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A Study on VLSI Reliability Enhancement
B e by Aging Mitigation and Fault Avoidance
(BiEf S s FEmgEiz L3 VLSI &S EibicRE 3 2 %%)

A DEE

This thesis discusses VLSI reliability enhancement by aging mitigation and
fault avoidance. Larger integration of transistors owing to the advancement of
semiconductor manufacturing process has improved performance and functionality
of information systems in the last several decades, and people and society
have been more and more dependent on information systems provided by VLSI
systems. On the other hand, designers have a significant duty to guarantee {he
high reliability of VLSI over a long period of time. In conirast, scaled
iransistors have been more sensitive to aging effects, such as negative biag
temperature instability (NBTI), and they are becoming more likely to cause
faults. In various aging effects, NBTI focused in this thesis causes a delay
increase due to threshold voltage degradation of p-channel MOSFETs (PMOSs),
and it is one of the most serious concerns of circuit designers. Especially,
for implementing mission-critical applications such as space and electricity
systems that tolerate aging effects, designers are eager to develop highly
reliable VLSI systems that can extend device lifetime. This thesis studies
reliability enhancement of VLSIs to overcome aging effects. To accomplish this
objective, three processes are focused on; estimation of NBTI-induced delay
degradation, NBTI mitigation, and fault avoidance using spare elements in
reconfigurable devices.

First, this thesis provides a gate-level estimation method of delay
degradation due to NBTI taking each aging process of individual transistors
into account. NBTI has a property that its degradation proceeds back and forth
through stress phase and recovery phases, and long-term PMOS threshold voliage
degradation highly depends on the rate of stress phase (stress probability).
Depending on input vectors and circuit structure, some PMOSs would experience
long stress and have a significant delay increase, which could cause a timing
error. In the past, however, the non-uniformity of stress probabilities was
not carefully considered when the long-term delay degradation was evaluated,
and uniform stress to all the PMOSs was often assumed. Therefore, this thesis
first evaluates the importance of transistor-level stress probability
computation. Evaluation results show that transistor-level stress probability
calculation is indispensable to avoid optimistic path delay estimation
especially under the situations when a circuit continues the same operation or
receives the same inputs for a long time. Furthermore, this thesis proposes a
gate-level timing analysis method that annotates a single individual value of
threshold voltage degradation to each gate based on a transistor-level stress
probability calculation. Evaluation results reveal that the proposed method
can achieve almost the same level of delay estimation accuracy compared to
transistor-level timing analvsis.
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Second, this thesis proposes an NBTI mitigation method by inputting random
scan—in vectors in standby mode. The aim of this method is to recover internal
PMOSs suffering from long-term stress by exploiting a short standby time when
a circuit temporally stops the operatlon While a conventional method that
gives multiple test-vectors to primary inputs of a circuit requires preparing
and storing large amount of test vectors, the proposed method utilizes
commonly embedded scan chains and injects simple random test vectors to save
area. Experimental results show that giving random scan-in vectors attains up
fo 71% reduction of delay degradation. Moreover, this thesis clarifies that 8-
bit linear feedback shift register {LFSR), which consumes small area and
leakage power, is enough to generate random scan—in vectors for NBTI
mifigation.

Third, this thesis-shows a quantifative evaluation of fault avoidance
meihods on reconfigurable devices in the viewpoint of lifetime enhancement.
Due to highly scaled and integrated VLSI technology, non-recurring engineering
(NRE) cost to develop application specific integrated circuits {(ASICS) is
elevating. To save NRE cost, reconfigurable VLSIs tvpified by field
programmable gate arrays (FPGAs) are utilized to implement and verify
applications. Reconfigurable devices consist of an array of basic elements,
and a part of these elements remain unused even when an application is mapped.
Conventionally, focusing on these redundant elements, fault-avoidance methods,
such as using pre-allocated spare elements according to pre-determined policy
and using unused elements dynamically by partial reconfiguration, are
proposed. As VLSI manufacturing process advances and aging faults emerge more
often in the future, faults elimination would be widely required. At that
time, circuit designers have to comprehensively figure out properties of
fault-avoidance meihods to achieve longer or more stable lifetime enhancement
coping with aging faults. Therefore, to indicate characteristics of fault-
avoidance methods, this thesis performs fault-avoidance simulations taking
consecutive aging faults into account, and evaluates lifetime extension
guantitatively focusing on representative five fault-avoidance methods under
the same architecture and the same evaluation setup. Evaluation results
indicate that methods of row-directional shift and dynamical partial
reconfiguration can achieve up to 70% of lifetime enhancement compared with
ideal upper limit of that. This thesis also shows that dynamical partial
reconfiguration depends on initial placement and routing results, and points
out that there is a room to improve the llfetlme enhancement efficiency of
dynamic partial reconfiguration.

As a conclusion, this thesis provides comprehensive evaluations and
proposals on (1) how the performance degradation should be evaluated, (2) how
the aging process can be delayed, and (3) how faulty aged elements can be
eliminated, which are required for lifetime extension of VLSI devices. These
evaluation results strongly contribute to future designs of highly reliable
VLSIs.
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