNV VYN (vvw»m» 0 ©

PNWAO

0w nunonon o
aoununalpR
w0 nonon N
0w van n N
nwwnwaan
w0 non oo
wnnonon N
v nonon o
w0 non oo

Figure 3.3 Conventional LFSR X-Masking Example
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As the conventional LFSR X-masking scheme creates X-mask for each scan
cell, it ensures that all X’s can be masked off, but the number of mask bit is huge. In order to

reduce the mask bit overhead, a further research is given in next section.

3.2.2 Reiterative X-masking

The reiterative X-masking technique can create a mask for more than one
scan slice, as described in [14]. This technique lists two efficient methods, including variable
reiterative LFSR X-Masking and hybrid X-masking approach based on different number of X’s in

test response.

3.2.2.1 Variable Reiterative X-masking

The variable reiterative LFSR X-Masking scheme applies a mask for a
number of scan slices. It also ensure that all X’s in each scan slice get masked and all d’s get
unmasked, but less number of mask data are used by finding a mask that is usable for a varying
number of adjacent scan slices. The structure of this approach is shown in Figure 3.4. The
decompressor is used to load scan chains and create mask data every i clock cycles.

m-bit

»  Scan chain '—»I
» Scan chain }»

bTester
Channels
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Decompressor

‘1 Scan chain
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! [interval Counter
& Control logic

Figure 3.4 Structure of variable reiterative LFSR X-Masking [14]
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follow:
1)

2)

3)

4)

The way for finding a solution of the masks for a given pattern is list as

First find the location of all the d and X bits.

Apply a mask for the first scan slice at the beginning of the current interval. For example,
the scan slice 1 in Figure 3.5a gets an X in position 6, so the mask bit for this position is
‘1°. As positions 1 and 2 in scan slice 1 are d’s, so the mask bits for those positions are
‘0’s.

Add the interval by one to load the current mask. For scan slice 2, bit position 5 gets a d,
so the mask bit for this position is set to ‘0’. Since position 4 gets an X, the mask bit is
‘1.

Rerun step 3 until at least one mask bit position gets a conflict. If the conflict happens, the
current scan slice needs to be set the beginning of a new interval. Then skip to step 2. For
example, when load scan slice 5 to the current interval, an X occurs in bit positions 2 and
5, which can cause a conflict. Finally, M1 creates the mask for scan slices 1-4, and M2 is

for 5-7. Figure 3.5b shows the results after masking.

Scan chains
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(b)
Figure 3.5 Variable Reiterative LFSR X-Masking Example [14]
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As it can reuse masks for multiple adjacent scan slices, the amount of mask
data stored on the ATE can be reduced significantly. Thus, the output data compression can be
greatly improved. However, this approach is efficient just for small numbers of X’s. When the

number of X’s gets large, a hybrid X-masking is proposed in next section.

3.2.2.2 Hybrid X-masking Approach

Hybrid X-masking approach uses fixed-interval reiterative X-masking
combined with conventional LFSR X-masking. The primary advantage of the reiterative
X-masking logic is to mask all of the easy to mask X’s by reusing masks for many scan slices, and
the conventional LFSR X-masking can handles the rest. The structure of this approach is shown in

Figure3.6.
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Figure 3.6 Hybrid X-Masking architecture [14]

In this Figure, the decompressor is used to drive scan chains and the LFSR
with phase shifter is applied to generate the mask bits. For m scan chains, the hardware
architecture consists of an m-bit masking register, an i-bit interval counter, 2m OR gates. This
LFSR is not only used to generate the mask for each slice for the conventional LFSR X-masking

part of this approach, but also generate the mask bits to load the mask register for the reiterative
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X-masking part. Reiterative LFSR X-masking logic is designed to reuse a mask data when
adjacent scan slices got X’s mask X’s for a number of scan slices and keep all d’s. In order to keep
the overhead of storing the mask data small, a reseedable LFSR is used to encode just the X and d
bits. The interval counter is loaded one time at the beginning of the test from the b tester channels.
The interval counter counts down the number of shift cycles until the interval counter becomes
zero. Once that happens, a new mask is loaded into the mask register and the interval counter is
returned to the initial value.

The operation for fixed-interval reiterative X-masking is shown in Figure
3.7a, For an interval of five scan slices, mask bits can be set to ‘1’ (masked) in scan chains 2, 3,
and 6 if X’s are present without d’s, and mask bits can be set to ‘0’ (unmasked) in scan chains 1, 4,
and 5 since d’s are present. If there are neither of X’s and d’s in scan chains 0, 7, 8, and 9, the
mask bits is set to ‘?’(don’t care). The results are shown in Figure 3.7b where in two X’s are left in
scan chains 1 and 5, which can be handled by conventional X-masking logic. Note that the size of
the interval counter determines the overall effectiveness of this hybrid approach. If the size of
interval counter gets smaller, the remaining of X’s usually presents less, but more mask bits are
required, otherwise the mask bits will be smaller. Thus, the minimum size of interval counter has

been determined and can be re-loaded in different test patterns.

Scan Scan Chains
sice|]0 1 2 3 4 5 6 7 8 9
5|s d|s|[x|s s |x|s s s
4 |s x |s|[s|]s d|s|s s s
3|s s |x|[s|d d|s|s s s
2 |s d|s|[s|s s |x|s s s
1|s d|s|/s|s x|s|]s s s
Mask|? 0 1 1 0 0O 1 ?2 2?2 2

(@

01 2 3 45 6 7 8 9
5|s d s s s s s s s s
4]1s x s s s d s s s s
3|s s s s d d s s s s
2|s d s s s s s s s s
l1|s d s s s X s s s s

Figure 3.7 Reiterative X-Masking Example [14]

Comparing conventional LFSR X-masking, this approach can provide

34



significant reduction of mask bits overhead as masks are reused for multiple scan slices. Moreover,
this approach handles the X’s into two cases: small number of X’s and large number of X’s. Using
Variable Reiterative LFSR X-masking can significantly increase the amount of compression for
smaller numbers of X’s. When the number of X’s gets large, then a hybrid approach is applied. In
order to mask X’s more specifically, another X-masking scheme called hierarchical configurable
mask register is proposed to apply optimal mask bit based on the different distribution of X’s in

the next.

3.2.3 Hierarchically Configurable Register

In this section, a hierarchical method is proposed in [41] for X-masking by
use of a HCMR. The main idea of this approach is to select a subset of | of the k scan chains first.
Then an optimized X-mask is applied only for selected | scan chains in each test pattern. A single
control signal is used to determine whether the X-mask will be applied or not for every scan cycle.
After the X-mask operation, the remaining X-values can be tolerated by an X-tolerant compactor.

The basic implement of this approach is described as follow.

3.2.3.1 Implement of Hierarchical Configurable Mask Register

Scan
chainl
Scan
chain2

MR,
(I bit per patterny

CRi,
(k bit per test)

Mask Enable
(per cycle)

compactor

v

Figure 3.8 Structure of hierarchical configurable mask register [41]
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The hardware structure of the proposed HCMR is described in Figure 3.8.
There are four (k=4) scan chains, and the HCMR have two separate shift register
Configuration-Register (CR) and Mask-Register (MR) in it. The CR consists of flip-flops
CRy,...,CRcand MR consists of flip-flops MRy, ...,MRy A multiplexer MUX; is connected to the
every output of MR; The Mask Enable signal is used to allow the activation of X-mask. Once
Mask Enable signal is active, the selected scan chains are allowed to be masked based on the
values stored in MR.

Figure 3.9 shows a simple integration of the HCMR. There is a single
module of HCMR for one scan chain, as shown in Figure 3.9a. The configuration register CR
selects a subset of | scan chains. Since the i-th bit of configuration register CR; is set to logic ‘true’,
the i-th scan chain needs to be masked. If the logic is set to ‘false’, it means the scan chain is no
need to be masked. Note that the configuration register CR is only loaded one time at the
beginning of test.

For the each pattern, the mask can be shifted into mask register MR for |
selected scan chains. The case whether or not the i-th scan chain is masked is determined by the
value of output m;which is provided by an AND gate from MR; and CR;. Therefore, the value of
MR; can be propagated to output m;if and only if the value of CR; is ‘true’. This approach is
efficient as the load process of mask register MR loads only | bits of mask bit. The multiplexer
MUX; is controlled by the value of CR;. Once the value in CR; is logic ‘true’, the value stored in
MR;is propagated to multiplexer output. Otherwise the value at the input of MR;is propagated to
multiplexer output. The both cases are shown in Figure 3.9b and Figure 3.9c, respectively. Thus, it

just needs to load I positions to MR because the CR only defines | bit for HCMR.

MR;.1

MUX

o7 ®

Figure 3.9 Mask register element for a single scan chain [41]
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Figure 3.10 shows a simple example to demonstrate HCMR with k=4. As the
value in CRy and CR, are logic ‘true’, the mask register just generates two mask bits s; and s, for
the first and last flip-flop. Thus, the mask bit is only loaded to the first and fourth scan chain as the
output m, and m; are logic ‘false’. The HCMR is required two tester channels for controlling. The
first channel is used to transfer the information for configuration register CR and mask register

MR. the second is use to drive the Mask Enable signal.

Figure 3.10 4-stage mask register [41]

After understand the implement of hierarchical configurable mask register,
the next step is to apply an optimal value for register CR and MR to achevie a high observability

of scan cells.

3.2.3.2 Optimal X-mask Determination

In this section , a nearly optimal X-masking for a test pattern is proposed. For
the first step, the configuration of register CR is determined by I, where | also represents the
number of selected scan chains. If the masks are not sufficiently efficient, the number of | can be
increased to 21,3l,.... Note that the configuration select | scan chains with most X’s during the
whole test. Only the bits CR; corresponding to these | scan chains are set to logic ‘true’. The set
values are unchangeable during whole test.

For the second step, it defines the optimal X-mask M(m, p) for each pattern p,
and X-mask M(m,p) selects m ( 0<m<lI) scan chains with most X’s. However, the optimal X-mask
M(m,p) needs to be iteratively determined. For convenience, the value m is modified by the value
s (0<s< Dfor every iteration . Define Cy, : the number of observable scan cells using the X-mask

M(m,p) and Cotm: the number of observable scan cells without X-mask. So the additional number
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of observable scan cell is Ac = Cy- Crotm.

For the basic operation of the iterative process, it set the s a fix value first if
additional number of observable scan cell Ac increases for each iteration. Once Ac decreases,
the value of s is reduced by half for each iteration. The iteration process requires to stop as long as
the same X-mask is generated. Finally, several X-mask M(m, p) are produced for one test pattern.
The best X-mask which gets the largest amount of additional observable scan cells can be
selected.

The iterative process can be illustrated in Figure3.11 and Table 3.1. In Table
3.1, the initial value of s is set to10 for the first iteration. As the value of Ac increases, the value
of s is unchanged within first two iterations. For the third iteration, the value of Ac reduces
comparing with the second iteration. So the value of s reduces half. For the iteration process of
five and six ,the value of Acincreases again. The iteration process will stop after the sixth
iteration because the value of m=25 has been generated twice. Comparing six X-mask for whole
iteration process, the maximum additional observable scan cell can be achieved in second iteration,
where Ac is 90. Thus ,the final X-mask is to select m=20 masked scan chains for this pattern.

Table 3.1 Example of iterative process

Iteration 1 2 3 4 5 6 7
Ac 50 90 70 60 80 85 60

S 10 10 10 5 2 1 1
m 10 20 30 25 23 24 25

e
vy » Amount of selected scan
0 10 20 25 30 chains

~

Figure 3.11 Development of the amount of masked scan chains during iterative process [41]

This proposed X-mask scheme a HCMR is very efficient as it utilizes the fact

that most of X’s are only located in a subset of scan chains. As mentioned before, the mask logic is
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performed in two steps. For the first step, a subset of scan chains is selected to consider for
X-mask. The second, an optimal X-mask is applied to the HCMR for each test pattern. The HCMR
can be easily integrated in arbitrary designs.

