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Abstract— Well into the System-on-Chip era, power consump- These trends have jointly contributed to the creation of a un-
tion has emerged as one of the most critical challenges to design precedentegbower crisis on one side technology and com-
complexity scaling. Moving from a critical assessment of current  plexity control push for highly-reusable, standardized and pro-
technologies and architectures, we survey the distinguishing fea- grammable architectures, which are notoriously much less
tures of a design methodology that aims at energy consumption power efficient than dedicated hardware [11]. On the other
reduction, under guaranteedquality of service(QoS), as a main hand, the largest market potential is for chips that can be easily
objective in system design. embedded in tiny, battery powered (even battery-less) devices,
while at the same time performing computationally intensive
tasks.

Low power design has thus become a critical need for cur-
rent and future SoCs. In this paper we will first review the

sistors are currently designed and produced. BiIIion-transistHI‘.ands of evolution O.f current technologies _a.nd architectures,
chips are not a distant dream in the future. Several cha‘ﬂ'th the purpose of identifying the most critical bottlenecks

lenges arise from the complexity of designing multimillion-" system power consumption. Then, we will focus on a few

and billion-transistor chips. Design methods (and tools) mugqading-edge low power design techniques that can provide im-

follow the rapid pace of evolution dictated by technology ananediate relief to the power crisis.
application pull. As of today, a few fundamental trends of evo-
lution have emerged.

I. INTRODUCTION

Systems on chig&oCs) containing tens of millions of tran-

Il. TECHNOLOGY TRENDS

* Technology is increasingly hard to master, both from It is a well-known fact that rapidly evolving silicon technol-

n6gy creates smaller and faster CMOS transistors, with decreas-

specific hardwgre plgtforms are becoming not viable frormg switching power. At a fist sight, then, technology works for
an economic viewpoint. Large-scale SoCs must be flex-

. o _ educing power consumption. However, die area is not shrink-
ible and programmable after fabrication (to sell in Iargg gp P

| dth ¢ tain al tof f ng with technology (in other words, chips pack a quadratically
vo umes), and they must contain a large amount of fun ncreasing number of transistors). This would not be a prob-
tional redundancy (to tolerate technology-induced fau“?em if the power dissipation of basic CMOS gates decreased

and bring yield to acceptable levels). fast enough to compensate the increase in integration density.

e Systems on chips are designed using pre-existing COM_anrtunately, this is not the case, as qletauled next.
ponents. Reuse becomes key for designing chips fastF_lrst, because of bounded propagation speed qf el_ectromag-
enough, because no design team can successfully coRffic waves, as opposed to the ever faster switching speed
plete a multi-million transistor design "from scratch” in pf transistors, S|I_|con technology is b.ecommg mcreasmgly
the six to nine month window dictated by market pressurdltérconnect-dominated. Delays on wires are already domi-

Design methodologies must support component re-use m&ting: global wires spanning a significant fraction of the chip
a plug-and-play fashion. have propagation delays exceeding the clock period. The same

holds for switching power: the gate capacitance of a minimum-

e While the traditional computing equipment market hasize transistor is decreasing with technology, but interconnect
reached a saturation region where margins are extremedgipacitance per unit length is not decreasing at the same speed
low, great promise is shown by the emergence of "ambieifbecause of sidewall contributions) and interconnect length is
intelligence” devices. These devices will materialize theot decreasing for global wires. Hence, tiéactor in the well
vision of ubiquitous interactive access to world-wide inknown switching power equatioR,,, = kCV3, f (wherek
formation and communication resources from tiny wirerepresents switching activity) does not scale down as fast as
less terminals, coupled extensive data collection and iminimum feature size [4, 13].
tegration from a myriad of geographically dispersed sen- Second, in order do reap performance benefits (in other
sors. words, to satisfy quality of service requirements), chip clock



