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ABSTRACT

Testing Tri-state and Pass Transistor
Circuit Structures. (August 2005)
Shaishav Parikh, B.E., L.D. College of Engineering
Co-Chairs of Advisory Committee: Dr. Duncan M. (Hank) Walker
Dr. Jiang Hu

Tri-state structures are used to implement multiplexers andsblbecause these
structures are faster than AND/OR logic structures. Bunhtesf tri-state structures has
some issues associated with it. A stuck open control line ofstate gate will cause
some lines in the circuit to float and take unknown values. A sinocgentrol line can
cause fighting when the two drivers connected to the same niweeddferent values.
This thesis develops new gate level fault models and dynamigaiterns that take care
of these problems. The models can be used with traditional stuck-&taasiion fault
automatic test pattern generation (ATPG) to ensure high fault coverage.

This research focuses on producing good test coverage with dedfiog for tri-
state and pass transistor structures. We do circuit level mgdelihelp develop and
validate gate level models, which can be used in production ATPGstidg the two
primary effects of interest, capacitive coupling and leakage, amalyze the tri-state
structures using these two effects. Coupling and leakage cam @alier X state to be
seen as 0 or 1 in some cases. We develop parameterized mdokdtawibr of common
structures using these effects and some parameters such as obifalpeins. We also

develop gate level models of tri-state circuits that would cepilae tri-state library cells



in the ATPG engine. This work develops a methodology to makeate-sind pass

transistor circuit structures more usable in the industry.
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I. INTRODUCTION

Clock speed has always been the primary performance ciitedigital designs in
the IC industry. Designs requiring high performance, such as mooegsors, continue
to gain performance, using non-conventional circuits such as raticharged or tri-
state logic [1]. These circuits make conventional fault modeling tasid generation
techniques ineffective. So novel approaches to test such logic atednemake the
overall design reliable. Tri-state structures are mainly usedrcuits to implement
multiplexers and buses. Implementations using tri-state logienah faster, smaller
and lower power than those using AND/OR logic structures. argstructures involve

a third state of high impedance (Z state), along with the high and low states.

SO

ENB Out
DO

Tri-State Buffer

Figure 1. Tri-state buffer.

As shown in Figure 1, we can have a state of high impedance eeléect line SO
is off, along with the high and low states under regular operation thieeselect line is
on. In high impedance, the design acts as an open circuit, as sfliiela disconnected

from the rest of the much bigger implementation of which it might be a part.

The journal model i$SEEE Transactions on Computer Aided Design of Integrated Circuits and Systems.



Pass transistor logic is similar to tri-state circuitdhe sense that they also involve
the third state of high impedance, along with the high and low states.

It is well known that tri-state logic designs have poor testgbiDesign for Test
(DFT) techniques that have been developed for improving testabilitirsibte designs
have either suffered speed or hardware overheads [1, 2]. Thgdesdf faults unique
to with tri-state logic are floating and contention faults.

A. Floating fault

Out
s1 0 1z

D1 ENB f
0

Good Machine / Faulty Machine

Figure 2. Floating fault

In the case of the 2 x 1 multiplexer circuit shown in Figure 2, ong/control line is
on during functional operation, so that the input to that particular dygetsr driven to
the output node. In the case where the control line of the enabled geitgestuck at
zero (SAO0), the multiplexer output will float (Z value) [1, 2, 3hid floating line may
store charge, which introduces a potential sequential mechéméroan invalidate test
vectors that assume combinational behavior. In addition, floating valeeseasily

influenced by noise and leakage, which can again invalidate thetest $his situation



is further complicated by the history mechanism of partiallpleted silicon-on-
insulator (SOI) technology, in which the transistor threshold depamds prior activity
[4, 5].

B. Contention fault

Out
S1 1 0/X

D1 ENB f
0

Good Machine / Faulty Machine

Figure 3. Contention fault.

As shown in Figure 3, a stuck-at 1 (SA1) fault on the control linetofsaate gate
can cause the output of the multiplexer to be at an intermediats dae to two drivers,
which are driving opposite values, both being ON at the same tinhés i a well-
known test generation problem, and the traditional solution is to addnatit test
pattern generation (ATPG) constraints or hardware to ensureldsls does not occur in
a fault-free circuit. This clash cannot be avoided in a defectieaitcif a tri-state gate
has a SA1 on its select line, producing an intermediate voltage (X value) on the output of
the multiplexer or bus [1, 4, 5]. This intermediate voltage mateepreted as a logic
high or low value, depending on the logical threshold of the researet the design of
the multiplexer. Existing ATPG tools simply ignore the floaticgse and treat the

fighting case as a non-detect.



Furthermore, in order to implement the one-hot restriction (only oneotdine ON
during functional operation) on the control lines of the multiplexer, Somae designers
implement a distributed decode function to enhance circuit speed [4{leCioee logic
does not appear as a single, easily identifiable design block bligtibuted over a
larger portion of the design to share some of the common decode porttbesostrall
design. Due to this, a single SAO or SAl fault in the decode lbgs been found
equivalent to tens, or even hundreds of faults at the tri-state buffers.