In order to detect fault, one valid way is to mask off X’s directly by
specified X-masking logic in the list X-masking techniques. However, the fault can also be
detected without using X-masking logic in the presence of X’s, which is presented in X-tolerant

scheme in next section.

3.3 X-tolerant Schemes

Since the time compactor such as MISR cannot tolerate even one X, it is
necessary to develop an X-masking scheme to mask all the X’s in test response. However, another
type compaction scheme such as space compactor can allow the existence of X’s, so it is more
suitable to develop an X-tolerant scheme for space compactor in general. The main advantage of
X-tolerant schemes is that it does not need to generate mask bits to mask X’s and it causes
negligible hardware overhead.

Instead of masking X’s directly by specified mask logic in X-masking
technique, the X-tolerant scheme is performed to minimize the impact of non-X value being
masked by X’s. It can guarantee to check erroneous compactor output in the presence of limited
number of X’s, or the errors can be detected by the tester when the errors are propagated to the
compactor outputs with X’s appearing in the current cycle. In this section, several important
X-tolerant schemes are presented, such as response shaper, X-canceling MISR, X-compactor and

i-compactor.

3.3.1 Response Reshape

In this section, a circuit module called response shaper is proposed in [4],
which can reduce the masking effect due to X’s for space compactor. In Figure 3.12, we can see
the response shaper logic is added in front of space compactor, so that the scan-out responses need

to be “reshaped” first by response shaper logic before compaction. After the proper control signals
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based on the simulation results applied to configure the response shapers, the space compactor can
detect faults more easily. Thus, the compaction scheme can improve obviously the fault coverage

as well as the number of observable scan-out responses in the presence of unknown values(X’s).
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Figure 3.12 Input compression and output compaction scheme with response shaper [4]

The objective of this work is to improve the tolerance of X’s by adding the
response shaper logic to “reshape” the scan-output responses before compaction, which means
ATE can detect as many modeled faults as possible in the presence of X’s. Meanwhile, this
scheme is applied to maximize the number of observable scan-out responses in the presence of X'’s.

The basic operation response shaper is shown in next section.

3.3.1.1 Design of a Response Shaper

There is an example of a 4-scan-chain response shaper shown in Figure 3.13.
Each input in; and output out; of this response shaper correspond to the scan chain i. In the
response shaper logic, a 2-to-4 decoder is applied to select scan chain by assigning a proper value
at signal chain sel. Since a scan chain i is not selected by the decoder, out; will directly connect to
the first scan cell in scan chain i (denoted as C; ;). For a selected scan chain i, if shi f t_sel is equal
to 0, outi will connect to a delay element which stored the scan-out response in the previous cycle.
If shift_sel =1, outi will connect to a constant value (1 in this example). The operation (shi f t_
sel = 0) can be called the shift operation and the operation (shi f t_ sel = 1) is replacement

operation.
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Figure 3.13 An example of a 4-scan-chain response shaper [4]

Figure 3.14 demonstrates the operation for rearranging the scan-output
responses going to the space compactor after a shift operation and a replacement operation. SO; ;
represents the scan-out response of scan cell C; . For the scan chain i, there is neither a shift
operation nor a replacement operation. Therefore , the scan-out responses coming to the space
compactor for scan chain i are SO;1, SO ,, SO;3 and SO;, in order in Figure 3.13 (a). After a shift
operation applied on scan chain i ,the order is changed to SO;4, SO;1, SO;,, and SO; z,as shown in
Figure 3.14 (b), where SO;, is the same as SO;, propagating to the space compactor in the
previous clock cycle. In Figure 3.14 (c) shows all scan-out responses become a constant as a

replacement operation is applied on scan chain i.

@ scan-out cycles
N
4 N
...... SO,; SOi4 SOz SO SO SOis SOi3 SO;i2 SOi:
(b) under response shift
N
4 N
...... SO;;  SOiz SO, SOi; SOi4 SOis SOis SO SOi;
(c) under constant replacement
N
4 N
...... SOis 1 1 1 1 SOis SOi3 SO SOi1

Figure 3.14 An example of shift operation and the replacement operation
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By the way, a shift operation can perform not only a one-cycle delay. With
more storage elements and its corresponding MUX, a shift operation can perform a multiple-cycle
delay. However, such flexibility needs more control bits for shi ft_ sel. In order to further reduce
the data overhead of the control signals applied to a response shaper, we do not change the signals
of chain_ sel and shi f t_sel during the entire scan-out cycles for one test pattern. For the
following parts, the detail of fault detection and improvement for observable scan cells with a

response shaper is described.
3.3.1.2 Fault Detection with a Response Shaper

Once values are applied to the control signals chain_ sel and shi f t _sel, the
main issue of control signal generation is to maximize the fault coverage. A fault could be
detected if one of its error responses is propagated to an output of the space compactor. Figure
3.15 shows an example of applying a response shaper to avoid the masking effect. In the scan-out
responses, there are three errors and three X’s produced in simulation. Without shift operation,
after the XOR operation, none of these errors can be observed due to either even-error masking
(the third scan-out cycle) or unknown-induced error masking (the second scan-out cycle).As a
shift operation is applied on the first scan chain, the scan-out response will change to Figure 3.15
(b). In this situation, one error can be observed in the third cycle. Hence, the shift operation or
replacement operation may help to detect some faults. But sometimes, some detectable faults may
become undetectable after a shift operation or a replacement operation. So the reshaping algorithm

for control signal generation is important.
response shift
scan chain 1 /\on scan chain 1

scanchain2 ®

TN

scan chain 3

g:error
@) (b) p:unknown

Figure 3.15 An example of fault detection with a response shaper [4]
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3.3.1.3 Observable scan-out Response with a Response Shaper

Another application for control signal generation is to improve the
percentage of observable scan-out responses. The definition of observable scan-out response is a
scan-out response does not be masked by an unknown-induced error masking. For example, a
scan-out response on a scan chain is observable if there is no X’s on any other scan chain fed to
compactor at the same cycle. The basic operation for increasing the number of observable
scan-out responses is described in Figure 3.16. At first, the scan-out responses in Cy 3, C;3,Csgs,
andC, ; are observable due to no X’s in current cycle, as shown in Figure 3.16(a). After a shift
operation applied on the first scan chain in Figure 3.16(b), four more scan-out responses in Cy 1,
C,1, C31, and C, 1 become observable as the X’s in Cy; is shifted to Cy,. When a replacement
operation is applied on the first scan chain in Figure 3.16(c), six more scan-out responses in Cy »,
Cs2, C42, C14, C34, and Cy 4 can become observable because the two X’s on the second scan chain
are replaced by a constant 1. However, the scan-out response in C,3 is no longer observable

because it has already been replaced by a constant 1.

M :unknown o:observable scan-out response

C14C13C12Ca 1 C14C13C15C1 1 C14C13C12C11

C34C33C3,C3

C44Ca3Ca2Cas @ C44C43Ca2Ca1

@

()

Figure 3.16 An example for observable scan-out response [4]

This scheme proposes a simple circuit module called the response shaper to
enhance the X’s tolerance for output response compaction. With the response shapers, the faults
detection can be maximized for a space compactor. Meanwhile, the reshaping algorithm is
important for control signal generation.

The method for enhancing the X’s tolerance in this scheme is to reduce the
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occurrence of error masking (including even error masking and unknown- error masking) for test
responses. However, another method for enhancing the X’s tolerance is to cancel out unknown

value by itself, which is described in next section.

3.3.2 X-Canceling MISR

In this section, a X-tolerant MISR compaction methodology called
X-Canceling MISR is introduced in [15]. Unlike conventional X-masking schemes, it does not
require any masking logic at the input of the MISR. The basic idea is that each X in the output
stream is represented by a unique symbol, which is used to determine the final state of the MISR.
Each bit of MISR signature corresponds to a linear combination of symbols, and some linear
combinations are guaranteed to be linearly dependent in terms of the symbols corresponding to the
X’s when there are more bits of MISR than symbols. Once some combinations of MISR bits
which are linearly dependent the symbols corresponding to the X’s are XORed together, the X’s
can cancel out each other and produce a deterministic value during the test. After comparing the
value of the XORed combination of MISR bits and the fault-free value, an error can be detected if
the values mismatch each other. The g such combinations can provide the error coverage of
approximately 1-2°9. Therefore, if 7 such combinations are checked, the error coverage is given
over 99%. Checking 16 such combinations can provide the error coverage 99.998%. To apply an
appropriate set of MISR bit combinations for checking, it is possible to guarantee 100% coverage

for some fault model. By the following part, a symbolic simulation is described.

3.3.2.1 Symbolic Simulation

After the output response that has been captured in the scan chains, each scan
cell can be represented by a symbol. For example, in Figure 3.17, assume each symbol X; has an X
value and each symbol O; has a non-X value. The final state of the MISR in terms of the symbols
has been obtained since the output response is shifted in to the MISR. Finally, each bit of the

MISR is equal to a linear combination of the scan cells. For example in Figure 3.17, the final

value of the top bit of the MISR will be equal to X;® Oz® Og® Oqa.
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Figure 3.17 Example of Symbolic Simulation of MISR [15]

The Figure 3.17 shows the X dependence of the MISR bits, where each X
take on value 0 orl. If there are k X’s, then there are totally 2* different combinations for the X’s.
Take an example in figure 2, there are 4 X’s in the output response (X;-X;), and each could be
either 0 or 1 in a fault-free circuit. So there are 16 possible signatures in all produced in the MISR
for a fault-free circuit. Each possible combination of values for the X’s can be thought of as
producing a valid fault-free signature in the MISR. If an m-bit MISR contains k& X’s, which means
2% valid signatures out of 2™ possible signatures can be produced in a fault-free circuit. Once an
error occurs, it will change a fault-free signature to a faulty signature. So the probability for the
faulty signature which belongs to the 2k valid fault-free signatures is 2 /2™ Therefore, the
probability of aliasing is 2*/2™. If k is 20 less than m, the probability of aliasing is 2*° which less
than one in a million. It means that an m-bit MISR can compact at most (m-20) X’s in output

streams with negligible loss of error coverage.
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Figure 3.18 Linear Equations for MISR in Figure3.16 [15]

After the output response is shifted in to the MISR, the linear equations of
MISR bits can be represented by a matrix, where each row corresponds to a MISR bit and each
column corresponds to an X. The entry in the matrix is a “1” since X’s present in each MISR bit
corresponding to each row. Take an example in Figure 3.18, the second row corresponds to M, in
the matrix, and three “1” located in the first three columns indicate dependence on Xj, X,, and Xs,
respectively. In order to guarantee linearly dependent for some combinations of rows, the number
of X’s must be less than the size of the MISR because there are more rows than columns. The
linearly dependent row combinations can be identified by Gauss-Jordan elimination [24], which
includes performing rows operations that transform a set of columns into an identity matrix.

After Gauss-Jordan elimination, all-0 rows in the matrix have no dependence

on the value of the X’s, as shown in Figure 3.19, where the first all-0 row is got from M;®&M3;®M:s.

This indicates that if the MISR bits M1, M3, and M5 are XORed together, all the X’s cancel out
and the final value has no dependence on the X’s. This can be calculated as follow:
M1® M3® Ms = (X1@ O3B Og® O13)@ (020 X3P Os@ O10@ O15)® (X1® 0. X3® 012@ O17)=

O3® Os® 03P 010@ 0128 013® 015@ Oy7

By applying XOR operation on these three bits together, the final equation
depends only on non-X values, and each of the all-0 rows correspond to MISR bit combinations
where the X’s cancel out. During test mode, these X-canceled MISR bit combinations can be

compared with their fault-free values for error detection.
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Figure 3.19 Gauss-Jordan Reduction of MISR Equations [15]

Since g X-canceled combinations are checked, the error coverage is
approximately equal to 1-2% In other words, the error coverage is equivalent to using a g-bit
MISR with no X’’s for signature analysis. Table 3.2 lists the error coverage for different values of g.
Generally, if 7 X-canceled combinations are checked, then over 99% error coverage can be

achieved; and if we check 13 X-canceled combinations, 99.99% error coverage can be obtained.

