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This thesis discusses ultra-low-voltage (MOS (complementary metal oxide semiconductor)
digital circuits which are called “subthreshold circuits.” Subthreshold circuits operate at
a lower supply voltage than the threshold voltage of MOSFETs (metal oxide semiconductor field
effect transistors), which is, for example, 0.3-0.4 V in a 90-nm CMOS process; and their
features are slow speed yet ultra low power. Therefore subthreshold circuits are suitable to
severely energy-constrained devices whose performances are not a critical concern such as
processors for sensor networks and medical applications

On the other hand, subthreshold circuits have a serious problem that their performances are
significantly sensitive to manufacturing variability and environmental variability such as
temperature and supply voltage variations. Furthermore, they are vulnerable to soft errors
which are induced by radiation particles such as alpha particles and neutrons on the earth.
Thus the conventional worst-case design and operation with guardbanding considering such
large variations extremely deteriorate the energy efficiency, which spoils the advantage of
subthreshold circuits. This issue is one of the most severe obstacles that prevent
subthreshold circuits from being widely used in practical applications. This thesis aims to
overcome the above mentioned issue and to demonstrate energy-efficient subthreshold circuits

To accomplish this goal, this thesis first focuses on the impact of manufacturing
variability on delay variations. To establish the modeling of variations in subthreshold
circuits, a device array circuit, which consists of a number of transistors and ROs (ring
oscillators), is fabricated in a 90-nm CMOS process. Using the device array, I-V
characteristics of transistors and RO frequencies are measured, and the correlation between
the transistor-level variations and the delay variations in subthreshold circuits is
confirmed. Measurement results reveal that the transistor-level variations in subthreshold
region are well characterized with threshold voltage and subthreshold swing parameter. On the
other hand, measurement results also show that random and uncorrelated threshold voltage
variation is dominant for estimating delay variations in subthreshold circuits

This thesis then examines the soft error immunity in subthreshold circuits. When an alpha
particle emitted from packaging materials or a neutron from the cosmic ray hits on sequential
circuits or SRAM (static random access memory), an upset occurs, which may result in critical
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errors. Because the energy to cause the upsets is reduced as the supply voltage is lowered,
subthreshold circuits are much more vulnerable to soft errors than circuits operating at the
nominal supply voltage.” In this thesis, the alpha-particle-induced SER (soft error rate) is
measured on silicon using a newly designed SRAM which functions over a wide range of the
supply voltage from 1.0 V to 0.3 V in a 65-nm CMOS process. Measurement results show that the
SER at 0.3 V increases by eight times compared to the SER at 1.0 V. In addition, measurement
results reveal that the conventional ECC (error checking and correction) technique is still
effective in subthreshold region.

Next, techniques to overcome manufacturing and environmental variability are explored. This
thesis proposes the adaptive speed control with “canary FF (flip-flop)” for subthreshold
circuits. Canary FF is a sensor to predict the occurrence of timing errors, which is used
with the normal flip-flop in a sequential circuit. Whereas the adaptive speed control with
canary FF is superior in its simple structure, it is difficult to eliminate the occurrence of
timing errors completely unless the canary FF is well configured. First, this thesis
establishes a framework to quantitatively evaluate the timing error rate and the power
dissipation. This framework is experimentally validated using 32-bit adders, and the results
present the trade-off relation between the timing error rate and power dissipation.

Finally, this thesis demonstrates the adaptive speed control with canary FF using a test
chip fabricated in a 65-nm CMOS process. In this test chip, a 32-bit Kogge-Stone adder is
controlled adaptively with body-biasing. Measurement results indicate that the adaptive speed
control can compensate manufacturing and environmental variability and reduce power
dissipation by 46% compared to the worst-case design and operation with guardbanding.
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