C. Contributions of thisresearch

Current ATPG tools do not handle X or Z states in tri-state asd pansistor
circuits in a proper manner. This research will address the pmaiefirst collecting
data on circuit level models of these structures. This behaviobwillsed to generate
pattern fault models encoding the necessary sensitization and gropagguirement to
detect these faults. Since some ATPG tools do not support pattds) fmie level fault
models will be developed to ensure high fault coverage. The privasue of this work
to the semiconductor industry is increased product quality, reduggdeenng effort
and increased product options. Existing ATPG tools often fail to praghme results on
tri-state and pass transistor structures. This results in @desecoverage or increased
effort to improve coverage. So designers tend to avoid using strestures except in
high performance applications. This research will develop a demsihodology to
reduce the effort of all companies and make such structuresusaloke. The remainder
of this thesis is organized as follows. Section Il descriddbealprevious work done on

tri-state testing problems and solutions proposed to resolve to teetiarSl1 describes



the methodology used in this research to collect circuit level @ataxample tri-state
and pass transistor circuits and the simulation results assbeidtte it. Section IV
introduces the idea used in this research to resolve the problenstiofy téri-state
designs. Section V describes the pattern faults and gate &Nehfodels developed to
improve test coverage of tri-state structures. Section VI uodaesl the thesis and

introduces some future plans for this research.



1. PREVIOUSWORK

Digital designers have always tried to ignore tri-statectures wherever possible
due to the testability issues associated with them. As suelantiount of prior research
done in this field is limited. Today tri-state structures fintergive use only in high
performance circuit designs and complex macros. Previous workpatno improve
the test coverage of designs using these structures has bemntreing to study the
detectability of the possible-detect faults (floating and eaimn faults) using a
probabilistic model [4] or trying to improve testability by usimgn-conventional fault
modeling and test generation techniques [1]. An approach based on aeoblysist
dominant fault model has also been proposed in one of the earlier viErk§he
probabilistic model mentioned above is developed to analyze the SAl pabsibtt
faults. The study assumes one-hot restriction on the control lingkmtsone and only
one driver can be ON at a time in the multiplexer design.ids tito understand the
impact of SA1 faults on controls lines when they are left unattendesther words, it
attempts to study the detectability of control line SAl faultsiabtd from a set of
patterns not specifically targeting these faults. The work concludeséhatdbability of
a SA1 fault on control line being detected by a set of N patterns can be ed@®sse

Paer= {1 = (1 = Roa * P * Pp* Po)" (1)

where,

Pget: Probability that the possible-detect fault is completely detected.

Pma : Probability of a multi-drive. Probability of two drivers driviniget output in

case of the fault.



P : Probability of multi-drive resulting in contention. Probability aafrresponding

data lines being driven by opposite values.

P, : Probability of contention detection at an observable point. Prolyaliit

contention propagating to an observable point, such as a primary outp$can a

flip-flop.

Pe : Probability of contention resolving to an error value. Probabilit{ oésolving

to an error value on real silicon.

N : Total number of test patterns applied.

Using this equation it was shown that the probability of a control A& fault
being detected using a general ATPG test pattern set that doesgedtthese faults is
more than expected, for a reasonable pattern set size for slygngi¢hey tested. But
these results also showed that the coverage was far belovacatis test coverage
standards. This suggests development of a model, which targetsaalishdirectly and
assures improvement of test coverage.

One of the earlier efforts on tri-state testing exploitecud particularities of CMOS
designs, used automatic learning of useful relations about nodeg idetiign, and
innovative test vector generation [1] to improve testability. Thieasch developed
techniques for test generation, which exploits circuit design prepddr resolving Z
states to a binary value. It introduces the concept of pull-vpese where by attaching
a PFET on the output of a multiplexer would pull Z values to logyh.hThis idea is

shown in Figure 4.



VDD
Restore PFET
1/SA0 L,
S0 —~[ G
1
DO
0/1 0]
0 [ 10
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X
D1
Good Value/ Faulty Value

Figure 4. PFET attached at output ok 2 multiplexer.

The gate G of the restore PFET is controlled such that aesadved to a 1 on the

tri-state output. This can then be exploited by ATPG to test &Akisfon control lines

which are otherwise un-testable. The efficient way to contrad @ iconnect G to the

output O of the inverter thereby creating a bus-keeper. This dearcéatch a 1 input

but not a 0 input. The bus-keeper results in the output holding the previous cycle value in

case of floating faults. Using this design, a sequence of pattan be created where

the restore PFET in ON and the subsequent test of the fault cautesge of state.

This sequence of patterns can be applied as functional pattecas be applied using

scan chains. So this is similar to stuck-open or transition-tsting, but used actually

to test for stuck-at faults.

The consistently dominant fault (CDF) model was developed in one &attier

research works [5]. This model assumes that when a floatiogndention fault occurs,

the gates whose inputs come from the tri-state output with thewadlinterpret the

value to be either a logical 1 or 0. The model assumed the outpwecksoll or O in



case of floating and contention faults separately, and genexeteats accordingly. The
results of the research showed that the probability of fault tt@teinn this way was
high. So once a test pattern with output assumed to resolve to 1flmmX) were
developed and then a test pattern with output assumed to resolve te 8ddaed. This
whole set of test vectors guaranteed detection of faults wherm&veutput resolved to
some logic value on real silicon. This CDF fault model is bdgiea extension of the
stuck-at fault model and has good results for testing of te-sietuits according to this
work.