Table 3.2 Error coverage versus Number of

X-canceled combination (q) [15]

X-Canceled Error
Combination(q) Coverage
1 50%
2 75%
3 87.5%
4 93.75%
5 96.88%
6 98.44%
7 99.2%
8 99.6%
9 99.8%
10 99.9%
11 99.95%
12 99.97%
13 99.99%
14 99.994%
15 99.997%
16 99.998%




3.3.2.2 X-Canceling MISR Architecture

The architecture of X-canceling MISR is shown in Figure 3.20. After passing
through a phase-shifter, the output response is scanned into an m-bit conventional MISR, after that
we can get the X-canceled combinations by using a programmable XOR network. Linear
dependent combinations of MISR bits are generated by symbolic simulation. The m-bit selection
register is performed to select a set of MISR bits which are XORed together to generate an “X-free”
value that is compacted in the X-free MISR. As each X-free value has no dependence on X’s in the
output responses, the final signature in the X-free MISR during test is deterministic and can be

directly compared with the fault-free value to detect faults.

(optional)

Sanchan__|—¥
X-Free
Scan chain 3 LA X-caljcel_ed
combination
Phase

Shifter XOR >

Scan chain 1 =

M-bit Selection Reg

Figure 3.20 X-Canceling MISR Architecture [15]
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As the m-bit MISR can compact up to m-q X’s with an error coverage of
1-29, a 256 bit MISR with a value of q=12 can give the error coverage over 99.97%, and up to
244 (MISR bit-q) X’s can be compacted in the MISR with any number of non-X outputs. For the
operation, the MISR can keep compacting output response data from the scan chains until the
number of X’s reach up to 244, after that 12 X-canceled combinations are generated and shifted
into the X-free MISR. Then the MISR need to be reset and can compact the output response data
again.

The main advantage of X-canceling MISR is that the error coverage depends
only on the number of X-canceled combinations that are checked instead of the total number of

X’s in a scan slice. And tester storage overhead don not relate to the scan architecture, design size,
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or number of test vectors, it just depends on the total number of X’s in the output response. Thus,
this scheme is extremely efficient when the percentage of X’s is small. However, if the percentage
of X’s becomes large, this scheme is not efficient due to increasing huge tester storage overhead.
So it conducts a hybrid approach which combines X-masking logic with X-canceling MISR, as

described in the next section.

3.3.2.3 Combining X-masking and X-canceling MISR

Since the X-canceling MISR scheme is not suitable for large amount of X’s
becomes large, a hybrid method is proposed in [42] by combining X-masking with the X-canceling
MISR. The basic idea of the hybrid method is to handle majority of the X’s that can be easily and
efficiently masked, and the residual X’s is handled by the X-canceling MISR. One of main

advantages of this approach is that it is very efficient to handle large amount of X’s in output

response.
—ﬁ Scan chain EB—'
b test
channal b
1P

MISR

Decompressor

Scan chain

b+ .
X-canceling

Mask ‘ & ‘ ‘ N ‘ )
control

b Mask Register Interval
1 &Control Logic counter

Figure 3.21 Combining X-masking and X-canceling MISR [42]

Figure 3.21 shows the architecture for m scan chains with a control signal, an
m-bit masking register, an interval counter, and two logic gates per internal scan chain for a total
of 2m logic gates. The control signal is applied to determine whether or not to mask on each scan
slice. Consider the case where the control signal is a ‘1°, then the mask is applied, if the control

signal is set to ‘0’, the mask data is useless and cannot affect the scan output response data. Once
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the control signal is a ‘1°, and if a given mask data bit is set to ‘1°, the corresponding output
response data bit is masked; if mask bit is given to ‘0’, it means no masking will occur. The goal is
to consider as many adjacent scan slices as possible as well as mask as many X’s in those scan
slices as possible without losing fault coverage. After masking, the majority of X’s is killed and
the residual small number of X s in the output response can be handled by X-canceling MISR.
Comparing the scheme of response shaper, the proposed X-canceling MISR
also applies external control logic before compaction. Without using external control logic, the

next section will show the X-tolerant compactor which can tolerate X’s by itself.

3.3.3 X-compactor

X-compact is a typically X-tolerant test response compaction technique
presented in [5]. With the X-Compact design technique, the data volume can enable up to
exponential reduction in the test response and very few pins are required. For example, by
applying the X-compact technique, the 500 parallel scan chains where each scan chain contains
1000 flip-flops use only 12 scan-out pins. Thus, the total overhead of test response data volume is
only 90 MBs instead of 3.75 GBs. The compaction hardware has negligible area overhead and
does not degrade the system performance during normal operation. Meanwhile, it guarantees the
error detection and diagnosis capability of scan-based DFT even in the presence of X’s. Another
advantage is the X-Compact technique can minimum impact on current design and test flow and is
independent of the fault models and test patterns. The main benefit of X-Compact technique can
be list as follow: 1) test time reduction due to few pins with more scan chains; 2) test data volume
reduction due to exponential reduction in the response data; 3) less the number of input/output
pins; 4) low cost testers due to very few scan channels. The next two sections will show the basic

algorithm for designing X-compactor with and without X’s, respectively.

3.3.3.1 Compactor Design in the Absence of X’s

In this section, we consider the case where none of scan chains contains X’s in

simulation. Figure 3.22 shows a design with eight scan chains which are directly connected to the
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inputs of a compactor with eight inputs and four outputs. Consider the following two situations:

1)

2)

chain 1 and scan chain 2 is scanned out.

For atest pattern, only flip-flop 4 of scan chain 1 and scan chain 2 contain errors.

For a test pattern, flip-flop 4 of scan chain 1 and flip-flop 6 of scan chain 2 contain errors. The

errors can be produced on pin Outl on the fourth (sixth) clock cycle when the XOR of scan

No error can be observed because the errors will cancel out when the XOR of scan chain 1 and

scan chain 2on the fourth clock cycle.

Scan Scan Scan Scan Scan Scan Scan  Scan
Outl Out2 Out3 Out4 Out5 Out6 Out7 Out8

XOR XOR XOR XOR
Out 1 Out 2 Out 3 Out 4

Figure 3.22 Compactor with eight inputs and outputs [5]

Figure 3.23 shows a compactor generated by the X-compact design

technique with eight inputs and four outputs. This design has the following rules. When one, two,

three, or a larger odd number of scan chains produce errors and no scan chain produces X at the

same scan-out cycle, then the output produced by the compactor is guaranteed to be different from

the expected compactor output at that scan-out cycle. Thus, the errors at the scan chain outputs can

be detected by the compactor. This compactor designs is applied to exclusive-OR gates due to the

information loss-less property of XORs.

Scan Scan Scan Scan Scan Scan Scan Scan
Out 1 Out 2 Out3 Out4 Out5 Out6 Out7 Out8

xor| [xor| [xor| [xor| [xor| xor| [xor][xor

L 1 L 1

‘ XOR ‘ ‘ XOR ‘ ‘ XOR ‘ ‘ XOR ‘
| l 1 1
Out 1 Out 2 Out 3 Out 4

Figure 3.23 Another compactor with eight inputs and four outputs [5]
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Consider a design with n scan chains. Then the compactor will contain n
inputs. Suppose that the compactor m circuit has outputs. The compactor circuit can be
represented as a binary matrix (a matrix with only 0s and 1s) with n rows and m columns. The
binary matrix is called the X-compact matrix. In the matrix, each row corresponds to a scan chain
and each column corresponds to a compactor output. The entry in row i and column j of the
X-Compact matrix is 1 if and only if the jth compactor output depends on the output of the ith
scan chain; otherwise, the entry is 0. Figure 3.24 shows the X-compact matrices corresponding to
Figure3.22 and Figure3.23. The first column of the corresponding X-Compact matrix in Figure
3.24(a) has 1s in the first and the second rows because Outl depends only on scanoutl and
scanout2; The first column of the corresponding X-Compact matrix in Figure 3.24(b) has 1s in the

first , second fifth and seventh rows because Outl depends on scanoutl, scanout2, scanout5, and

scanout?.

1 0 0 O 1 0 0 O

1 0 0 O 11 0 1

01 00 01 0O

: . lo 1 0 o0 . . o1 1 1

Matrix of Figure3.22: 00 1 0 Matrix of Figure3.23: 1110

0 01 0 0 010

0 0 0 1 1 0 1 1

0 0 0 1 0 0 0 1

(@) (b)

Figure 3.24 X-compact matrices of (a) and (b) [5]

There are several theorems for systematically designing X-Compactor circuits
in the absence of X’s. Theorems 1-3 can be found on the theory of error-correcting codes [17].

Theorem 1: If any single scan chain produces an error at any scan-out cycle,
the compactor circuit is guaranteed to produce error at that scan-out cycle if and only if no row of
the X-Compact matrix contains all 0s.

Theorem 2: Errors from any one or any two scan chains at the same scan-out
cycle are guaranteed to produce errors at the compactor outputs at that scan-out cycle if and only
if all rows of the X-Compact matrix are nonzero and distinct.

The first two rows of the X-Compact matrix of Figure 3.22 are identical,

which is against the Theorem 2.Thus, the errors from scan chains 1 and 2 at the same scan-out
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cycle do not produce error on Outl. Based on Theorem 2, all rows of the X-compact matrix of
Figure3.23 are distinct, simultaneous errors from any two scan chains at the same scan-out cycle
are guaranteed to be detected.

Theorem 3: Errors from any one, two, or odd number of scan chains at the
same scan-out cycle are guaranteed to produce errors at the compactor outputs at that scan-out
cycle if every row of the X-compact matrix is nonzero, distinct, and contains an odd number of 1s.

As all rows of the X-Compact matrix are distinct and contain an odd number
of 1s, the XOR of any two rows and any odd number of rows is nonzero. Thus, errors from any
one, two, or odd number of scan chains at the same scan-out cycle are guaranteed to produce
errors at the compactor outputs at that scan-out cycle. The matrix corresponding to compactor
design in Figure 3.23 satisfies Theorem 3.

Consider X-compactor matrix with m columns (m outputs for compactor), a
maximum number of distinct nonzero rows with an odd number of 1s is 2™*. To satisfy Theorem
3, the design must follow: n < 2™~1, where n is the number of scan chains. By transforming the
format to: m > 1 + log, n, the relationship between scan chains(n) and compactors outputs (m)
can be got, as shown in Table 3.3. It shows that 512 scan chains just need only 10 scan-out pins.

Table 3.3 Scan chains and compactor outputs: guaranteed error detection when 1, 2, or any odd
number of scan chains produce errors and no scan chain produces X’s at the same scan-out cycle

[5]

Scan chains Compactor outputs
(n) (m)
5-8 4
9-16 5
17-32 6
33-64 7
65-128 8
129-256 9
257-512 10
513-1,024 1
1,025-2,048 12
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In this section, it assumes that no scan chains produce logic values X’s
during simulation at the same scan-out cycle. However, once X’s occur in scan chains, the error
can get masked by X’s and the defective chip is not detected. In this case, the design for

X-compactor should be more sufficient in order to detect error.

3.3.3.2 Compactor Design in the Presence of X’s

If a scan chain produces an X at a particular scan cycle, all compactor outputs
that depend on this scan chain will be masked by X on the tester. Take an example in Figure 3.22.
If flip-flop 4 of scan chain 1 records error as well as flip-flop 4 of scan chain 2 produces an X for a
test pattern, the fourth bit of pin Outl must be masked out by X for this test pattern and no error
can be observed. Another example is taken in the compactor design of Figure 3.23. Assume that
scan chain 1 produces an error with an X produced in scan chain 2 at the current scan-out cycle. In
this case, the error on the output of scan chain 1 will not be detected as Outl is the only compactor
output that depends on the output of scan chain 1. Therefore, in order to guarantee error detection
in this situation, more sufficient conditions are given in Theorem 4.