frequency is scaled faster than technology [5]. This result thereby enhancing yield. High yield and volume of sales are
achieved by clever architectural optimizations that reduce thiequired to amortize ballooning mask development and fab-
number of logic stages to be traversed within the clock cyclécation costs. Second, processor-based architectures empha-
time. From a power viewpoint this is clearly a problem, besize reuse of hardware modules (e.g., the cores themselves, the
cause power is directly proportional to switching frequericy memories, etc.) as well as software components (e.g. libraries,
Performance constraints (or objectives) are also the main regerating systems, compilers). Reuse-centric methodologies
son why supply voltage scaling is not drastic as one wouldre instrumental to reduce development risk and cost, and min-
desire for power minimization purposes. In fact, transistamize time-to-market.
switching speed decreases(&p — Vr)*, with 1 < a < 2. Yet, flexibility and reuse come at a price. The power-
This cannot be tolerated if performance is tightly constrainedperformance ratio (i.e., the energy) required by a processor to
Third, deep submicron transistors are increasingly leaky igarry out a given task (e.g., MPEG decoding) is several orders
the OFF state. Source-to-drain current due to subthresh@fimagnitude (3 or more) higher than what could be achieved
conduction is the dominant cause of leakage, but drain-tevith an application-specific architecture [14, 11]. The causes
gate currents due to electron tunnelling across the gate oxigfthe energy inefficiency of processor-based architectures are
is also becoming significant. Furthermore, random variationgell understood. Processors have to fetch and decode instruc-
of the number of dopant atoms in the channel region causiens to control execution. This is a huge overhead with re-
poor threshold control, and. many transistors have a thresh@gect to an application-specific architecture with a hardwired
significantly lower than nominal. Unfortunately, subthreshol&ontroller.
conduction is exponentially dependent on threshold voltage |nstryction execution relies on heavily shared memory struc-
and trans?stors Witr_] lower threshold leak _exponentially MOTgres (register files), while dedicated architectures can ex-
than nominal transistors. As a result, chip standby power 5t distributed registers with faster read/write time and enor-
becoming a S|gn|_f|cant concern. Clearly, subthres_hold Igakag@ousw lower power consumption per access. The sequential
also a heavy limiter to threshold voltadé- reduction, with jnstruction execution flow inevitably limits the parallelism that
obvious negative impact on supply voltage scaling [S]. can be extracted from an application, and therefore emphasizes
From this brief overview, it is apparent that power is criticaktorage requirements. In general processor-based architectures
in many ways. Power density grows significantly with techye memory-hungry and require complex memory hierarchies
nology, thereby creating huge problems in power supply digg achieve satisfactory performance thanks to the exploitation
tribution. Total power consumption in active state increases a$ the spatial and temporal locality principles. As a result,
well, with obvious negative consequences in battery lifetime &g qominant fraction of the power consumed by a processor
well as thermal design. Finally, even stand-by power is grows spent in accessing the memory hierarchy (i.e., in commu-
ing fast with technology, impacting battery lifetime in portablenjicating with memory structures and in extracting/storing in-
applications. For these reasons, technologists are pointingtgfmation in them). Storage-related costs are minimized in
power as the one of the most likely show-stoppers to technQippjication-specific architectures thanks to the exploitation of
ogy scaling if adequate countermeasures are not taken.  gistributed and custom-sized memories and the minimization
of spurious memory accesses created as an artefact of sequen-
tial instruction execution.
Advanced processors, often required to attain performance
As seen in the previous section, technology evolution is n@oals, are even more power-hungry than simple processors,
going to solve the power consumption problem. On the corpecause they rely on various forms of speculative execution
trary, many technologists refer to design innovation at the cito increase the average number of instructions executed in
cuit, logic, architectural level as a way out from the crisis. Una clock cycle. Well-known performance-enhancement tech-
fortunately, trends in this area are not favorable to energy efftiques, such as speculating past branches, value prediction,
ciency at all. Even though a significant research effort is beirgfefetching, imply the execution of redundant instructions
devoted to power minimization, mainstream architectural davhich can be committed only after they completed. In case
sign is moving toward energy-hungry architectures. of a wrong pl’ediCtiOI’l, a double overhead is often incurred.
Most systems-on-chip are nowadays designed with a hig#ot only computation has been executed needlessly, but also
degree of programmability. The majority contains one or moriés effects must be rolled back.
core processors, and many instantiate several programmablé&ine-grained programmable fabrics can be one or more or-
coprocessors (e.g., VLIW units for numerical computationsgjers of magnitude more energy-efficient than processors [14]
programmable 10 processors, etc.); a few recent designs efensome classes of computations, but they still incur a very sig-
embed a significant amount of bit-programmable logic (FPGAificant overhead with respect to dedicated logic. Recent data
fabrics) [15]. Programmability is a common requirement wheshows that computation performed by an embedded FPGA fab-
designing large-scale SoCs for two main reasons. First, it in a hybrid FPGA-ASIC chip is more than two orders of
ensures functional flexibility, which widens the spectrum ofnagnitude more power consuming and more than ten times
applicability and the potential production volume. Secondslower than the same computation in dedicated logic [15]. The
it leaves margins for post-fabrication bug fixing and tuningpverhead in this case is mainly due to communication between

