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Abstract—Designing thermal-aware microarchitectures for mi-
croprocessors at new technologies is becoming a critical re-
quirement due to the exponentially increasing on-chip power
density. Extremely high power density, thus the very high on-
chip temperature, not only significantly increases the packaging
and cooling cost, but also creates tremendous difficulties in
chip leakage control and reliability. As a major contributor
to chip transistor budget and die area, caches account for a
significant share of the overall processor power consumption,
including both dynamic and leakage power. This work proposes
to characterize the thermal behavior within data caches at
the fine granularity instead of treating the data cache as a
monolithic block. It develops detailed thermal models for a
typical subarrayed data cache. Furthermore, this work proposes
and evaluates a new subarray scheme, namely way-interleaved
scheme, to improve the thermal behavior of subarrays. This
optimized cache microarchitecture can be also combined with
dynamic thermal management techniques to further improve the
efficiency of the thermal management. The interaction between
leakage control and thermal optimization is also investigated in
the context of thermal-aware microarchitectural designs.

Index Terms—Thermal management, data cache, thermal-
aware microarchitecture, power density, interleaved subarray
scheme, leakage

1. INTRODUCTION

Ontinuous technology scaling down leads to an expo-

nential increase in on-chip transistor integration density
and high operating frequency. While enjoying the potentially
higher performance delivered from new technologies, we are
facing new challenges such as increasing design complexity
and chip thermal management effort. With a relatively slow
supply voltage scaling, the on-chip power density exhibits an
exponential increase as technology advances [1]. This high on-
chip power density in turn leads to very high chip temperature
demanding much larger cooling capacity for the microproces-
sor designs, thus significantly increasing the costs of cooling
systems and chip packaging. As most microprocessors are
designed for the worst-case operating temperature, though very
rare, to prevent the chip from meltdown during the execution
of some max-power applications, designing the thermal pack-
aging to accommodate these peak power situations imposes a
substantial extra manufacturing cost [2].
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Since microprocessors run at average power consump-
tion/temperature during majority of the time, techniques can
be applied to prevent the microprocessor from running at the
maximum power consumption (thermal emergency situation)
without noticeable performance degradation because of the
rare occurrence of thermal emergencies. Dynamic thermal
management (DTM) [3][4] monitors chip-wide temperature
at runtime and dynamically invokes power reduction schemes
(e.g., dynamic voltage/frequency scaling, clock gating, spec-
ulation control [5]) to avoid thermal emergency when the
temperature exceeds a pre-defined warning threshold (DTM
trigger temperature). Therefore, the temperature is controlled
before reaching the one designed for maximum cooling ca-
pacity. This also implies that lowering the maximum cooling
capacity, thus significantly reducing the cooling cost, can be
achieved by appropriately setting the DTM trigger tempera-
tures. Skadron et. al. [4] also showed the strong connection
between the effectiveness of DTM techniques and the accuracy
of the on-chip temperature sensors.

DTM is critical for high performance microprocessors de-
signed at new technologies. However, frequent DTM invoca-
tion at high temperatures has significant performance impact
[3]1[4]. It is our belief that a thermal-aware microarchitectural
design for major components such as caches, register file,
instruction issue queues, and functional units can further im-
prove the effectiveness of DTM techniques in handling thermal
emergencies. Understanding the thermal behavior of these
major components is essential towards such a thermal-aware
microarchitectural design. Being major contributors to the on-
chip transistor budget and die area, caches consume a large
portion of the overall processor power dissipation, including
both dynamic power and leakage power consumption [6][7]. In
modern wide-issue superscalar microprocessors, multiported
data cache is required to support multiple cache accesses
per cycle since most load instructions are on the critical
path, leading to high temperature in the data cache [4]. Due
to the exponential effect of the temperature on subthreshold
leakage, controlling the temperature in caches is of paramount
importance in reducing cache leakage and avoiding thermal
runaway emergency.

In this paper, we first study the thermal behavior of the
data cache at the granularity of subarrays. Due to different
cache configurations and access patterns/localities, different
parts of the data cache experience quite different activities
and thermal behavior [8], which however cannot be captured
by conventional thermal studies [4]. With a detailed simulator
modeled for the Alpha 21364 microprocessor, our experimen-
tal results using a set of SPEC2000 benchmarks show that







