This idea of the output resolving to either 1 or O in case of floatingpntention
faults was adopted by Daniela Toneva, of the DFT group at Advavimed Devices,

Incorporated, Austin, TX. She developed models using this idea as shdvigure 5

[6].

2X1 Fault O/P

Multiplexer

Figure 5. Toneva model.
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This model in Figure 5 is implemented to represent>al3inverting multiplexer
design. The top input line to thexX21 multiplexer represents logic for the assumption
that Z at the output of the multiplexer, resolves to 1, and X at theutowf the
multiplexer resolving to O for a design. The bottom input lineaesgmts logic for the
assumption of Z at the output resolving to 0, and X at the output resttvibdor a
design. The control line of theX21 multiplexer in the above model is a pseudo primary
input, so that it is directly controllable by the ATPG. This masl@hcorporated into the
ATPG engine to produce the set of vectors for testing of sati¢é&ults on the control
lines. The ATPG tool tests for a stuck-at fault at the outputisfax 1 multiplexer in
the model. The primary shortcoming of this model is that it doefonte the ATPG to
set any particular input to a value for testing of a specfhelt, and so the ATPG might
not produce the correct set of vectors when testing for the suetafult. This idea will
be clear after we present our models developed in this research in the folleatings

One of the earlier works describes an algorithmic test rpageneration method
named ZALG* to test circuits involving tri-state logic [7]. Z&F takes bus clash
(contention fault) and memory retention (floating fault) into consiilen and uses a
multiple path sensitization method to generate the test pattern gematgorithm.

In one of the earlier works, a built-in-self-test (BIST) citguito test for SoC
designs involving tri-state buffers and buses [8] is developed. TH&T Bilock
configuration is not specified by any SoC structure, so it idalskei for a

general/reusable testable IP.
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[11. METHODOLOGY AND CIRCUIT SIMULATION RESULTS
Circuit level modeling of the microprocessor circuits provided tooy&AMD was
carried out using AMD SOI CMOS proprietary models and UC BeykBelM4 bulk
CMOS device models [9] incorporated into the Cadence Spectret @naulator. The
two microprocessor circuits provided by AMD are discussed in the followingssc

A. Tri-statedriver design

VDD
VDD ﬂ PMOS
— —
J]
PMOS —  PMOS
I o PMOS
] ouT

inverter fanout load

o
o
NMOS 4— —— C equivalentto 4
I e _ b NMos| T oo

—

7 i :] NMOS

(%) DO NGND

Tri-State Driver
with Inverting
Output

Figure 6. Tri-state driver design.

The circuit shown in Figure 6 is a single tri-state drivehwn inverting output. We
can have several such drivers connected in parallel to ¢reataultiplexer design. In

such a design one can enforce the one-hot restriction on the caméobly providing
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decode logic to ensure one and only one control line is ON ateadiimng functional
operation. We injected SAO and SALl faults on the control lines (SOgure~6) and
observed the behavior of the output in terms of voltage levels and whie¢heutput
state (Z or X) resolved to a Boolean logic value in some reasoaaiunt of time. We
used a 4 inverter fan-out load to represent the actual downstregenwhich this
multiplexer design might be a part of, when used in real micropsoceircuitry. The
results obtained for this multiplexer design are as follows.
1. 5 x 1 multiplexer design results for SOl model
A 5 x 1 multiplexer was analyzed using the AMD SOI models for 65nm technology.
* Output was set high through good driver in one clock cycle and then set to floating in
the next clock cycle due to a single SAO fault on the chosettsi@he. Output

simulated for a time period of Oils. The results are shown in Table I.

TABLE I. SIMULATION RESULTS FOR FIRST DESIGN WHERREVIOUS CYCLE OUTPUT IS 1
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No. of data inputs high Output value for 0-1 ps time period
0 High
1 High
2 High
3 High up to 20 ns and intermediate after that
4 High up to 13 ns and intermediate after that
5 High up to 8 ns and becomes low after 86 ns

The left hand column gives the number of data inputs that arerhalyiven vector.
So the first entry (0) means that a given vector makes adateinputs low while the
output is floating (all control lines off). Since this is an ity multiplexer, a zero on a
multiplexer input will increase the leakage paths to Vdd, whitene on an input will
increase the leakage paths to ground. We can see from the ostpig tieat the output
remains high regardless of the time period when no more than tevangats are high.
For cases of three and four data inputs high the output remains diigh few
nanoseconds (ns) and then assumes an unknown value. For the casevef ddldi
inputs high, the output remains high for even less time and does assume a low value after
a while. These results indicate that the floating faults @momgly input data dependent
and also previous cycle dependent. Note that the output was set highpreviws
cycle in this case. Also note that the output value is sampedhan 1 ns after the test

is applied.
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* Output was set low through good driver in one clock cycle and théo eating in

the next clock cycle due to a single SAO fault on the chosettsi@he. Output

simulated for a time period of Ols.

