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Abstract

Low power design is gaining increasing attention as the
market for battery powered portable products expands and as
power consumption becomes the stumbling block for further
system integration. This paper examines strategies to min-
imize power consumption of digital circuits by reducing the
supply voltage, by using power-conscious design methodol o-
gies and tools at the behavioral, logic and circuit levels, and
by dynamic power management. The paper highlights some
of themore effective and promising approaches for achieving
ultralow power VLSI circuitsand systems.

1 Introduction

Low power, yet high-throughput and computationally in-
tensive, circuits are becoming a critical application domain.
One driving factor behind this trend is the growing class of
personal computing devices (digital pens, portable desk-tops,
audio- and video-based multimediaproducts) aswell aswire-
less communications and imaging systems (personal digi-
tal assistants, personal communicators, smart cards) that de-
mand high-speed computations, complex functionalitiesand
often real-time processing capabilities with low power con-
sumption. Another crucial driving factor is that excessive
power consumption is becoming the limiting factor in inte-
grating more transistorson asinglechip or onamultiple-chip
module. Unless power consumptionis dramatically reduced,
the resulting heat will limit the feasible packing and perfor-
mance of VL S| circuitsand systems. Indeed, circuits synthe-
sized for low power are also less susceptible to run-timefail-
ures.

Synthesis and design tools equipped with power estima-
tion capabilities could be used to observe the effects of var-
ious transformations and optimizations on key design space
parameters. area, delay and power. Unfortunately, existing
CAD systems do not have any power estimation tools at the
behavioral synthesislevels. At the same time, they lack ro-
bust, accurate and efficient techniques for power estimation
at the logic level. Idedly, the behavioral power prediction
toolsshouldinteract withthelogiclevel toolstoimprovetheir
accuracy. Similarly, logic level tools should interact with the
circuit-level power simulation techniques. Combining all of
these capabilitiesin asingle CAD framework, providing var-
ious mechanisms for back annotation of detailed power esti-
mates into the higher levels, and technology and implemen-
tation style calibration of the high-level prediction tools are
important open problems that must be addressed.

Most of the high-level power prediction tools use a com-
bination of deterministic agorithm analysis, combined with
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profiling and simulation to address data dependencies. The
analytic models make simplifying assumptions about the
word-level statistics (e.g., uniform white noise or dual bit-
type data) and the spatial and/or temporal correlations (e.g.,
lack thereof). New methodsarerequired that addresstheseis-
sues by permitting arbitrary word-level statistics and captur-
ing these correlations. At the same time, the empirical mod-
els are significantly less accurate than their circuit and gate-
level counterparts due to lack of detailed information about
the switching activities and the physical capacitances.

A magjor shortcoming of the existing gate-level power an-
alyzers is that they do not consider correlations among the
circuit inputs (i.e., temporal interdependence of each input
and concurrent transitionsof multipleinputs). Another short-
coming is that the existing tools do not calculate the power
dissipation due to hazards and short glitches accurately. Yet
the hazardous component of dynamic power dissipationisthe
dominant component in certain circuitsand in any case isnot
negligible. Finally, short circuit dissipation which isastrong
function of input slew rates is currently not handled. The
short circuit dissipationis however expected to risein signif-
icance for low voltage submicron CMOS technologies.

Behavioral synthesis constructs a structural view of the
data path and a logical view of the control unit of a circuit.
The data path consists of a set of interconnected functional
units (arithmetic, logic, memory and registers) and steering
units (multiplexers and busses) while the control unit sends
signalsto the data path to schedul e the appropriate sequence
of operationsin time. The behavioral synthesis process con-
sists of three steps. allocation, assignment and scheduling.
These steps determine how many instances of each resource
are needed, onwhat resource each operationis performed and
when each operation is executed.

It is necessary to develop behaviora synthesis techniques
that also account for power dissipationinthecircuit. Thisex-
tendsthe two-dimensional optimizationproblemtoathirddi-
mension. The three phases of the behavioral synthesis pro-
cess must be thus modified to produce low power circuits.
Unfortunately, power dissipation is a strong function of sig-
nal statisticsand correlations, and hence isnon-deterministic.
Automatic techniques that (1) minimize the switching activ-
ity on globally shared busses and register files, (2) combine
architecture optimization with voltage scaling to allow trade-
off between area and low-power, (3) exploit the input signal
statisticsto perform register and module all ocation and bind-
ing for low power, (4) schedule operations to minimize the
switching activity from one cycle step to next, (5) do loop
transformations to minimize the switching activity, (6) gen-
erate code that has less memory operands and whenever pos-
sibleuse registersinstead of memory, (7) minimize accessing
distant or globally shared resources, etc. are needed.