Theorem 4: An error from any scan chain and an X from any other scan
chain at the same scan-out cycle are guaranteed to produce error at the compactor outputs at that
scan-out cycle if and only if:

1) No row of the X-compact matrix contains all 0s;
2) For any X-compact matrix row, the submatrix obtained by removing that row and the
X-compact matrix columns having 1s in that row does not contain a row with all Os.
Figure 3.25 gives a simple example to show the compactor circuit, and the

corresponding X-compact matrix is shown in Figure 3.26.
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Figure 3.25 Compactor with eight inputs and five outputs with guaranteed error detection in the

presence of X’s [5]
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Figure 3.26 X-compact matrix of Figure3.25 compactor [5]
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Suppose that scan chain 1 produces an error with an X produced in scan

chain 2 at the same scan-out cycle. Since compactor outputs Outl, Out3, and Out4 depend on the

output of scan chain 2, logic values on Outl, Out3, and Out4 will X. However, the error produced

by scan chain 1 can be detected on compactor output Out2.

For the X-compactor matrix of Figure 3.25, if the second row and columns

1, 3, and 4, are removed, we obtain the submatrix shown in Figure 3.27. The submatrix does not

have any row with all 0s. Thus, the design of X-compactor circuit satisfies Theorem 4. However,

the compactor design in Figure 3.23 does not satisfy Theorem 4. This is because, after removing

the second row and the first, second, and fourth columns of the X-Compact matrix, the submatrix

contains all 0’s in the first row.
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Figure 3.27 Submatrix of Figure 3.25 [5]

Corollary 1: Theorems 3 and 4 are satisfied if every row of the X-compact
matrix is distinct, has an equal number of 1s, and the number of 1s in every row is odd.

The X-compact matrix of Figure also satisfies Corollary 1 because every row
has only three 1s. Consider an X-compact matrix with ten columns. In order to satisfy Corollary 1,
the maximum number of rows is 255 if the number of 1s in each row is five, which means the
design for a compactor uses only ten outputs if it gets 252 scan chains. Table 3.4 lists the
relationship between the number of scan chains and the number of compactor outputs by
following Corollary 1.

Table 3.4 Scan chains and compactor outputs: guaranteed error detection when 1 scan chain

produces errors and another scan chain produces X at the same scan-out cycle, or when 1, 2, or an
odd number of scan chains produces errors and no scan chain produces X at the same scan-out

cycle [5]
Scan chains | Compactor outputs
(n) (m)
5-10 5
11-20 6
21-35 7
36-56 8
57-126 9
127-252 10
253-462 11
463-792 12
793-1,716 13
1,717-3,432 14
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In order to detect errors when any one or two scan chains produce errors at
the same scan-out cycle together with another scan chain producing an X at that scan-out cycle,
Theorem 5 gives sufficient conditions for detecting these errors.

Theorem 5: Errors from any one or two scan chains and X from any other
scan chain at the same scan-out cycle are guaranteed to produce error at the compactor outputs at
that scan-out cycle if and only if:

1) No row of the X-compact matrix contains all 0s;
2) For any X-compact matrix row, all rows in the submatrix obtained by removing that row and
the X-compact matrix columns having 1s in that row are distinct and nonzero.

In this case, the compactor of Figure 3.25 does not satisfy Theorem 5
because the submatrix of Figure 3.25 has identical rows. For the multiple errors and X’s,
Theorems 4 and 5 can be directly extended to Theorem 6.

Theorem 6: Errors from any kj or fewer scan chains and unknown logic
values (X’s) from any k; or fewer scan chains (k;+k,< n, the total number of scan chains) at the
same scan-out cycle are guaranteed to produce error at the compactor outputs at that scan-out
cycle if and only if:

1) No row of the X-compact matrix contains all 0s;
2) For any set of X-compact matrix rows, any set of rows in the submatrix obtained by removing
the rows in and the X-compact matrix columns having 1s in the rows in are linearly independent.
The X-Compact technique for compactor circuits is very efficient as it can
significantly reduce test application time and test data volume without sacrificing test quality.
Meanwhile, the X-compact technique provides a solution for handling simultaneous errors from
multiple scan chains and sources of X’s. Furthermore, the X-compact design technique is easy to
implement as it does not require any significant change to the existing design and test flows. In

next section, it shows different algorithm for designing an X-tolerant compactor.
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3.3.4 i-compactor

In this section, another X-tolerant compaction scheme, i-compact, is
presented in [43]. It provides an alternative solution for a compactor circuit. Comparing
X-compact technique, this scheme requires comparable tester memory but fewer pins. In addition,
the scheme of i-compact can provide varying degrees of error detection capability in the presence

of a varying number of X’’s for the same compactor.
3.3.4.1 Design binary linear codes

The technique of i-compactor is applied to design binary linear codes. For
example, a binary (n, k) includes 2 code words with n bits, and H (m=n-k) is an mx n check
matrix to represent a binary code. The valid code words is defined by the equation HD=0, where
D is an nx1 vector. The test system of i-compact approach is presented in Figure 3.28, which
shows the whole process for error detection in the absence of X’s. For the right side, the expected
n-bit test response D goes into the compactor, then the compactor applies the code matrix H to
produce a check word C = HD of m bits which is considered as the compacted test response.
Meanwhile, the actual test response D’ and check word are produced by a chip under test on the
left side of this Figure. As the actual response may contain errors, it can be represented by by
adding error term E to the expected response D. An i-Compact compactor matrix with distance d
can follow the rules:

(1) detect up to d — 1 single-bit errors,
(2) detect up to e errors in the presence of up to x unknowns, where e +x < d or

(3) correct up to t errors and identify up to x unknowns, where 2t +x < d.

Expected test
response D n
Chip boundar
Scan ;ﬁ:aclli]esse} P y Automatic test Offline
in - P Scan equipment computation
ciiue | P7P*E out Y
/ » Under || compactor { % Con'\‘f-glétor - / compactor
n test pactor |
n m m
ctual test Expected test
Check word Check word

C’ =C+HE  Test decision C=HD

Figure 3.28 The test system of i-compact [43]
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3.3.4.2 Examples

To discuss the error control capabilities of Saluja Karpovsky compactors, a
series of example is shown based on the check matrix for the (7,4) Hamming Code extended the

(8,4) SEC-DED code by adding a parity bit over all data bits, and the matrix is

0111
1011
1101

oo o o

100
1010
H= 001
11111111
The expected test response D is represented by d;d,dsd4dsded-ds, and the
expected check word C is ¢c1¢,C3C4. The following equation C:

1 = d1PdsdsPd;Pds
Co= d,®ds@d/Pdsg
C3 = 3P dsPds®ds
Cs= 010 d,dd:PdsDdsDdsdd;Pds

The expected check word C is pre-computed and stored in ATE memory, and
the actual test response D’ is also compacted by the same encoder, after that the actual check word
C’ = HD’ is sent to ATE for comparing with C. Notice that the check code H is a distance-4 code,
S0 it can correct up to x < 3 erasures; or detect up to e errors in the presence of uptox <3 — e
erasures. The following examples show the error control capabilities.

1) Three unknown values and no errors
Consider D= X1X2X301101 and D’=01101101. By using C’=HD’, we can
get actual check word C’ is 0101. We can also get C which depends on X; then C and C’ need to
be XORed in order to find error syndrome. In this case, the XORed result is set to 0 due to no

errors, then we can solve for the X; by the equations:

0= X
0=TX,
0= X,

0=X1 &X; & X3

It gets X; = 0, X, = 1, and X3 = 1 by the equation. However, when some errors

are produced such as changing dgto 0, the error cannot be detected as the equations are not solved.
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In this situation, since the number of X’s and the code distance is small, all possible binary
combinations of X’s can be list, after that all possible check words C are picked to matches C".
2 ) Two unknown values and one error
If there are two inputs including unknown values, the distance-4 code can
detect any single error. Consider D=001X;101X,0 and D’=00101110. The actual check word is
C’=HD’=0010. In order to check the expected check word C, all possible values require to be list
for X;X,=00,01,10,11,then the corresponding values for C is 1000,0101,1001,0100,respectively.
As none of these matches C’, an error is checked.
3) One error and one unknown value
The code H can also be used to identify a single error in the presence of an
unknown value. Consider D = 0100100X1 and D’ = 01011001. The actual check value C’ is
HD’=1100, and the corresponding values of C is 0010 and 1101. If X;=0, it gets C+C’=1110, it
can match none of columns of H; but if X,=1, it gets C+C’=0001, it can match the fourth column

of H which corresponds to the bit position 4 in D’, indicating that d, is an error.

3.3.4.3 Handling more X’s

Consider the situation where the chip produces more than two X’s on many
scan-out cycles. In this situation, the Hamming distance-4 code can also be used instead of more
expensive codes to detect errors. However, it cannot guarantee that we always detect such errors.
For example, it stores 32 alternate check words in ATE in the presence of five X’s. If a circuit gets
500 scan outputs and check word width is 10, then the compaction ratio is 50 and the total number
of check words is 1024. The probability of a random error mapping in to the 32 stored responses is
just 32/1024, which means a 96.8% detection probability can be achieved for a response with five
X’s. The fault coverage can be further improved by using less efficient compaction. For example,
it uses more bits of check word such as 12 instead of 10, it still provides compaction factor of 40.
The random error detection probability is enhanced to (1- 32/4096) = 99.2%. Similarly, more
alternate check words can be stored to handle more X’s. As storing multiple responses a few times

out of several hundred thousand scan cycles, the storage requirement is small.
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The presented i-compact is very applicable as it provide varying degrees of
error detection capability in the presence of a varying number of X’s, and it is efficient in
providing a compaction factor of 50 for 500 outputs or a factor of 90 for 1000. The well-known
codes for i-compact are Hamming and BCH. In the process, there are several possible approaches
to trade off between test time and ATE memory requirements, and the proposed technique is also

ATPG independent.

3.4 Summary

For the output response compaction, the occurrences of X’s in the test
responses have been the greatest barrier to improve the compaction. In this chapter, several
relevant X-masking and X-tolerant schemes are list to handle X’s and illustrate the benefit and
limitation of each approach. There is a conclusion for all the presented schemes including the

objective, basic concept, advantage, and disadvantage, as illustrated in Table3.5.
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Table 3.5 The discussion for list schemes

Schemes

Obijective

Main concept

Advantage

Disadvantage

Conventional

Mask all the X’s

Create a mask for every

Mask all the X’s

Cost too much mask bit

X-compactor

Increase the ability

for fault detection

Design space compactor

by efficient algorithm

No require
additional

X-masking logic

X-masking scan slice
Be efficient when just
v Reiterative Reduce overhead of | Ensure to reuse the same | Reduce the mask
3 there are less number of
§ X-masking mask bit mask bit bits significantly
z X’s
«
Hierarchically | Achieve the high Apply an optimal Improve the Require lots of time for
configurable observability of X-masking for each scan | efficiency of the iteration process
register scan cell chain X-masking
Reduce the number Implement to space | Require additional area
Response Shift test response by the
of undetectable compactor easily overhead, input control
shape selection logic
fault data, and runtime.
Achieve high
Produce X-canceled | compression ratio | Cost too much overhead
X-canceling | Achieve high
combination by control | as it gets less | for X-mask as the number
MISR compression ratio
logic number of X’s(less | of X’s increase
X
= than 0.1%)
=}

Tolerate limited number

of X’s

i-compactor

Increase the ability

for fault detection

Design the space
compactor by distance

code

Increase the error

detection capability

Involves postprocessing
of test responses and

cannot be easily

implemented using

current testers
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CHAPTERA4

THE PROPOSED SELECTIVE X-MASKING AND RESULTS

4.1 Selective X-masking

In this chapter, an X-masking logic is presented to improve the efficiency for
X-masking. Comparing with previous X-masking schemes [13] [14], this scheme is more flexible
and adds a few hardware overhead considered negligible. The basic idea is illustrated in this
section.