TABLE Il. SIMULATION RESULTS FOR FIRST DESIGN WHERREVIOUS CYCLE OUTPUT IS0

No. of data inputs high Output value for 0-1 ys time period
0 Low up to 4 ns and becomes high after 34 ns
1 Low up to 6 ns and intermediate after that
2 Low up to 8 ns and intermediate after that
3 Low up to 12.5 ns and intermediate after that
4 Low up to 35 ns and intermediate after that
5 Low

The results shown in Table Il again justify the observationttigabutput values are
strongly input data and previous cycle dependent in the floatingciasdt We have set
the previous cycle output low, which is why the output remains lova foertain time
period, depending on the input data for most of the cases. It onlyletaysr the case
where we have all the data inputs driving the output low maximithiegleakage to

ground.



2.

15

Output obtained for the contention fault case when we inject a SA1 fault on one of
the tri-state drivers was an intermediate value showing a little bit @tdaieards the
logic low, irrespective of the previous cycle output value. The output was input data
independent (on the deactivated lines), which was expected because the ON currents
of the activated lines are much higher than the gate and sub-threshold leakbges of
deactivated lines.

5 x 1 multiplexer design results for bulk CMOS model

A 5 x 1 multiplexer was analyzed using the bulk CMOS models for 90nm

technology.

Output was set high through good driver in one clock cycle and then set to floating in
the next clock cycle due to a single SAO fault injected on the select line of the
activated driver. Simulated for a time period of sl Output remains high for a

few tens of ns and goes to 0 after 116 ns. This result was independent of the input
data values. This is very different from the SOI behavior, where the output was
strongly affected by the data inputs.

Output was set low through good driver in one clock cycle and theo Beating in

the next clock cycle due to a single SAO fault injected on #hecsline of the
activated driver. Simulated for a time period of @sl Output remains low all the
way up to lus. Again this result was independent of the input data values.

Output obtained for the contention fault case when we inject a SAtloia one of

the tri-state drivers was the X at the output which resolved &stOeihough to be
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detected (less than 70 picoseconds). This is really positive tremATPG
perspective as no extra logic is needed to resolve the output toeaBaallue. This
is in contrast to SOI, where the output is an intermediate vaageut the addition

of any special test logic.
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B. Passtransistor design

™S
- b
1  —
1
SO
S
o T
ouT
s1 4%
S
Dﬁ> I —
N
S2
L
Dﬂ> N —
N
S3
4 x 1 Pass
Transistor
Multiplexer

Figure 7. Pass transistor design.

The design in Figure 7 is a ¥ 1 multiplexer with pass transistors making up
transmission gates which are used as individual drivers for thelaxér. The inverters
at the inputs and output of the multiplexer represent the upstream andtceam logic,
which this circuit might be a part of, when used in real micropsacesircuitry. The
one-hot restriction is ensured on this design through decode logimj&gteed SAO and
SALl faults on the control lines (S0-S3) of this design and observdmetiavior of the

output in terms of voltage levels and whether the output state ¥J cgsolved to a
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Boolean logic value in a reasonable amount of time. The resulisi@dtan this design

are as follows.

1. 4x 1 multiplexer design results for SOl model

A 4 x 1 multiplexer was analyzed using the AMD SOI models for 65nm technology.

» Output was set high through good driver in one clock cycle and then set to floating in

the next clock cycle due to a single SAO fault injected on the select line of tlechos

driver. Output simulated for a time period of 0-1us. The results are as shown in Table

TABLE Ill. SIMULATION RESULTS FOR 2nd DESIGN WHENREVIOUS CYCLE OUTPUT IS 1

No. of data inputs high Output value for 0-1 us time period
0 High up to 12 ns and becomes low after 20 ns
1 High up to 20 ns and becomes low after 44 ns
2 High up to 78 ns and intermediate after that
3 High
4 High

In this design the output is strongly input data and previous cycle di=pein the

floating case similar to the previous design. But as we cafigadhe results the output

dependence on data input values is much more in this design than the poaeiolibe

output also fluctuates a lot more over time for different data inputs in this design.
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Output was set low through a good driver in one clock cycle and thém fbadting

in the next clock cycle due to a single SAO fault injected ondleetsof the chosen

driver. Output simulated for a time period of Q4.

TABLE IV. SIMULATION RESULTS FOR 2nd DESIGN WHEN RR/IOUS CYCLE OUTPUT IS0

No. of data inputs high Output value for 0-1 ps time period
0 Low
1 Low
2 Low
3 Low up to 23 ns and becomes high after 89 ns
4 Low up to 14 ns and becomes high after 25 ns

Again we see in Table IV that the results fluctuate for défiernput data values. We

also see that there is a small amount of bias towards the goipgtlow, if we consider

both the cases where the previous cycle output was set high as well as low.

The output obtained for the contention fault case when we inject agbtbh one
of the tri-state drivers was logic state high, irrespectiVgrevious cycle output
values. The output was independent of data inputs on deselected lines, w&hkich w
expected. This result is really positive from the ATPG petsgecas in the

following section.
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2. 4x 1 multiplexer design results for bulk CMOS model

* The output was set high through good driver in one clock cycle and théa set
floating in the next clock cycle due to a single SAO fayédted on the select line of
the chosen driver. Simulated for a time period of|s1The output remains 1 all the
way up to 1us. The output is input data independent similar to the previous design
for the Bulk CMOS model.