Logic synthesis determines the gate-level representation
of a circuit. Example inputs to a logic synthesis system
include two-level logic representation, multi-level Boolean
networks, finite state machines and technology mapped
circuits. Depending on the input specification (combina-
tional versus sequential, synchronous versus asynchronous),
the target implementation (two-level versus multi-level, un-
mapped versus mapped, ASICsversus FPGAS), the objective
function (area, delay, power, testability) and the delay mod-
els used (zero-delay, unit-delay, unit-fanout delay, or library
delay models), different techniques may be applied to trans-
form and optimize the initial description.

Both the switching activity and the capacitive loading can
be optimized duringlogic synthesis. It therefore hasmore po-
tential for reducing the power dissipation than physical de-
sign. On the other hand, less information is available dur-
ing logic synthesis, and hence, factors such as slew rates,
short circuit currents, etc. cannot be captured properly. Re-
search in this area is focusing on the following: (1) Devel-
oping low power version of various logic minimization and
restructuring techniques and doing thisin such away that the
timing and/or area constraints are met, (2) Developing more
accurate, yet simple, computational modelsfor theslew rates,
short circuit currents, parasitic wiring capacitances, signal
statistics, etc.

Physical design fits between the netlist of gates specifica-
tion and the geometric (mask) representation known as the
layout. It providesthe automatic layout of circuits minimiz-
ing some objective function subject to given constraints. De-
pending on the target design style (full-custom, standard-cell,
gate arrays, FPGAS), the packaging technology (printed cir-
cuit boards, multi-chip modules, wafer-scal e integration) and
the objective function (area, delay, power, reliability), vari-
ous optimization techniques are used to partition, place, re-
size and route gates.

Under a zero-delay model, the switching activity of gates
remains unchanged during layout optimization, and hence,
the only way to reduce power dissipation is to decrease the
load on high switching activity gates by proper netlist par-
titioning and gate placement, gate and wire sizing, transis-
tor reordering, and routing. At the same time, if area-delay
model is used, various layout optimization operations influ-
ence the hazard activity inthe circuit. Thisis however avery
difficult analysis and optimization problem and requires fur-
ther research. It should be noted that by applying post-layout
optimization techniques (such as buffer and wire sizing, lo-
Cgld re;téucturi ng and re-mapping, etc.), power can be further
reduced.

2 Status

In the past, there was a very low effort on power estima-
tion techniques and virtually no interest from industrial com-
panies. Itisonly recently that more research isbeing donein
thisarea and that companies are interested, pushed by a need
for portable products and cheap packaging. In the following,
we will discuss the existing and on-going efforts in design
methodol ogy and tool devel opment targeting low power dis-
sipation at various levels of the design hierarchy.

Most of the high level power prediction tools use a com-
bination of deterministic agorithm analysis, combined with
profiling and simulation to address data dependencies. |m-
portant statisticsinclude the number of instructionsof agiven
type, the number of bus, register and memory accesses and
the number of 1/O operations ([6, 21]), executed within a
given period. Instructionlevel simulation or behavioral DSP

simulators are easily adapted to produce thisinformation. A
parametric model is described in [36], where the power dis-
sipation of the various components of a typical processor ar-
chitecture are expressed as a function of a set of primary pa-
rameters. The technique suffers from an abundance of pa-
rameters and is sensitive to mismatches in the modeling as-
sumptions. Analytic modeling efforts have been described in
[29, 16] where aparameterized power model isdeveloped for
macro-modules. These models however ignore the correla-
tions among various data busses, and hence, tend to produce
inaccurate power estimates.

Assuming that the repetition frequency (sample, execu-
tion or instruction rate) is a given design constraint, the only
means to reduce the projected dissipation of an application
is by either reducing the supply voltage or the effective ca
pacitance (i.e., the product of physical capacitance and the
switchingactivity). A good overview of theuse of optimizing
transformations for supply voltage reduction is given in [6].
Concurrency increasing transformations include (time) loop
unrolling, pipelining and control flow optimizations. The
critical path of an application can be reduced by algebraic
transformations, retiming and pipelining. There are many
means of reducing the potential effective capacitance of an
algorithm. The most obvious way is to reduce the number
of operations by choosing either the right algorithm for a
given function or by eliminating redundant operators (for in-
stance, using dead code and common sub-expression elimi-
nation) [33]. Memory accesses often contribute a substan-
tia part of the dissipation in both computational and sig-
nal processing applications. Replacing expensive accesses
to background (secondary) memory by foreground memory
references, or using distributed memory instead of a single
centralized memory can cause a substantial power reduction
[46]. Finally, selecting the correct data representation or en-
coding can reduce the switching activity [5].