IIl. ARCHITECTURAL TRENDS



fine-grain programmable logic elements, which is performebut in many cases it cannot eliminate it: consider for example
on massively redundant programmable wiring resembling aMP3 player. When the device is active it operates under tight
multi-stage network, as opposed to dedicated, instance sperformance constraints (namely, real-time playback), and ob-
cific wires. Additionally, programmable logic blocks are of-viously it is not possible to stretch execution time beyond the
ten much more complex than the basic gates they mimic wheluration of a music track, even if after it has been played out,
programmed. the player remains idle for hours.

In summary, it quite clear that the power crisis is caused by | eakage is a major concern in idle-power reduction, because
the conjunction of two factors: technology does not help us asimpacts battery lifetime even if the circuit is completely idle.
much as we need, and architectural evolution trends are WOf@uiescent power specifications tend to be very tight. In fact,
ing against energy efficiency. To escape this losing scenari@MOS technology has traditionally been extremely power-
a multi-pronged approach is needed, which improves energfficient when transistors are not switching, and system design-
efficiency without compromising flexibility, while minimizing ers expect low leakage from CMOS chips. To meet leakage
performance overhead. This hard to do, but it can be done, géwer constraintsmultiple-thresholdand variable threshold
we shall see in the following sections. circuits have been proposed [9]. In multiple-threshold CMOS,
the process provides two different thresholds. Low-threshold
transistors are fast and leaky, and they are employed on speed-
critical sub-circuits. High-threshold transistors are slower but

In a nutshell, we believe that the key for addressing th<‘=§'xhibit low sub-threshold leakage, and they are employed in

power consumption challenge lies in two simple ideas: (islon-crltlcal umts/path.s of the chip. .
exploit flexibility not only at the functional level, but also in  Unfortunately, multiple-threshold techniques tend to loose
the power dimension (i.e., desigower-manageable architec- effectiveness as more transistors become timing-critical.
tures, (i) enable application-dependent specialization withVariable-threshold circuits overcome this shortcoming by dy-
out compromising reuse and design flow streamlining. Th@gamically controlling the threshold voltage of transistors
first idea implies adding hardware resources that do not havdliough substrate biasing. When a variable-threshold circuit
computational task, but they dedicated to controlling the pow&ecomes quiescent, the substrate of NMOS transistors is nega-
level of functional units, detecting and exploding idleness, arlively biased, and their threshold increases because of the well
locally trading off performance with power. The second ide§nownbody-bias effectA similar approach can be taken for
requires tuning a hardware platform to a specific computationBMOS transistors (which require positive body bias). Variable-
task, without significantly increasing design time and efforthreshold circuits can iq principle solve the q_uie;cent leakage
(i.e., with a push-button process that does not require re-desigfPolem, but they require standby control circuits that mod-
of hardware blocks). ulate substrate voltage. Needless to say, accurate and fast

The practical embodiments of the two above principles ofteR0dy-bias control is quite challenging, and requires carefully
require both hardware and software support. In this sectidsigned closed-loop control [9].
we analyze hardware implications. In particular, we focus on ldle power is not only caused by leakage, butit is also due to
power manageable hardware, because design practices in thigeeded switching activity. Clock switching within idle func-
area are well established and widely spread. On the contrafignal units is the best known example of this problem. Clock
application-dependent specializations for power efficiency a@ting is used to eliminate unneeded clock activity. Most low-
performed much more in a ad-hoc fashion and they have mapewer processors implement both hardware and software con-
limited applicability, therefore they are not covered here. Tholled clock gating through dedicated power-down instruc-
interested reader can refer to a few recently published bookgns. A radical way to eliminate idle power (both leakage
and survey papers for additional information [2, 10, 11]. and dynamic) is to disconnect a unit from its power supply.
Unfortunately, in this case state information is lost.