* The output was set low through a good driver in one clock cycle andséten
floating in the next clock cycle due to a single SAO faukdtgd on the select line of
the chosen driver. Simulated for a time period of 51 Output remains low for a
few ns and then goes to 1 after 33 ns. Again the output dependence on tloataput
values is negligible.

* The output obtained for the contention fault case, when we inject daBkDn the
select line of the chosen tri-state driver, was the X at outputhwesolved to O fast

enough to be detected (less than 70 picoseconds).

IV. ATPG APPROACH
The circuit level simulation results obtained for both the ttiestiriver and pass

transistor multiplexer circuits for both the SOI and bulk CMOS m®e® suggested
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taking a novel approach to maximize the testability of tisecircuit structures. The
results for the floating fault case for both designs and presessgygested a transition-
like fault model to improve the testability of the circuit. Thmwdation results showed
that the output state depended on its previous cycle state andrétainied that state for
some time, independent of the data input values. The data input valwedffe time
and value to which the output floated, but overall the output alwaysdstfaota the
value of the previous cycle. This fact can be exploited and oneetdhesoutput to a
logic value in one cycle and then drive it to the opposite valtigeimext cycle. Then if
we test the output fast enough, the output will hold the previous cyicle vathe case
of a floating fault on its control line, which will result in detiea of the fault. This idea
will be clearer in the following sections.

A. ATPG approach for tri-state driver design

0,1/SA0
SO

X1
DO

1,0

S1
D1
0,X

First Cycle, Second Cycle Good Value/Second Cycle Faulty Value

1,0iz

Figure 8. ATPG approach for tri-state driver design.
Figure 8 is the gate level model for the floating case festate driver design
multiplexer. As shown in the figure, we can set the output to a logic value (% icage)

through the good tri-state driver and then try and set the outpbetopposite logic
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value (0 in the above case) through the tri-state driver whose cloméred under test for
a SAQO. If the control line is SAOQ, then the good value for the owgdube different
from the faulty value, if we test the output quickly enough. Hershasvn, the good
value is 0 for the second cycle, but the SAO on the control line dfshéri-state driver
makes the output floating. This floating state will hold the vélom the previous clock
cycle (1) for some time and so we can detect the fault. hawrs from the previous
simulation results (Table 2) the shortest amount of time for wiiehoutput held its
previous cycle value was 4 ns for the SOI process, for thevdase we had set the
output to O in the previous clock cycle and all the inputs were dril@gtitput to 1 in
the next clock cycle. So if we can test the output within 4 nstraéimsition-like testing
model suggested above would work. Note that the model used above is diifemnent
the regular transition fault model in the sense that we setutput to a logic value
through a good driver in the previous cycle and then test throudhulhe driver rather
than using the same driver as in the transition fault model. Tiee@n of testing within
4 ns is not very stringent if we consider the testing methodkinsadustry today. The
most common mode of testing used today is scan-based testingauRiod-bn-capture
mode of scan-based testing works at close to mission mode speedietégeaclock
speed of microprocessors today is around 3 GHz, which makes the lauoaptore
mode test around 300 ps. This is well within the 4 ns constraint.

The results obtained for the contention case for the tri-stater arircuit for the SOI
process are more challenging, because the output does not resohyelégia value

within the simulated amount of time. The output did show some biasdswiae low
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logic state but not significant enough to draw any conclusions. Busiiiall amount of
bias can be exploited to pull the output to a low logic state wime design
modifications. We can use a pull-down transistor attached to the oafptite

multiplexer to pull the X state to an actual 0 as shown in Figure 9.

0/SAL
0

/X

S1
[ﬁﬁ pulldown

D1

S

DO &
1
0 E gnd

Good Value/ Faulty Value

Figure 9. NFET pull-down attached at output.

As shown in the figure, we can attach a weak NFET tramsigtthe output of the
multiplexer [1]. This transistor can be turned ON only duringesde to weakly drive
a 0 on the output. The weak 0 can replace the X state on the outpatvesaki enough
to be overdriven by a 1 value on the output line. The pull-down strucusgically
much smaller (5-8 times) than the rest of the circuitry and s¢émost always absorbed
within the overall area of the design and adds negligible delaypel require a global
test signal, which is turned ON only during the test mode of tperavhich is the only
overhead that one incurs in terms of routing costs. Variations obthe acheme like

pull-ups, pull-ups/pull-downs pairs and bus-keepers are some othersvideascan be
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employed depending on the circuit properties [4]. As for the Bulk GMy@bcess, no
extra logic is needed in the design as the output resolves to 0 by itself.

B. ATPG approach for passtransistor design

> e
X,0

Dﬂ> I
0,1/SA0 —r

SO — ouT

L JL 1,0/Z
M—D —
D1 1,0 T

S1

First Cycle, Second Cycle Good Value/Second Cycle Faulty Value

Figure 10. ATPG approach for pass transistor design.

The approach for the floating fault case for the pass ttansrmaultiplexer design is
the same as for the tri-state driver design. As shown i, we can set the output
to a logic state through the good transmission gate in one clock cycle and thehdey a
it to the opposite value in the next clock cycle through the driverruaeste If we have a
SAO fault on the driver control line, we will get a Z state lo& dutput, which will hold
the previous cycle value for some time. So again if we tesputgut fast enough we
would detect the fault. As shown from the previous simulation re§ldtkle 3) the
shortest amount of time for which the output held the previous cycle il ns for

the SOI process, for the case when the previous cycle outputwasuk and all the data
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inputs drive the output to O in the next clock cycle. This timing constigieven less
stringent than the previous design and can be easily achieved.