As the distribution of X’s has the tendency to be clustered in output responses,
the majority of X’s may just locate in a small number of scan chains in actual designs [8]. It is
possible to mask as many X’s as possible with the smallest mask data overhead. The proposed
method arranges all scan chains into two groups. One group contains large amount of X’s, which
can be handled by the X-mask logic. Another group which consists of the small number of X’s can
directly go through input of the compactor without masking. The main purposes of this scheme are
not only to get rid off X’s, but also to decrease the mask data overhead as much as possible.

Figure 4.1 shows the architecture of proposed approach. The architecture of m
scan chains contains m-bit mask register, an interval counter, m 2-to-1 MUX and m-bit selection
register. The selection register is used to determine whether one scan chain can directly be sent to
the compactor. For example, if the port ‘0’of the MUX connected with scan chain 1 is selected by
selection register, the test responses of scan chain 1 can directly be sent to compactor. Otherwise,
if this value is “1°, the scan chain needs to be sent to the mask logic first. As the selection register
is only loaded one time during whole test cycle, the overhead of this controlling data could be

considered negligible.
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Figure 4.1 Architecture of selective X-masking for output compaction

Figure 4.1 gives the basic idea for the proposed approach. In order to
understand the operation of producing the mask bit and filling the controlling data in detail, the
following section describe the operations of mask bit generation, interval counter, and selection

register.

4.1.1The Process of Mask Bit Generation

In this section, it shows the process of mask bit generation. In general, it
includes the parts of LFSR, Phase shifter and m-bit mask register, as shown in Figure 4.2. In order
to get mask bit for masking the X’s in test output responses, the seeds coming from b test channels
are loaded to LFSR, after that the bit sequences produced by LFSR are shifted by phase shifter,
where the phase shifter is used to reduce the correlations among bit sequences through using
networks of XOR gates. The mask bits generated by phase shifter are then used to mask test
responses in scan chains. Notice that the total bits of mask bit generated by phase shifter are m,

where m >b.
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Figure 4.2 m-bit mask bit generation

Figure 4.3 shows a simple example with two test channels and a 4-stage

LFSR for mask bit generation. Assume that the initial seed bits S;-S, have been filled in LFSR,

and the seed bits Ss-Sy are shifted in from two test channels. After simulation, the mask bits in

mask register are represented by Z;-Z;,. In the first clock cycle, the top stage of LFSR is filled by

the XOR of S, and Ss, the second stage of LFSR is filled by S3 XOR Se, the third stage of LFSR is

filled by the XOR of S; and Sy, and the bottom flip-flop is filled by S;. After that, the value in all

stage of LFSR is XORed by phase shifter. The top output of phase shifter produces the value by

the XOR of the second stage of LFSR and the third stage of LFSR, the second output of phase

shifter produces the value by the XOR of the second stage of LFSR and the fourth stage of LFSR,

the third output of phase shifter produces the value by the XOR of the top stage of LFSR and the

fourth stage of LFSR, and the bottom output of phase shifter is shifted by the fourth stage of LFSR.

Finally, it gets Z;= S1DS3® S4B S, Zo= S1PS3PSe, Z3= S1PS2P Ss, and Z4= S;.
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Figure 4.3 A 4-stage LFSR for mask bit generation

In the second cycle, the top stage of LFSR is filled by the XOR of the values

of the second stage of LFSR (S3®Se) and Sv; the second stage of LFSR is filled by the values of
the third stage of LFSR (S:8S,) and Sg; the third stage of LFSR is filled by the XOR of the values
of the first stage of LFSR (S,®Ss) and the fourth stage of LFSR (S,); and the fourth stage of LFSR
is filled by the XOR of the values of the first stage of LFSR (S,®Ss). After the value in all stages
of LFSR is XORed by phase shifter, we get Zs= S, @S, ®Ss ®Ss, Zs= S1DS, BS, ®Ss BSs, Z7=
S,®S3 ®Ss BSe PS7, and Zg= S,®Ss. In the third cycle, the top stage of LFSR is filled by the
XOR of the values of the second stage of LFSR (S;6S46Sg) and Sg; the second stage of LFSR is
filled by the values of the third stage of LFSR (S:8S.,®Ss) and Sio; the third stage of LFSR is
filled by the XOR of the values of the first stage of LFSR (S:Ss®S;) and the fourth stage of
LFSR (S,8Ss); and the fourth stage of LFSR is filled by the XOR of the values of the first stage
of LFSR (S3PSe®S7). After the value in all stages of LFSR is XORed by phase shifter, it gets Zg=
S$19S3PSePS7P®S10, Z10=S1DS2:DS3PSsPSePS7PS10, Z11= S1DSzDS4PSeDS:DSsDSy,  and

Z1,=S:PSeDS7. At the moment, the mask bits are fully generated.
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4.1.2 Interval Counter

The interval counter is applied to reusing masks for multiple adjacent scan
slices. It is loaded one time at the beginning of the test and controls the loading of mask register.
Once the value of interval counter is set, it counts down the number of shift cycles until the value
equal zero, then it is reset and returned to the initial value. As the mask bits are generated by
LFSR in Figure 4.3, the mask bits are reused for three clock cycles to create a mask for test

responses when the value of interval counter is set to ‘3°, as shown in Figure 4.4.

Clockcycle 9 8 7 6 54 3 2 1
affe 2]z [2 22 ]2

\2:4Z10\210| 26| 26 |26 |2:] 2|2, |

repeat 3 cycles
———

lafzzln oo

124 20j710| 25|25 |2 |24] 242, |

Figure 4.4 Creation of a mask for test responses (interval counter=3)

4.1.3 Selection register

The selection register is used to determine whether one scan chain requires a
mask or not. The total bits of selection register are m, which is the same number of scan chains, as
shown in Figure 4.5(a). Notice that the value of selection register can only be set ‘1°or “0°. If the
value of some bit is ‘0’, the corresponding scan chain is not necessary to mask; otherwise if the
value is ‘1°, the scan chain requires to be masked. Figure 4.5(b) gives an example with 4-bit
selection register to create a mask. As the second bit and third bit of the selection register are set
to’0’, it is not necessary to create a mask for the corresponding second and third scan chains, so
the corresponding mask bit is ‘?” (don’t care). Since the first bit and fourth bit of the selection
register are set to’1°, the corresponding first and fourth scan chains are considered to be masked.
As a subset of scan chains are selected to mask, less mask bits are required in comparison with a

mask in Figure 4.4.
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Figure 4.5 Creation of a mask for test response with selection register (interval counter=3)

As described the whole the process for mask bit generation and the principle
of filling data for selection register, a simple example is given in following section to demonstrate

the operation.

4.2 An Example for Selective X-masking

The basic idea is to select a subset of scan chains with most X’s during the
complete test for masking. The Figure 4.6(a) gives a simple example on how to select the selection
register value. The example of this approach consists of only five output response patterns, each
pattern includes four scan chains and five scan slices. First determine the location of all d’s and
X’s during simulation, where d’s correspond to a scan cell that needs to be observed to ensure
detection of the necessary faults. As there are no X’s or just less number of X’s in scan chain 1, 3
and 4, the available way is to sent these scan chains directly to compactor rather than X-masking
logic in these scan chains. However, the scan chain 2 contains eight X’s and two d’s, the density
of X’s in chain 2 is much lager the chain 1, 3 and 4, the scan chain 2 can be sent to the X-masking
circuitry first. As a result, the bit 1, 3 and 4 in selection register is equal to ‘0’ and the bit 2 is set
to ‘1’in Figure 4.2(a). Meanwhile, the mask data in mask register is given in this diagram. In this

example, the value of interval counter is set to ‘5°. For an interval of five scan slices, mask bits
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can be set to ‘mask’ the pattern 3, 4, and 5 in scan chain 2 since X’s are present but d’s are not.
Then, mask bits can be set to ‘not mask’ for pattern 2 in scan chain 2 since d’s are present.(‘?’
means no need to concern the given bits).The results are shown in Figure 4.6(b) wherein three X’s

are left for the selective X-masking logic to handle.

Output response pattern

Scan number # Selection
Chains 5 Mask 4 Mask 3 Mask 2 Mask 1  Mask|Register
1 [sssds ? dssds ? ddsds ?2 dssss ? sddxs ? 0
2 [XXXSS 1 SSSXX 1 SSXSX1 ssddx 0O SSSss ? 1
3 |sssds ? sssds ? ssdss ? ddsss ? sdsss ? 0
4 |[SSSSS? SSSSS ? SSSSS ? SSSXS ? SSSSS ? 0

(@)
5 4 3 2 1
T [sssds dssds ddsds dssss sddxs
2 |sssss SSSsss SSSSS ssdd x SSSsSs
3 |sssds sssds ssdss ddsss sdsss
4 |sssss SSSss SSSSS SSSXS SSSSs
(b)

Figure 4.6 An example for filling selection register and mask register

The interval counter counts down the number of shift cycles until the value
equal zero, then it is reset at the beginning of the scan test and a new mask data is loaded . If there
are m scan chains and b tester channels, it will be take m/b clock cycles to fully load the mask
data .The following section will display the approach of combining selective X-masking and

X-canceling MISR and shows the process for basic operation.

4.7 Combining with X-canceling MISR

In this scheme, the presented a selective X-masking is used to handle the
majority of X’s, while the X-canceling MISR is used to handle the remained X’s, as shown in
Figure 4.7. The objective of this approach is to decrease the mask data overhead as much as
possible. Notice that this scheme gives flexible choice between the scheme hybrid X-masking and
X-canceling MISR [42] and the scheme X-canceling MISR alone [15]. If all bits of selective
register are set to ‘1’, this scheme becomes the scheme hybrid X-masking and X-canceling MISR;
otherwise if all bits are ‘0’, this scheme becomes the scheme X-canceling MISR. Generally, the
list two cases cannot happen due to the large different distribution of X’s among scan chains. To

illustrate the operation of X-masking and fault detection in X-canceling MISR, a simple will be
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given as follow.

—b‘ Scan chian 1 ?—'
—»{  Scan chian 2 k?
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X . -
1 »| Mask Register Sele'ctlon D E—
Register | per test

Interval
counter

Figure 4.7 hybrid selective X-masking and X-canceling MISR

4.3.1 The Operation of the Hybrid Approach

In order to illustrate the operation of the hybrid approach, a simple example

is given in Figure 4.8. It includes total eight scan chains with each five scan slices for output

responses.

Scan

chain Scan slice
1 XXSSS
2 SSSSS
3 ssdxx
4 SSXXX
5 SSSSX
6 ssdss
7 ddsss
8 xsssd

Figure 4.8 Output responses with eight scan chains

Assume that the interval counter in this example is set to’5’. As mentioned
before, only the scan chains with large number of X’s require to be masked. Thus, when the scan
slices come to selective X-masking logic, the selection register only selects scan chain 1, 3, and 4
to mask due to more X’s in comparison with other scan chains. After apply a mask bit for each

scan chain, five X’s are masked and four X’s remain, as shown in Figure 4.9.
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Selection mask bit
register (Interval counter=5)

1 XXxsss 1 SSSSS
0 sssss ? SSSSS
1 ssdxx O After ssdxx
mask
1 ssxxx 1 |::>sssss
0 sSsssx ? SSSSX
0 ssdss ? ssdss
0 ddsss ? ddsss
0 xsssd ? xsssd

Figure 4.9 An example for selective X-masking

M1=51DSsDS20PS26DU2D X2

L

M2=5,DS4DS6DSoDS15BS21DS27

M3=5:1DS5DS7PS10PS13PS16P

S22 S28DX1
$5588S
SSSSS
ssdxx - M4=S1B5,PS3DS6BS11PS14PS19

SSSSS [ @ . BS23DS20Dd1Dd3DX3

SSSSX

ssdss - Ms=5185,PS6PS7PS12PS13BS17
DS24DS30DX1

ddsss

xsssd

Me=S3DS6DS7DS13BS14BS18PS19
®S31Pd4DX1PX3

M7=S3Bs7PS13BS14PS19PS25Pd5
DX1DX3

- Mg=S3DS14DS19DX3DX4
&

A |

Figure 4.10 Example for symbolic simulation of MISR

After apply a mask in Figure 4.9, the scan slices are then sent to X-Canceling
MISR. Figure 4.10 shows the process that the scan slices are shifted to MISR, where each scan
cell is represented by a symbol. Symbol simulation is performed to obtain the final state of MISR

after five clock cycles in this example. Each bit of MISR is equal to a linear combination of scan

cells. For example, the final value of top bit of MISR is equal to S1PSgPS20DS26Dd2P X 2.