In active state, supply voltage can be controlled to reduce
power, albeit in the limited ranges allowed in aggressively

Power manageable architectures ultimately aim at eliminascaled technologies.Multiple-voltage and variable voltage
ing idle power consumption (i.e., the power consumed by &chniques have been developed to this purpose [11]. In
hardware component when it is not in use) and run-time slackultiple-voltage circuits two or more power supply voltages
in active state, through the run-time control of clock activityare distributed on chip. Similarly to the multiple-threshold
and frequency, supply voltage and device threshold. The bescheme, timing-critical transistors can be powered at a high
efit of idle power elimination is obvious, while run-time slackvoltage, while most transistors are connected to the low voltage
elimination translates to cubic power savings (and quadratsupply. Multiple voltages are also frequently used to provide
energy savings) if the circuit is slowed down while at the samstandard voltage levels (e.g., 3.3 V) to input-output circuits,
time reducing the power supply. Even though slow-down cowhile powering on-chip internal logic at a much lower voltage
pled with dynamic voltage scaling is more effective than idléo save power. The main challenges in the multiple-voltage ap-
power reduction [3], the two techniques are not mutually exproach are in the design of multiple power distribution grids
clusive. Clearly, slowing down a circuit reduces its idlenesand of power-efficient level-shifters to interface low-voltages

IV. DESIGNING LOW-POWER HARDWARE

A. Power-manageable architectures



with high-voltage sections. e Evenif units can be power managed independently, power

Variable-voltage techniques offer the possibility of modulat- ~ minimization for a complex system requires informa-
ing the power supply dynamically during system operation. In  tion exchange between its components. Locally optimal
principle, this is a very powerful technique, because it givesthe choices do not generally lead to a globally optimal solu-
possibility to trade off power for speed at run time, and to finely  tion.

tune performance and power to non-stationary workloads. In ) ) _ )
practice, the implementation of this technique requires consid- PYnamic power management entails selecting the appropri-

erable design ingenuity. First, voltage changes require nofté component state to service a workload with the minimum

negligible time, because of the large time constants of pow8R€rgy consumption. DPoliciesare the control algorithms
supply circuits. Second, the clock speed must be varied col@r state transitions [1]. Transitions among states have a fi-
sistently with the varying speed of the core logic, when suppl ite delay a_md energy penalty. Thus, the def|n|t|0_n of poI|C|es
voltage is changed. h_a_t maximize performance unde_r_energy constraints, is a non-
Power manageable hardware can be designed at differdfiyial problem [1]. Whereas policies can be implemented in
levels of granularity. While early embodiments allowed oniyj?ardware (as a part of the control-unit of a component), much
coarse-grained control (e.g., peripheral vs. core logic), tHBOT® erX|b|I|ty anq ease of mtegra’qons is achieved by soft-
trend is toward fine-grained support to power management. A¥A"€ implementations. Thus a policy can be seen as a pro-
example of a state-of-the-art power management support is &M that is executed at run-time by the system software. The
"Voltage islands” technology introduced by IBM [6], where it fundamental premise for the apphcapmty of DPM is that sys-
is possible to instantiate multiple regions on a chip each powgMs (and their components) experience non-uniform work-
ered by its own variable voltage supply, clocked by a dedicatd@@ds during operation time. Such an assumption is valid for
variable frequency clock generation unit, and equipped witfioSt systems, both when considered in isolation and when
independent threshold voltage control circuitry. mter-_networked._ A sgcond assumption of DPM is that it is
It is important to remember that power manageable hard?—oss'bl? to predict, with a certain degree of.conﬂdence, .the
ware is only one side of the equation. Transitions betweé‘_}pctuatmns of workload. Workload observation and predic-
power states (e.g. from idle to active, from fast to slow) havion should consume little energy. _ _
significant cost in performance and energy. Hence, virtually all Power management policies can be implemented in system
power management schemes require significant software sif§fnel and be tightly coupled to process management. Indeed,
port both at design (and compilation) time and at executioRf0c€sS management has knowledge of currently-executing
time. The main challenges are to avoid power state transitiofRSkS and tasks coming up for execution. Process managers

that cannot be amortized and to select the most suitable pow@OW also which components (devices) are needed by each
state for a given operating condition. task. Thus, policy implementation at this level of system soft-

ware enjoys both a global view and an outlook of the system
operation in the near future. Predictive wake-up of compo-
V. POWER MANAGEMENT SOFTWARE nents is possible with the knowledge of upcoming tasks and