The results obtained for the contention case for this design wvezxe positive
because the output during contention resolved to logic state high ithaes$00 ps for
the SOI process. This result can be used to test the desi§AIofaults on the control
lines by assuming the contention state to be equivalent to highstage. This idea can

be explained by the use of an example shown in Figure 11.

[
1 b

0/SAL
SO

ouT

L
e
S >
— JL ox
L

D1 1 T

S1

Good Value/ Faulty Value

Figure 11. Input vector to test for contention in SOI.

As shown in the figure, the input vector applied on the 2 x 1 multipldadar inputs
is 10 whereas the control inputs are 01. In case of a SA1 fault @ortbrel line of the
first driver, a contention fault will occur, causing the output suase an intermediate
state X in place of the good value 0. But as seen from the sionutasults, this X state
resolves quickly to a high logic state. So if we test the outphisrcase, we will see a 1

on the output and the contention fault would be detected. In the Bulk CMOSgqrtce
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output resolves to 0 in a reasonable amount of time. So we carh&réatat the output

of this design to be equivalent to a O.
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V. FAULT MODELSAND PATTERN FAULTS

This section elaborates on the ATPG models for the floating andrtant cases in
the multiplexer circuits. The floating case is tested Iiyrgpthe output to a logic value,
through a fault free tri-state driver (or pass transistor) in orgk dycle and then driving
it to the opposite value in the next cycle through the driver underTiee output retains
the previous cycle value when the driver under test has a SAO @mtitsl line, so the
fault would be detected. This section describes the ATPG faultimexfléred to ensure
all the restrictions needed on the inputs and control lines to implement this tesiceeque

The transition-like fault model introduced above sets the output to ankiamic
value through the fault-free tri-state driver. This driver carclhosen at random by the
ATPG fault engine. So for the design in Figure 6, if we testSIAO on SO, we can set
the output in the first cycle through any of the other four drivdfs.assume that the
decode logic for the control lines ensures that one and only one adritrel lines is set
high at a time. So when the ATPG model enforces a control line to go high, iinseaks
that the decode logic takes care of the fact that the otheptchmés should go low. The
ATPG model suggested here is a slow-to-fall (STF) transitkenfault model. So when
the model enforces a particular control line to go high on thedyde, it also has to
enforce the corresponding data input to go low for the tri-statgrdéSigure 6) and go
high for the pass transistor design (Figure 7) to makeotiteut go high in the first
cycle. Then it enforces the output to go low in the second cyabeighrthe tri-state
driver under test. For that it ensures that the particular commolid set high and the

data input is set high for the tri-state design and set lovhépass transistor design to
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drive the output low in the second clock cycle. So this model will detect the SA@rault
that control line whenever the output does not fall (go low).

The idea described above can be easily specified using dypatteen faults [10].
However few ATPG tools support dynamic pattern faults. An eixmeps Cadence
Encounter Test. Mentor Graphics Fast Scan and Synopsys Tetramat dapport
static or dynamic pattern faults. For such tools we propose toogeaagjate level fault
model to be incorporated into the ATPG engine as described in the next subsection.

The test can be described using 2 dynamic patterns whose Bamd@addscription
is given below. We develop the dynamic pattern implementation Bgidar to STF
transition faults. The patterns shown are for testing of a S&l0da control line S0. We
assume the tri-state drivers implement>xabinverting multiplexer design.

A. Dynamic patterns

« First Pattern: (SO & ((S1& D2 )| (S2&D2)|(S3&D3)|(S4 & D4))

» Second Pattern: ( SO & DO)

The first pattern sets SO low and sets one of the remaining §aks S1-S4 high, and
the corresponding data line low. This sets the output high for fwsk cycle. The

second pattern sets SO and DO high, attempting to set the output 88nsISAO, a STF
fault will occur at the output. Similar patterns can be developethéoother select lines

and the pass transistor multiplexer.
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B. ATPG model for SO, SAO
The model shown in Figure 12 is a slow-to-fall transition-like fault model for testing

of control line SO SAO.

Sl 1,X

D1 X coming from black box model

s2
D2
s3 Out
b3 D :10 1,012

4 De
S0 0,1/SA0 9
7
D0 X1

X coming from black box model

First Cycle, Second Cycle Good Value/Second Cycle Faulty Value

STF Transition-like ATPG fault
model for SO,SAO for Inverting
Multiplexer
Figure 12. ATPG model for SO, SAO.

The model, when incorporated into the ATPG engine will ensure thabthect set
of input patterns are generated by ATPG for testing of SAO onT88.model assumes
that the tri-state drivers implement an inverting multiplexéerg the output is the
inverse of the data input driving it. The fault to test for in &EPG tool is a STF
transition fault on the output of the model (Out). The requirementiddogic in terms

of enforcing values on the inputs of the model above would be to make IB® gvhile
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any one of the other tri-state drivers drive the output high st d¢lock cycle. The logic
should also force SO and DO high in second clock cycle to try and drioatineg low in

the second cycle. The model assumes the decode logic for one-hictisaestn the

control lines is available. Development of this one-hot logic réistnigs trivial in any

case. So when we drive the control line SO high, we assume the degaeskolves
the issue of driving the other control lines low.