Optimizing the instruction set is another means of reduc-
ing the power consumption in a processor. As an exam-
ple, providing a special datapath for often executed instruc-
tions reduces the capacitance switched for each execution of
that instruction (compared to executing that instruction on
a general purpose ALU). In [35], it was demonstrated that
choosing a Gray-coded instructionaddressing scheme results
in an average reduction in switching activity, equal to 37%
over arange of benchmarks. In that same reference, a*“cold
scheduling” approach for traditional microprocessor archi-
tectures was proposed. In[39], a CISC-typeinstruction level
power model for analyzing and minimizing the power dissi-
pation of embedded software is presented.

At the behavioral synthesis level, there is a great need
to develop automatic techniques for low power allocation,
assignment and scheduling techniques, for concurrency in-
creasing and critical path reducing transformations, and for
dynamic power management. At the instruction level, a
power model for RI SC-type architectures must be devel oped
and software compilation techniquesfor low power explored.

At the RT level, power estimation techniques based on
information theoretic measures (entropy and informational
energy) have been proposed in [25, 18]. Power prediction
techniques at the logic level can be divided into two cate-
gories: simulation-based techniques (using SPICE, iRSIM-
cap, PowerMill [10], Monte Carlo approach [4]) and proba
bilistic techniques [28, 26, 11, 32]. Probabilistic techniques
for power estimation in combinational circuits have been re-
cently extended to account for spatial and temporal correla
tions, sequential circuit behavior and parasitic capacitances



at the internal nodes of CMOS gates [42, 41, 43, 23, 19, 20].
These works must be extended to account for power dissi-
pation due to wiring capacitances, slew rate, perturbation of
gate delay parameters due to process or temperature varia-
tions. The impact of additional sources of power consump-
tion (i.e., short-circuit and DC leakage currents) should be
studied and conditions and design styles under which these
sources of power consumption become important should be
identified.

A number of techniques for reducing power consumption
during behavioral and logic synthesis and physical design
have been proposed in the recent past including, among oth-
ers, techniques for using self-timed circuits and selective ad-
justment of the supply voltage [27], module alocation and
binding and scheduling [30, 12], register allocation and bind-
ing [7], exploiting gated clocks during FSM synthesis [3],
generating pre-computation logic [1], retiming [22], state as-
signment and re-encoding [31, 40, 13], kernel extraction[31,
15], multi-level network optimization [32, 14], technology
decomposition and mapping [38, 17, 44], floorplanning [8],
placement [45], transistor sizing and ordering [37], wire siz-
ing [9] and clock tree generation [47]. Most of these tech-
niques only consider power dissipation due to steady-state
transitions and ignore the effect of hazardg/glitches, inter-
connect capacitances, short-circuit currents and even leakage
current (DC-leakage paths and subthreshold currents). The
SOl technology, submicron device sizes, and lower voltage
supply tendsto exacerbate some of these second-order effects
to a point where they cannot be ignored.

Providingagood library with alot of different instances of
the same cell (with different drive strengths) is important to
give the technology mapping and sizing algorithms enough
flexibility to optimize the circuit for power dissipation and
to obtain solutions that come close to semi-custom designs.
Studies such as that reported in [24] will be useful in devel-
oping a macro-cell library for low power applications.

Techniques which trade-off switching time for power dis-
sipation during signal transition have not been incorporated
into the optimization process. It is worthwhile to integrate
these newly developed techniques into logic synthesis and
physical design. For example, timing analysis can determine
which signals can be “softly” switched without impacting
overall performance. From this information, optimization
and synthesis algorithms can be applied to evaluate and au-
tomatically insert logic for recovering signal energy [2].

A more detailed overview of the state-of-art in low power
digital design, the impact of CAD and the challenges ahead
isgivenin [34].

3 Promising Directions

3.1 Behavioral Leve

A wide class of transformations can be done at the behav-
ioral level and most of them are typically aimed at either re-
ducing the number of cyclesinacomputation or reducing the
number of resources used in the computation. One interest-
ing approach is to introduce more concurrency in acircuit to
speed it up and then to reduce the voltage until it realizes its
originally required speed. The linear increase in capacitance
dueto paralelism iscompensated for by the quadratic power
reduction due to reducing the voltage. This can resultin cir-
cuits that use several times less power. Although this trans-
formation is not directly changing the supply voltage, it al-
lows a design to operate with alower supply voltage by in-
creasing the concurrency. Another interesting approach isto
reduce the supply voltage of each functional unit (thusreduc-

ing the power consumption, but increasing the delay of the
unit) in the data path as much as possible while satisfying the
timing requirements in terms of the cycle-time or throughput
(inthecase of pipelined circuits). Thisapproach requiresvar-
ious support circuitry including level-convertersand DC/DC
converters.