Assume that each symbol X; has an X value and each symbol d; and s; has a
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non-X value. Moreover, assume each symbol d; corresponds to a scan cell that needs to be
observed to ensure detection of the necessary faults for this particular test vector. Only the X

dependence is considered and all non-X values are observed.

My =X, [0100]
M, =0 0000
M3 =x; 1000
My=xs > 0010
Ms =x, 1000
Mg =X1DX3 1010
M7 =X1®X3 1010
Mg =X3®X4 0011

Figure 4.11 Linear equation for Figure 4.10

The linear equations for each MISR bit can be represented as a matrix, where
each row corresponds to a MISR bit and each column corresponds to an X. Notice that each entry
in the matrix is a 1 if the MISR bit corresponding to the row depends on the X corresponding to
the column, as shown in Figure 4.11. For example, the sixth row of the matrix corresponds to M,
and the 1’s in the first and third columns indicate dependence on X;and Xs. If the number of X’s
is less than the size of the MISR, then there are more rows than columns. Thus, some
combinations of rows are guaranteed to be linearly dependent.

Gauss-Jordan elimination [24] is used to determine the linearly dependent
row combinations, and the operation is to transform a set of columns into an identity matrix.
Figure 4.12 shows the matrix in Figure 4.11 after Gauss-Jordan elimination has been performed.
We can get the all-0 rows in the matrix after Gauss- Jordan elimination, where the all-0 row is that

it has no dependence on the value of the X’s. For example, the combination rows are XORed

together to get the all-0 row such as M3®Ms. In this matrix, it gets total four all-0 rows,which can

be used to compare with fault-free values for fault detection as the corresponding MISR bit

combinations get all X’s cancelled out.

72



0100] M 1000] M
0000 M 0100 M
1000 M 0010 M,
0010 M; =—> 0001 M&Ms
1000 Ms 0000 M,
1010 Ms 000 0| M®Ms
1010 M 0000 MM,
0011 M 0000 M®Ms®Ms

Figure 4.12 Gauss- Jordan elimination

After apply a mask in Figure 4.9, the scan slices are not only sent to
X-Canceling MISR, but also it can be sent to X-tolerant compactor for compaction, as shown in

next section.
4.8 The X-tolerant Compactor with Selective X-masking

In this scheme, we apply X-tolerant compactor with selective X-masking logic,
as shown in Figure 4.13. The selective X-masking is used to handle the majority of X’s, while the
remained X’s is handled by X-tolerant compactor. The main objective of this approach is to

improve the observability of the test responses.

k’

- 5 | smmmr ] o)

channal D = . . \ X-tolerant
g ] compactor
g .
g .

. 0
—ﬂ Scan chian m ® f@—b 1

b -
1 >‘ Mask Register ;ileicsttleorn <p7
* er test

Interval
counter

Figure 4.13 The X-tolerant compactor with selective X-masking logic

In order to illustrate the approach of the selective X-masking for X-tolerant
compactor, it takes a simple X- compactor with eight inputs and five outputs, and the compactor

circuit is shown in Figure 4.14 .The corresponding X-compact matrix is shown in Figure 3.15.
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Scan Scan Scan Scan Scan Scan Scan Scan
Out1 Out 2 Out 3 Out 4 Out5 Out 6 Out7 Out8

XOR XOR XOR XOR XOR XOR XOR XOR XOR XOR

N e A A A A A A

‘ XOR ‘ ‘ XOR ‘ ‘ XOR ‘ ‘ XOR ‘ XOR
) l l l l
Outl out2 out3 Out4 outs

Figure 4.14 Compactor with eight inputs and five outputs

OR RR R PR
RO OR RO
cCOoOROOR R
Rl OO kR
PR PR 00 O

‘0 0 1 1 1
Figure 4.15 X-compact matrix for Figure 4.14 compactor

After apply a mask in Figure 4.9, the scan slices can also be sent to the
X-compactor for compaction. The operation is shown in Figure 4.16. The masked scan slices are
sent to the input of X-compactor, where d; corresponds specified bit that needs to be observed to
detect faults and bit s is don’t care bit. After five clock cycle, the final values are propagated to the
output of the compactor, which can be used to compare with fault-free values for fault detection.

Finally, all the specified bits (d;-ds) can be observed with the presence of four X’s.
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Figure 4.16 Example for compaction with X-compactor
4.5 Results

Experiments are performed on four ISCAS89 benchmark circuits to
implement the proposed method. In Table 4.1, the first column lists the circuit used in this
experiment. The second column gives the total number of the scan elements. The third column

lists the number of scan chains. The last column shows the number of test patterns.
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Table 4.1 ISCAS 89 benchmark circuit

# of

Circuit Scan #O.f test
element | chain

pattern

515850 534 107 229
§13207 638 126 343
s38417 | 1636 164 485
s38584 | 1426 143 464

For the scheme in Figure 4.7, experiments were performed using proposed
method with four ISCAS 89 benchmark circuits. The results are shown in Table 4.2. The 0.5% of
X’s are randomly assigned in the test responses-specifically, 90% of X’s from 10% of the scan
chains. The first column shows the benchmark circuits. The remaining columns give the
comparison of the compression ratio for X-canceling, X-masking and X-canceling, and proposed
method, respectively. It can easily see that the proposed method provides the significant reduction

of test data overhead in all cases.

Table 4.2 compression ratio with 0.5% X’s
X-canceling | X-masking& | Proposed

Circuit )

MISR alone | X-canceling | method
s15850 19.8x 10.5x 35.4x
513207 24.2X 30.1x 69.8x
$38584 23.1x 14.8x 39.2x
s38417 23.2x 26.7x 66.9x

By observing the positions of both d’s and X’s in a set of test patterns, the
values of the selection register and mask data can be calculated for dividing scan chains into two
groups: a large number of X’s and few X’s. The X-masking logic is inserted between the output of
scan chains and the input of X-canceling MISR to handle the group containing a large number of
X’s. The group with few X’s can be handled directly by the X-canceling MISR. The experimental
results were shown that the proposed method provides significantly improvement on the amount
of compression. By inspecting the distribution of X’s, the proposed method will give more
effective when the majority of X’s is located in small parts of scan chains.

For the scheme in Figure 4.13, it reports the results to show how the selective

X-masking logic can improve the percentage of observability for output responses (%of Obs.
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response) for the X-compactor (one of X-tolerant compactors). In this experiment, 1% of X’s are

randomly generated in the test responses-specifically, 90% of X’s filled in 10% of the scan chains.

In Table 4.3, in the second column it shows the percentage of X’s masked in

the test cubes by the selective X-masking logic (S. mask). The total overhead of mask bits is

shown in the third column. The fourth column (or fifth column) shows the percentage of

observability for output responses with (or without) selective X-masking logic. The sixth column

is the improvement of observability for output responses. By comparing the fourth and fifth

columns, the percentage of observability for output responses is improved in the range of 7.93% to

14.32% (11.67% on the average for four circuits).The results indicate that the selective X-masking

logic can achieve a significant improvement of observability for output responses in the

comparison.

Table 4.3 Comparison between with and without using
selective X-masking with 1% X’s

X-compactor
W/o S.
With S. mask
L mask Improve
Circuit
Total -ment%
%X’s % of Obs. % of Obs.
Mask (a-b)/a
mask bits Response(a) | Response(b)
s15850 | 64.8 | 1,511 96.33 82.53 14.32
s13207 | 80.9 | 2,130 98.85 85.29 13.73
s38417 | 83.6 | 7,658 99.63 88.98 10.69
s38584 | 65.2 | 8,024 97.71 89.96 7.93
Avg. 73.6 98.13 84.60 11.67

When the number of X’s has been increased to 2%, the percentage of

observability was enhanced by 34.11% on average for four circuits as shown in Table 4.4.

77



Table 4.4 Comparison between with and without using
selective X-masking with 2% X’s

X-compactor
W/o S.
With S. mask
L mask Improve
Circuit
Total -ment%
%X’s % of Obs. % of Obs.
Mask (a-b)/a
mask bits Response(a) | Response(b)
s15850 | 63.1 | 1,854 89.05 56.22 36.87
s13207 | 81.6 | 3,187 96.80 61.55 36.42
s38417 | 83.9 | 11,171 98.58 69.34 29.66
s38584 | 64.8 | 10,316 92.20 61.34 33.47
Avg. 73.4 94.16 62.11 34.11

In Tables 4.5 and Tables 4.6, it shows the results comparing the overhead of
mask bits between our approach and reiterative X-masking [14] in the presence of 1% and 2% of
X’s. As the results show, the reduction of mask bits is 77.67% and 72.20% on average,

respectively.

Table 4.5 The overhead of mask bits based on 1% of X’s
Mask bits

Our Reiterative | Reduction
approach | X-masking | %(b-a)/b
(a) [14] (b)

Circuit

515850 1511 9,532 84. 14
s13207 2,310 7,937 73.16
s38417 7,658 29,732 74.32
s38584 | 8,024 38,303 79.05

Table 4.6 The overhead of mask bits based on 2% of X’s
Mask bits

Our Reiterative | Reduction
approach | X-masking | %(b-a)/b
(a) [14] (b)

Circuit

s15850 | 1,854 9,975 81.41
s13207 | 3,184 9,199 65.38
s38417 | 11,171 33,964 67.10
$38584 | 10,316 41,122 74.91

78



The experimental results were shown that the proposed method can achieve
significant improvement of observability for scan cells and reduce the X-masking data overhead
significantly. In addition, the proposed method is effective as the majority of X’s is located in

small parts of scan chains.

4.6 Summary

In this section, the general idea of a selective X-masking is firstly presented.
Then, it combines the selective X-masking logic with X-canceling MISR and X-tolerant
compactor, respectively. To show the performance, the results are implemented with using the
proposed masking logic and without using the proposed masking logic. For the experimental
results, the presented X-masking logic can achieve 53.94% improvement of the compression ratio
on average based on 0.5% X’s for X-canceling MISR and can improve obviously the observability
of scan cells (34.11% improvement on average based on 2% X’s and 11.67% improvement on

average based on 1% X’s) for X-tolerant compactor.
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CHAPTER S5

CONCLUSION AND DISCUSSION

5.1 Conclusion

For the output response compaction, an efficient X-masking scheme
requires to be developed to handle X’s appeared in the test responses. The good performance for
an X-masking logic is that the masking logic can handle more number of X’s with smaller mask
bits without losing fault coverage.

Since the X-canceling MISR is extremely efficient only when the
percentage of X’s is very small (less than 0.1%) while X-tolerant compactor can just tolerant
limited number of X’s, As the number of X’s increase in test responses, the present scheme of
X-canceling MISR and X-tolerant compactor are not efficient anymore. In this case, this work
adds the additional X-masking logic in front of either X-canceling MISR or X-tolerant compactor.
As the majority of X’s may just locate in a small number of scan chains in actual design, the
presented selective X-masking logic is applied to mask a subset of scan chains with large density
of X’s to improve efficiency of X-masking, and the few remaining small number of X’s can be
handled by either X-canceling MISR or X-tolerant compactor.

For the implementation, it mainly computes the overhead of mask data and
the observability of scan cells for compactor with the presented X-masking logic. In experimental
results, the selective masking logic can give a better performance compared with the previous

X-masking schemes [13] [14].

5.2 Discussion

The proposed selective X-masking gets lots of advantages based on the
large different distribution of X’s in scan chains. However, it gets several limitations discussed as

follow.
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5.2.1 Advantages

1)

2)

3)

5.2.2 Limitations

1)

2)

The presented selective X-masking logic can be easily integrated in digital
circuits as the additional selection register requires only one 1-bit wide test
channel.