To ensure the requirement of driving the output high in first clock cycle, the inputs to
the AND (10) gate at the output in the model should both be high. To mmakettom
input high, one of the inputs to the NAND (9) gate must be low. Sorehenust be
low or the other input to the NAND (9) gate must be low. As seen fihenfigure, the X
input at the OR (7) gate blocks a 0 at its output, so driving the iojnatr of the NAND
(9) gate to 0 is not possible. This enforces the ATPG to make &ivga first cycle.
This X input coming into the OR (7) gate can easily be modajedssuming a black
box model feeding the input cone of that line. Now to make the othet of the AND
(10) gate at the output high, we need to drive the other input of the OR (8) gate feeding
high. This requires any one of the 4 AND (1,2,3,4) gates at the irph&shigh. So one
of the tri-state drivers associated with S1-S4 must be drivingutgut high to ensure
the AND (10) gate is high. This restriction enforced by the logsuees the requirement
of our model for the first cycle.

The requirement of the model for second cycle is SO and DO should bevtnigh
trying to drive the output to 0. So to try to make the output go lowarsécond cycle,

one of the inputs to the AND (10) gate must be 0. The top input cannot bau&dcat
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is blocked by the X feeding the OR (8) gate at the top inputhiS forces the bottom
input to go low. Now to ensure a 0 at the output of the NAND (9) baté, the inputs
must be 1. So the top input of the OR (7) gate feeding it, is féockd high because of
the other input being an X. This forces both the inputs SO and DO of tBe(B)\gate
feeding it to be high. So the requirement of the model for the segmhel @lso gets
satisfied. So this model ensures that the proper pair of input vectors gets gendested t
for the SAO fault on SO.
C. ATPG model for 5 x1 multiplexer (floating case)

Figure 13 is the ATPG fault model for testing of SAO fault on all of the 5 control

lines S0-S4, of the multiplexer.

S0-S4 PPIL PPI2 PPI3
S0, SAO
D0-D4 T1.0
S0-54
S1, SAO
D0-D4 T2.0
S0-54 5x 1
52, SAO . I
D0-D4 T3_0 Multiplexer ouT
S0-54
S3, SAO
D0-D4 T4_0
S0-54
S4, SAO
D0-D4 5.0

Figure 13. ATPG model for floating case fok 3 inverting multiplexer.
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This model will ensure that the ATPG will generate the corset of input vectors
for testing of all 5 SAO faults on the control lines. The block SO, B4desents the
entire logic shown in Figure 12 for testing of SO SAO. Simil#nky other four blocks
shown represent logic for testing of the individual control lines SAO. This logimilsus
to Figure 12 with the individual inputs to that tri-state driver (gveal with the input
lines SO and DO in Figure 12. So the model for S1, SAO would be stmiigure 12
with the input lines S1, D1 swapped with SO, DO everywhere in the modetse 5
blocks form the inputs of a 5 x 1 multiplexer in this model, whose cohted are
pseudo primary inputs so that they are directly controllable bATRG engine. So by
testing for STF transition faults on the inputs to this multipleké O - T5 O, the
ATPG would be able to generate the correct set of patternsteotdhe SAO faults on
the individual control lines of the tri-state drivers.

As for the contention case, we propose a stuck-at fault model todrponated into
the ATPG tool for testing of SA1 faults on the control lineshef tri-state drivers. For
the tri-state design for the SOI process, the output resolvedow kodic state in the
contention case using a transistor pulldown as shown in Figure 9, wileeeasatput
resolved to a 0 by itself for the Bulk CMOS process. So an inputryedhich drove the
output to 1 through the good driver and to 0 through the driver under test, tedt thee
SAl on the control line of this driver for both the processes. For the tpansistor
design, the output resolved to a high logic state in the contentionfaasiee SOI
process, whereas it resolved to a 0 for the Bulk CMOS processn 8mpuat vector,

which drove the output to O through the good driver and 1 through the driver ustder te
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will detect the SAO on the control line of this driver for the $&icess technology. For
the Bulk CMOS process, the input vector requirements will besdhee as for the first

design. This idea is further explained along with the developed maddlseinext

section.

D. ATPG modd for SO, SA1 when X resolvesto 1

S1
D1 : 1
S2
D2 2
5
S3

Test for SAL here

o )
3 7 0/X

sS4

M~ 24

DO

SO 6

SAl ATPG fault model for SO SA1L.
If X resolves to al.
Figure 14. ATPG model for SO, SA1 when X resolves to 1.