We generalize the notion of operating system (OS) to thrgquired components. The system software can be designed to

middleware that provides support for the operation of Soc4nprove effectiveness of power management. Indeed, pawer

Note that system support middleware in current SoCs is usua@;:nagement exploits idle times of components. The sched-

quite simple, designed for a specific integrated core process rlcaP sequence taskst for ex?.cuth[rr: with trr:g qddltfmnal gboa:I
under the assumption that a processor provides global, centid-C1UStErng component operation, thus achieving rewer bu

ized control for the system. In the context of future SoCs, thléJnger idle periods. The inter-relation between power man-

prevailing paradigm will be peer to peer interaction among se _ger_and scheduler is even stronger for variable_-voltage_units.
eral, possibly heterogeneous processing elements. Thus, his area nhumerous variable-voltage scheduling algorithms

think that system software will be designed as a modular diQ—"’We been proposed [11], which aim at running processing el-

tributed system. Each programmable component will be prg_ments as slow as possible (to allow supply voltage minimiza-

vided with system software to support its own operation and ttd')on), without violating performance constraints. Experiments
manage its communication to other modules with implementing DPM policies at different levels of system

The system software creates an abstraction of the underlyiﬁ ftware [8] have shown increasing energy saving as the poli-

hardware platform. In a nutshell, we can view the system assas have deeper interaction with the system software func-

network of components. Each component models a compulléqns'
tional or storage unit. We observe that:

. . . Application-level power management
e Each component can operate at various service Ieveé, pp p g

providing corresponding performance and energy con- A reasonable questions is why not letting the application
sumption levels. This abstracts the physical implemerprograms control the service levels and energy cost of the un-
tation of components with adjustable voltage and/or frederlying hardware components. There are typically two objec-
quency levels, as well as with the ability to disable theitions to such an approach. First, application software should
functions in full or in part. be independent of the hardware platform for portability rea-



sons. Second, system software supports generally multiplgt]
tasks. When a task controls the hardware, unfair resource uti-
lization and deadlocks may become serious problems.

For these reasons, it has been suggested [7] that applicatic[ﬁ]
programs contain system calls that request the system software
to control a hardware component, e.g., by turning it on or shut-
ting it down, or by requesting a specific frequency and/or volt-
age setting. The request can be accepted or denied by the OP§s)
ating system, that has access to the task schedule information
and to the operating levels of the components. The advantage
of this approach is that OS-based power management is en-
hanced by receiving detailed service request information from
applications, and thus is in a position to take better decisions.[7]

Another approach is to let the compiler extract directly the
power management requests from the application programs at
compile time. This is performed by an analysis of the code,
followed by a code modification phase that inserts power mant8]
agement requests in critical points of the computation. For in-
stance, in a variable-voltage unit, voltage and speed change re-
guests can be issued immediately after data-dependent control-
flow branching, when the behavior of the program is such tha{g]
additional slack is created with respect to the worst case exe-
cution time [12].

VI. CONCLUSION
[10]

Moving from the analysis of technology and architectural
trends in gigascale silicon integration, we observed that power
consumption has become one of the most menacing showstop-
pers. Thus, leading edge low power design techniques are
more critical than ever. Power management has emerged as the
most promising approach to tackle the power crisis, because
it makes it possible to finely control the power—performancéll]
tradeoff at run time. The paper surveyed hardware and soft-
ware technologies for power management support, focusing]
more on fundamental ideas than on specific embodiments.
Even though many solutions exist, much work still needs to be
done especially in light of the evolution of SoC architectures
toward communication-dominated networks-on-chip.

[13]
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