By inspecting the distribution of X’s, the proposed method is extremely
efficient when most X’s is only distributed in a small subset of scan chains.
Comparing with several X-masking schemes [13] [14], the presented method

is more flexible because the partial scan chains are masked.

When the percentage of X’s is very small, the either scheme of X-canceling
MISR or X-tolerant compactor is very efficient. Then, it is not necessary to
combine with either X-canceling MISR or X-tolerant compactor as the
proposed approach.

The presented approach is very efficient only if the majority of X’s locate in
a small number of scan chains (no more than 10% of all scan chains).
However, the distribution of X’s among scan chains might be large different

in actual circuits.

5.2.3 The future work

1

2)

Another type of benchmark circuits may be selected for the further
implementation based on the proposed X-masking logic. Notice that the four
ISCAS89 benchmark circuit are performed based on large number of scan
cells and complexity.

Another efficient X-masking logic requires to be developed for the further

research.
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ABSTRACT

This paper presents a hybrid technique in order to handle
unknown values (X's) in the test responses. It combines the
main advantages of selective X-masking and X-canceling
multiple input shift register (MISR). The selective X-masking
1s used to handle high density of X's i scan chains. while the
X-canceling MISR. 1s applied to tolerate the remamed X's. The
expermmental results for ISCASS89 benchmark circuits have
mndicated the significant improvement in terms of test data
overhead

Key words-X-masking, Test Response Compaction, MISR

I INTRODUCTION

In order to reduce the test data volume as well as the
number of required channels on the ATE (automatic test
equipment). a new solution needs to be concemed for both
mput stimulus compression and output response compaction.
For the output response compaction. the presence of unknown
values (X's) in the good-circuit test responses has been the
greatest barrier to effective the compaction. If there is no
unknowns in the good-circuit responses. a time compactor.
such as Multiple Input Signature Registers (MISR). can
compact an infimtely long output sequence mto a fixed-length
signature [1]. However, when X’s appear in the responses, they
can cause an unpredictable signature. from which no
faulty-circuit signature could be distinguished. One of the
major issues for test compaction is how to handle test
responses contaming X's. The sources of X's are caused by
several conditions such as bus contention, uninitiated memory,
un-modeled logic, floating tri-states bus, etc.

Basically there are three types of compactors: space
compactors [2][3]. time compactors [3] and finite memory
[4][5] When X's

compactors, test responses in the current clock cycle going

compactors are introduced to space
through the compactor may be corrupted. The time compactor,
for example the MISR. is intolerance of unknown values.

Finite memory compactors have to trade off in terms of the

compaction ratio versus the number of X's

Lots of schemes have been proposed to handle X's in the
output response. There are three techniques to handle X's:
X-blocking [6]. X-masking [7][8][9][10] and X-tolerant
[2][41[11][12][13]. The X-blocking scheme needs extra logic
in the circuit-under-test (CUT) [1]. it may result in fault
coverage lost and additional area overhead. The X-masking
techniques are widely proposed m previous work [7] [8] [9]. In
one of X-masking techniques, the conventional LFSR
X-masking scheme guarantees to mask all X's and keeps
specified bits (d°s), where the d’s contain values require to be

observed for the detection of one or more faults. However, a

large amount of mask data is generated for masking every scan
slice. Another X-masking scheme 1s called variable reiterative
LFSR. X-masking [10]. the volume of mask data decreases
greatly due to reusing the same masking bit until the conflict of
the mask bit position happens. It is necessary to use interval
counter for controlling. However. this scheme is efficient only
a limited small number of X's.

Instead of masking the X’s. X-tolerant schemes have been
widely introduced in [2][12][13]. In the X-compactor [2]. XOR
gates are used to minimize the impact of non-X value being
masked by X's. In the schemes of [12] [13]. there are N scan
chains and the compacted test responses output are M bits on
the tester. where N=M. The test responses are propagated from
scan chains with non-X values and X's to different compactor
outputs. The X’s are corrupted at the compactor outputs.
However. the compaction ratio 1s extremely degraded as the
increasing X's and corrupted outputs may decrease fault
coverage. Another X-tolerant scheme called X-canceling
MISE. [11] has been proposed. However, the X-canceling
MISR. scheme 1s effective only when the percentage of X's 15
especially small.

In this paper. we proposed the hybrid scheme which
consists of selective X-masking and X-canceling MISR. The
benefit of this hybrid approach is to increase efficiency of
masking X's by selective X-masking logic, which just mask
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the scan chains with high density of X's, after that the rest of
the X’s go through to the X-canceling MISR. The expermmental
result shows that. the output compression ratio can evidently
increase when majority of X's are located in a small number of
scan chamns

I.OVERVIEW OF X-CANCELING MISR

This section gives an overview of an X-canceling MISE.
the architecture of an X-Canceling MISR has been proposed mn
[11]. The main 1dea of this work 15 the X 1s represented by a
unique symbol. when the output streams are scanned into
MISR. each linear combination 1s produced by each bit of
MISR signature .Since the symbols corresponding to the X's
are propagated mnto MISR bits, those combinations are linearly
dependent on the symbols. In order to get some combinations
that have no dependence on the value of X's. 1t separates the
non-X values from the X's using Gauss-Jordon elimination.
After Gauss-Jordon elimination, the values of some rows have
no X's called all-0 rows and the all-0 rows combmation is
named as X-canceled combination. The error coverage is only
determined by the number of X-canceled combinations. Only
limited X-canceled combinations are required, for example.
once g X-canceled combinations are checked, the error
coverage will be approximately equal to 7-27, Such as, 1f 10
X-canceled combinations are checked. over 99.9% error
coverage is obtained.

As the total control data just depends on total number of
X’s in output response .the main advantage of this scheme is
that the large compression ratio can be achieved when the
percentage of X's is especially low in test cube Another

advantage is that error coverage just depends on the number of

b tast
lesl b

—h| Scan chain |-’

)
g

ITC-CSCC 2010

X-canceled combinations rather than the number of X's in scan
slice. However, the X-canceling MISR scheme 1s not effective
when the density of X’s is high.

IIT SELECTIVE X-MASKING AND X-CANCELING MISR

The test responses have been observed that the occurrences
of X’s have the tendency to be clustered. which means high
percentage of X's is distributed in a small number of scan
chains [5]. It 15 possible to mask as many X's as possible with
the smallest mask data overhead. The proposed method
arranges scan chains into two groups. One group contains large
amount of X's handled by reiterative X-mask logic [10].
Another group consists of the rest of X's handled directly by
X-canceling MISR [11] without using the mask logic. Fig.1
shows the architecture of proposed approach. The main
purposes of this scheme are not only to get rid off X's. but also
to decrease the mask data overhead without losing fault
coverage.

In Fig. 1, the architecture of m scan chains contains m-bit
mask register. an interval counter. m 2-to-1 Multiplexers
(MUX) and m-bit selection register. The selection register is
used to determine whether X's directly sent to X-canceling
MISR. For example, if the port 0 of the top MUX 1s selected
by selection register. the top scan chain can directly be sent to
X-canceling MISR. otherwise the scan chain needs to be sent
to the mask logic before passing through the X-canceling

MISR.. In other words. if all bits of selection register are zeros,
this architecture becomes X-canceling MISR: otherwise it
combines X-masking and X-cancelmg MISR. Because the
selection register 1s loaded one time per test pattern, the mask
data overhead is negligible.

channal >

Decompressar

0
I :. : 1 X-canceling
MISR

Scan chain |

+
+

I

b .
T rl Mask Register

Selection
Register

Per tast

Interval
countar

Figurel: Hybrid selective X-masking and X-Canceling MISR
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Fig.2 demonstrates an example on how to assign the values
of the selection register. There are five output response patterns
Each pattern contains four scan chains and five scan shices.
Since there are few numbers of X’s 1n scan chain 1, 3.and 4,
then these can be connected directly to
X-canceling MISR rather than X-masking logic. However, the
scan chain 2 contains eight X's and two D’s. The density of
X’s in chain 2 is much lager than m the chain 1, 3, and 4, thus

the scan chain 2 1s connected to the retterative X-masking. Asa

scan chaing

result, the data bit 1. 3 and 4 of selection register equal to “0°
and the data bit 2 1s set to “1°. For each scan slice, mask data of
mask register is shown in Fig. 2a. For an interval of five scan
slices, mask bits set to “1” associated to the pattern 3. 4. and 5
in scan chain 2 since X's are presented with no d’s. However,
mask bit of pattern 2 in scan chain 2 is ‘0° because of the
presence of d’s. (*7° bits are don’t care data). The result after
passing through the reiterative X-masking is shown in Fig.2b.
There are three X's left which can be handled by the
X-canceling MISR.

Output respansa pattem
Sean nurmber # Gelection

Chans| 5 Mask 4 k3 Mask 2 " MaakRggiSlﬂ‘
sssdsg dssdsmgs ddsdsg dssssmgssddxsv

2 |xXX884 S88XX{ $5X5X1 ssddx 0 $5558% 1
3 |sssds 9 288ds? ssdssp ddsss ? sdsss? 0
4 555557 555557 55555 7 asaxs? 553887 1]
i)
5 4 3 2 1
T[8s58ds dssds ddads dzzzs sddxs
2 |35588% 5855535 55555 g3ddy SSS5SS
3 [sssds sssds  ssdss  ddsss Sdsss
4 [sssss ssS85s5s 53358 ggsxs Sssad
(&)

Figure2: Example for filling selection register

IV.EXPERIMENTAL RESULTS

Experiments were performed using proposed method with
four ISCAS 89 benchmark circuits. The results are shown in
Table I. The 0.5% of X's are randomly assigned in the test
responses-specifically. 90% of unknowns from 10% of the
scan chains. The first column shows the benchmark circuits
give
X-canceling,

The remaining columns the comparison of the

compression ratio  for ¥-masking and
X-canceling. and proposed method, respectively. It can easily
see that the proposed method provides the sigmficant reduction

of test data overhead in all cases.
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Table I: Compression ratio with 0.5% unknowns

. . X-Masking and Proposed
Circuit | X-Canceling .

X-canceling method
s15850 19.8x 10.5x 354x
s13207 24 2x 30.1x 69.8x
s38584 23.1x 14.8x 39.2x
538417 232x 26.7x 66.9x

V.CONCLUSION

Due to the large different distribution of X's in different
scan chains in the real designs. By observe the positions of
both d’s and X's m a set of test patterns, the values of the
selection register and mask data can be calculated for dividing
X's mto two groups; a large number of X's and few X's. The
reiterative X-masking logic is inserted between the output of
scan chains and the input of X-canceling MISR. The purpose
of the reiterative X-masking logic is to handle large number of
X’s with smallest amount of mask data. The rest of few X's
can be handled directly by the X-canceling MISR.

The experimental results were shown that the proposed
method provides significantly improvement on the amount of
compression. By inspect the distribution of X’s, the proposed
method will give more effective when the majority of X's 15
located 1 small parts of scan chains (no more than 10% of all

scan chains).
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Abstract-As the unknown values (X's) appear in the output
response, 4 large amount of scan cells may not be observed
during test. In this paper we present a flexible X-masking logic
called selective X-masking to handle the majority of X's, while
the X-tolerant compactor is applied to handle the remained X’s.
The objective of this approach is to improve the observability of
the test responses. The results show that this scheme can achieve
a significant improvement of observability for output responses
and reduce significantly the data overhead of the X-masking.

Key words-X-masking, Compactor, selective
I. INTRODUCTION

The scan test has been a greatly applied approach in
design-fortest (DFT) so far. The test data stored in ATE
(automatic test equipment) for stimulus compression and
output response compaction determines the total test data
overhead, and the test application time depends on the length
of scan chains [1]. In order to reduce test cost in industry
design, the initial long scan chains are also cut into large
number of shorter scan chains. As the increasing huge test
data volume in industry design, researches have recently
being working on input stimulus compression and output
response compaction in order to reduce the number of
channels on the ATE, tester memory and tester time. In this
work, we focus on the compaction of the output responses.
Basically there are three types of compactors: space
compactors [2] [3], time compactors [3] and finite memory
compactors [4] [5].