The model shown in Figure 14 is for testing SO SAL1. This model, witenporated
into the ATPG engine, will ensure that the correct patterbeigenerated to test for SO
SAL. It is for designs where X resolves to a 1 at the output.iStiate for the tri-state
design in the SOI process. So trying to drive the output to O vaséing for contention
would be the right approach for designs like these. In other wosdaged to test for a
SA1l fault on the output of this model. The model assumes thatitbete drivers

implement an inverting multiplexer where the output is the invefséhe data input
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driving it. So the requirements in terms of values on the input dhéss model would
be SO and DO should both be 0 while either one of the remaining trdstates should
be driving the output to O (select line is 1, data input is 1). Now tisfysehis
requirement of trying to drive the output of this model to 0, we needtbetmputs of
the NAND (7) gate to be 1. This forces both SO and DO to be 0, thid@dR (6) gate.
For the top input of the NAND (7) gate to be 1, we need eitheobtige control line
and data input combination at the inputs of the 4 AND (1,2,3,4) gates totheSbighis
logic enforces the requirements of the model. So by using this ilegaxtace of the
multiplexer model, we will ensure, that the correct test vectors would be tgzhera

E. ATPG modd for SO, SA1 when X resolvesto O

D1 El

D2 2
S3

ﬂ:}i Test for SAD here
0 Pl

3 71X
]
D4 4
S0 D 6

SAO0 ATPG fault model for SO SA1.
If X resolves to a0.

Figure 15. ATPG model for SO, SA1 when X resolves to O.

The model shown in Figure 15 is for testing SO SAL, but for desigese the X at

the output resolves to a 0. This is true for the tri-state desrgmoth processes, as well
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as for the pass transistor design for the Bulk CMOS process.ryig to drive the
output to 1 when testing for contention would be the right approach signdelike
these. In other words, we need to test for SAO fault on the outphbisofibdel. . The
model assumes that the tri-state drivers implement an invertuigplexer where the
output is the inverse of the data input driving it. So the requiremebgésms of values
on the input lines of this model would be to make SO low and DO high, aithiler one
of the remaining tri-state drivers try to drive the output higle¢sdine is 1, data input is
0). Now to satisfy the requirements of the output being high, we needhigoitputs of
the AND (7) gate at output to be high. So this forces the ATPGat@ 80 low and DO
high automatically through the AND (6) gate they feed to. To make the othewoirthet
AND (7) gate high, we need to make one of the AND (1,2,3,4) gatesifetiti OR (5)
gate high. So this satisfies the requirements of making eitleepbthe remaining tri-
state drivers drive the output high. So for instance by making $0amd DO low, the
ATPG would be able to satisfy the requirement of making the top ofpgie AND (7)
gate at the output of the model high. So by feeding the requiremtastiof for SAO at

output of this model into the ATPG tool we would be able to detect SA1 fault on SO.



F. ATPG mode for 5 x1 multiplexer (contention case)

36

Figure 16 is the ATPG fault model for testing of SA1 fault drofithe 5 control

lines S0-S4, of the multiplexer.

S0-S4

D0-D4

S0-54

D0-D4

S0-S4

DO0-D4

S0-S4

D0-D4

S0-S4

DO0-D4

PPI1  PPI2 PPI3

5x1
Multiplexer

S0, SAL

T1O
S1, SAL

T2.0
S2, SAL

T30
S3, SAL

T4 0O
S4, SAL

T5_0

ouT

Figure 16. ATPG model for contention case for b inverting multiplexer.

This model, when incorporated into the ATPG engine, will ensurghbatorrect set of

vectors are generated to test for SA1 faults on all the comtesl bf the tri-state drivers.

The block SO, SA1 represents the entire logic shown in Figure 1Bigore 15,

depending on the multiplexer design being tested for (whetheroessto O or 1) for

testing of SO SA1. Similarly the other four blocks shown reprédsegitt for testing of

the individual control lines SA1. This logic is similar to Figdee or Figure 15 with the
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individual inputs to that tri-state driver swapped with the input IB@sand DO in the
respective figure. So the model for S1, SA1 would be similar t&itnere 14 or Figure

15 with the input lines S1, D1 swapped with SO, DO everywhere in the mdteke 5
blocks form the inputs of a 5 x 1 multiplexer, whose control lineppseedo primary
inputs so that they are directly controllable by the ATPG faagiree. So testing for SA1

or SAO fault, depending on the previous model adopted, on the inputs to these
multiplexer T1_O — T5_0O, would detect the SA1 faults on the individuatadites of

the tri-state drivers.
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VI. CONCLUSIONSAND FUTURE WORK

This research focuses on improving the testability of digitalits that contain tri-
state structures. The ideas presented in this thesis agn dgmcific and technology
dependent, but can easily be applied to more general circuit structbiresit
simulation was used to analyze the detectability of commonly tsstate structures in
high performance digital circuits. Using these simulation resp#tgern faults and gate
level fault models were developed which can be inserted int®GATo improve test
coverage of tri-state and pass transistor structures.

As part of the future work, the gate level fault models and thesrpataults
developed in this research will be tested at Advanced Micro Bgviac. to observe
their impact on test coverage, test pattern count and ATPG time.

We would like to consider the SOI history effect [4, 5] into oulyais, whereby we
will account for the voltage threshold variability of transistmrer multiple cycles in the
case of partially-depleted SOI process designs. The diongawill be run over multiple
cycles and the output will be observed for different input data comtasativer those
cycles in both functional and test modes. A key challenge in thik waensuring the
history effect in test mode that is similar to test mode.

This work, including the future plans, will enable widespread usdricitate

structures leading to much better performance digital designs.
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