For the output response compaction, the occurrences of X's
in the test responses have been the greatest barrier to effect
the compaction. One of the major issues for the test
compaction is how to handle test responses containing X’s.
The sources of X's are caused by several conditions such as
bus contention, uninitisted memory, un-modeled logic,
floating tri-states bus, etc. When X's are introduced to the
space compactors, the non-X test responses in the current
clock cycle going through the compactor are XORed by
X’s ,then the non-X wvalues are corrupted and the fault
coverage may lost. The time compactor, for example the
Multiple Input Signature Registers (MISRs), is intolerance of
X’s. If there is no X’s in test responses, it can compact an
infinitely long output sequence into a fixed-length signature
[6]. Unfortunately, once X’s appear in these responses, the
signature is corrupted from which the faulty signature could
not be distinguished. Finite memory compactors take
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advantage of combining time and space dimensions. However,
as the increasing number of X’s in output responses, the
compaction ratio may greatly decrease.

Lots of schemes have been proposed to handle X's in
output response. The widely used techniques to handle X's
are X-blocking [6], X-masking [8] [9] [10] [11] and
X-tolerant [2] [4] [12] [13] [14]. The X-blocking scheme
needs extra logic in the circuit-under-test (CUT) [2], which
can cause fault coverage lost and additional area overhead.
Several X-masking techniques are proposed in previous work
in [8] [9] [10]. In one of X-masking techniques, the
conventional LFSR X-masking scheme [10] guarantees to
mask all X's and keeps specified bits (d’s) as well, where
each value contained by d’s is used to detect one or more
faults. However, a large amount of mask data is generated for
masking every scan slice. Another X-masking scheme is
called reiterative X-masking [11], the volume of mask data
decreases greatly due to reusing the mask bit. It is necessary
to use interval counter for controlling.

Instead of masking X’s, X-tolerant schemes have been
introduced in [2] [12] [13] [14]. In [2], XOR gates are used to
minimize the impact of non-X value being masked by X’s.
Since it can guarantee to check erroneous compactor output in
the presence of limited number of X's, the errors can be
detected by the tester when the emors are propagated to the
compactor outputs with X’s appearing in current cycle. In the
schemes of [14], there are N scan chains and the compacted
test responses outputs are M, where N>M. In order to detect
faults, the test responses from scan chains containing d’s and
X’s are propagated to different compactor outputs. However,
the compaction ratio is extremely degraded as the increasing
X’s and the corrupted outputs by X’s may decrease fault
coverage.

In this paper, we propose a selective X-masking logic to
mask X's in the test cubes introduced in our previous work
[15]. The selective X-masking logic is applied to mask the
majority of X's, afier that the output responses go through to
the X-tolerant compactor[13] [16] which can tolerate the
remained X’s in the test responses. The main objective of this
approach is to improve efficiency by masking the scan chains
selectively as well as improve the observability of the test
responses.

This paper is organized as follow: The Section II gives an
overview of the reiterative X-masking. In the Section I, the
architecture of a selective X-masking based on compactor is
described. Experimental results are shown in the Section IV

Page 159

94



T
crcouanl)

following by the conclusion in the section V.
II.  OVERVIEW OF REITERATIVE X-MASKING

Comparing the conventional LFSR X-masking scheme [10]
which masks for every scan slice to ensure all X’s masked,
the reiterative X-masking [11] can reuse masking data for
many scan slices. The primary advantage of the reiterative
X-masking logic is to reduce the total overhead of X's
masking.

Fig. 1 is asimple example to demonstrate the operation of
reiterative X-masking. In Fig.1 (a) the mask bit (M) is given
for every five (the size of the interval counter) scan slices.
There are totally three cases for assigning the mask bit:

1) M is set to “1° (masked) since X's are present without

d’s in the scan slices.
2) M bits should be set to ‘0" (unmasked) if and only if
d’s are present.

3) If there are neither of X’s and d’s in these scan slices,

then the M is set to *?°(don’t care).

Scan
chains Y] M M M
1 dssss 0 dsdss Osssds 0 sddsx ¢
2 | xsxsx | sxsxs |sdssx 0 sssss ?
3 | sdsss 0 ssdss Oddsss 0 sssss ?
4 | sssss ? sdsss Osxsss | sssss 7
(a)
1 ’sssss dsdss sssds sddsx
2 |sssss 55555 sdssx 55555§
1 | sdsss ssdss  ddsss 55555
4 |sssss sdsss  sssss 55555
(b)

Fig.1 Reiterative X-masking example

The results are shown in Fig. 1(b) where two X’s are left.
Normally, if the size of interval counter gets smaller, the
remaining of X’s usually presents less, but more mask bits are
required, otherwise the mask bits will be smaller. Thus, the
minimum size of interval counter has been determined and
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can be re-loaded in different test patterns.

I11. ARCHITECTURE OF SELECTIVE X-MASKING FOR
COMPACTOR

In actual designs the distribution of X's has the tendency to
be clustered in output responses, which means that the
majority of X's may just locate in a small number of scan
chains [5]. It is possible to mask as many X’s as possible with
the smallest mask data overhead. The proposed method
arranges all scan chains into two groups. One group contains
large amount of X’s, which can be handled by the X-mask
logic. Another group which consists of the small number of
X’s can directly go through input of compactor without
masking. The main purposes of this scheme are not only to
get rid off Xs, but also to decrease the mask data overhead as
much as possible.

Fig.2 shows the architecture of proposed approach. The
architecture of m scan chains contains m-bit mask register, an
interval counter, m 2-to-1 Multiplexers (MUX) and m-bit
selection register. The selection register is used to determine
whether one scan chain can directly be sent to the compactor.
For example, if the port “0'of the top MUX is selected by
selection register, the top scan chain can directly be sent to
compactor. Otherwise, if this value is “1°, the scan chain
needs to be sent to the mask logic first. As the selection
register is only loaded one time during whole test, the
overhead of this controlling data is negligible.

Fig.3 demonstrates a simple example on how to assign the
values of the selection register. In this figure the mask bit (M)
is given for every five scan slices. Since there are few
numbers of X’s in scan chain 1, 3, and 4, then these scan
chains can be connected directly to compactor. However, the
scan chain 2 contains six X’s, the density of X's in chain 2 is
much larger than in the chain 1, 3, and 4, thus the scan chain 2
is connected to the X-masking logic. As aresult, the data bit 1,
3 and 4 of selection register equal to ‘0’ (unselected) and bit 2
is set to ‘1’(selected). Since the scan chain 2 is selected, the
mask data of mask register is shown in Fig. 3a.

Tl
0

T

bl

-

Selection
Register

Mask Register
Per test

Fig.2. Architecture of a selective X-masking for output compactor
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For an interval of five scan slices, mask bit (M) is set to ‘1
(masked) in scan chain 2 since X’s are presented with no d’s,
mask bit is ‘0’(unmasked) due to the existence of d’s,
and *?’(don’t care) means neither of X’s and d’s in scan slices.
Since scan chains 1, 3, 4 are not selected, the scan slices in
these chains are not concerned to mask. The result after
passing through the selective X-masking logic is shown in
Fig.3b. The remained three X’s can be directly tolerated by an
X-tolerant compactor.

Scan Sclection
chains M M M M | register
1 | dssss ? dsdss ? sssds ? sddsx ?| 0
2 [xsxsx 1 sxsxs I sdssx 0 sssss ?( |
3 | sdsss ? ssdss ?ddsss ? sssss ?( 0
4 | sssss ? sdsss ? sxsss ?5ssss ?| 0

(a)
1 dssss dsdss sssds sddsx
2 | sssss sssss  sdssx SSS5SS
3 | sdsss ssdss ddsss SSSSS
4 | sssss sdsss  SXSSS S55SS

(b)
Fig3.Selective X-masking example

IV. EXPERIMENTAL RESULTS

Experiments are performed on four ISCAS89 benchmark
circuits to implement the proposed method. In Table 1, the
first column lists the circuit used in this experiment. The
second column gives the total number of the scan elements.
The third column lists the number of scan chains. The last
column shows the number of test patterns.

Tablel. ISCAS 89 benchmark circuit

#of

Circuit | Sea | Fof |y
clement | chain

paticrn

515850 534 107 229
513207 638 126 343
538417 1636 164 485
538584 1426 143 464

We report the results to show how the selective X-masking
logic can improve the percentage of observability for output
responses (%of O. response) for the X-compactor (one of
X-tolerant compactors). In this experiment, 1% of X’s are
randomly generated in the test responses-specifically, 90% of
X’s filled in 10% of the scan chains.

In Table 2, in the second column it shows the percentage of
X’s masked in the test cubes by the selective X-masking logic
(S. mask). The total overhead of mask bits is shown in the
third column. The fourth column (fifth column) shows the
percentage of observability for output responses with (without)
selective X-masking logic. The sixth column is the
improvement of observability for output responses. By
comparing the fourth and fifth columns, the percentage of
observability for output responses is improved in the range of
7.93% to 14.32% (11.67% on the average for four
circuits).The results indicate that the selective X-masking
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logic can achieve a significant improvement of observability
for output responses in the comparison.

X " .
- Wi S.
Circui With S. mask mask Improve
ens Towl -ment%
%X's Mask % of O. % of O. (a-bYa
mask bits Response(a) | Response(b)
515850 | 64.8 | 1.511 96.33 .53 1432
513207 | 80.9 [ 2,130 98.85 8529 1373
s38417 | 836 [ 7,658 99.63 88.98 10.69
s38584 | 65.2 | 8,024 97.71 89.96 7.93
Avg 3.6 98.13 84.60 11.67

Table 2.Comparison between with and without using
sdective X-masking with 1% X's

When the number of X’s has been increased to 2%, the
percentage of observability was enhanced by 34.11% on
average for four circuits as shown in Table 3.

X-compactor__
With S. mask s
Circuit - mask lmpm:c
%xs | (X8| wofo. | %ofo. | mee
mask bits Response(a) | Response(b)
515850 | 63.1 1,854 89.05 56.22 3687
513207 | 81.6 | 3,187 96.80 61.55 36.42
38417 | 839 | 11,171 98.58 ® 34 2.66
538584 | 648 | 10316 92.20 61.34 B.47
Avg. 734 94.16 .11 3401
able 3.Companson between with and without using
sclective X-masking with 2% X's

In Tables 4 and 5, we show the results comparing the
overhead of mask bits between our approach and reiterative
X-masking [11] in the presence of 1% and 2% of X’s. As the
results show, the reduction of mask bits is 77.67% and
72.20% on average, respectively.

Mask bits
S Our | Reitcrative | Reduction
- approach | X-masking | %db-a)/b
(a) [11](b) )
515850 1511 9,532 84. 14
513207 2,310 7937 73.16
s38417 7,658 29,732 74.32
538584 8.024 38,303 79.05
Table 4.The overhead of mask bits bas ed on 1% of X’s
Mask bits
o Our Reitcrative | Reduction
o approach | X-masking | %(b-a)b
(a) [111(b)
s15850 1,84 9,975 81.41
513207 3,184 9,199 6538
s38417 11,171 33,964 67.10
538584 10316 41,122 7491

Table 5. The overhead of mask bits bas ed on 2% of X's

V. CONCLUSION

In this paper the selective X-masking is proposed due to the
large different distribution of X’s in scan chains in actual
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designs. In order to reduce overhead of mask bits, the
selection register separates all scan chains into two groups
(large density of X’s group and low density of X’s group), and
the masking logic just handles large density of X’s group.
After that the remaining number of X’s can be tolerated by an
X-tolerant compactor. The experimental results were shown
that the proposed method can achieve significant
improvement of observability for scan cells and reduce the
X-masking data overhead significantly. By inspect the
distribution of X’s, the proposed method will give more
effective when the majority of X’s is located in small parts of
scan chains.
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