It isdesirableto keep the system power consumption close
to a minimum level necessary to perform the required task.
This can be achieved by partitioning the design into sub-
circuitswhose power dissipationlevels can be independently
controlled and by powering down sub-circuits which are not
inuse. We can also move the work to less power constrained
parts of the system, for example, by performing the task on
fixed stationsrather than mobile sites.

It has been shown in both computational and signal pro-
cessing applications that memory accesses often contribute
a major part of the power dissipation. So it is attractive to
concentrate on transformations that particularly aim at mini-
mizing the power dissipation during memory accesses. Re-
placing expensive accesses to background memory (which
switches larger capacitance per access) by foreground mem-
ory references (which switches smaller capacitance per ac-
cess), or using distributed memory instead of asingle central-
ized memory can cause a substantial power reduction.

Finally, selecting the correct data representation or encod-
ing can reduce the switching activity. For instance, the al-
most universally used two'scomplement notation hasthedis-
advantage that all bits of the representation are toggled for a
transition from 0 to —1, which occurs rather often. Thisis
not the case in the sign magnitude representation, where only
the sign hit is toggled. Choosing the correct data encoding
can impact the dissipation in data signals with distinct prop-
erties, such as signal processing data paths, address counters
and state machines.

Other transformationsat thislevel do not differ fundamen-
tally from the classical behavioral transformations, but now
the cost function used to steer thetransformationsisdifferent.
A key challenge however isto exploit the input signa statis-
tics (i.e., switching activity on individual inputs and correla-
tionsamong a set of inputs) to minimize the power consump-
tion during register and modul e allocation and binding while
maintaining the same cycle-time or throughput.

3.2 LogiclLeve

Once the various system level, architectural and techno-
logical choices are made, it isthe switched capacitance (that
is, the product of the switching activity and the capacitive
loading) that determines the power consumption of a circuit.
Intheremainder of thissection, sometechniquesfor reducing
the switched capacitance subject to meeting the performance
specificationswill be enumerated. Ingeneral, thestrategy for
synthesizing circuitsfor low power consumptionistorestruc-
ture the circuit to obtain low switching probability values at
nodes that drive large capacitive loads.

State assignment of afinite state machine has a significant
impact on the area of its final logic implementation. In the
past, many researchers have addressed the encoding prob-
lem for minimum area of two-level or multi-level logic im-
plementations. These techniques can be modified to mini-
mize the power dissipation. One approach is to minimize
the switching activity on the present state lines of the ma-
chine by giving uni-distance codes to states with high tran-
sition frequencies to one another. A more effective approach
is to consider the complexity of the combinational logic re-
sulting from the state assignment and to modify the objective



functions used in the conventional encoding schemes.

Network don't cares can be used to simplify each node
S0 as to minimize the switching activity of the node. One
should however consider how changes in the global function
of an internal node affects the switching activity (and thus,
the power consumption) of nodesinitstransitivefanout. The
impacts of this optimization on post-mapping area and delay
must however be carefully considered.

Extraction based on algebraic division (using cube-free
primary divisorsor kernels) has proven to be very successful
in creating an area-optimized multi-level Boolean network.
The kernel extraction procedure can be modified to generate
multi-level circuits with low power consumption. The main
ideais to calculate the power savings factor for each candi-
date kernel based on how its extractionwill affect theloading
on itsinput lines and the amount of logic sharing.

Minimizing the average power consumption during tech-
nology mappingis proven to be simpleand effective. Theap-
proach consists of two steps. In the first step, an optimized
Boolean network is decomposed into two-input NAND and
inverter gates such that the sum of average switching rates
for al nodes in the network is minimum. In the second step,
power consumption versus delay tradeoff curves are con-
structed and used during technology mapping to find a min-
imal power mapping for given timing constraints (subject to
the error arising from unknown loads). Gate and/or transis-
tor sizing for low power dissipation also promises to be quite
effective.

In general, library gates have pins that are functionally
equivalent which means that inputscan be permuted on those
pins without changing function of the gate output. These
equivalent pinsmay have different input pinloadsand pinde-
pendent delays. Itiswell known that the signal to pin assign-
ment inaCMOS logic gate has a sizableimpact on the propa-
gationdelay throughthegate. If weignorethe power dissipa-
tion dueto charging and discharging of internal capacitances,
it becomes obviousthat high switching activity inputsshould
be matched with pinsthat have low input capacitance. How-
ever, the internal power dissipation also varies as a function
of the switching activities and the pin assignment of the in-
put signals. One can use heuristics, for example, areasonable
heuristic assignsthe signal with largest probability of assum-
ingacontrollingvalue (zero for NMOS and onefor PMOS) to
the transistor near the output terminal of the gate. The ratio-
nale isthat thistransistor will switch off as often as possible,
thus blocking the internal nodes from non-productivecharge
and discharge events.

3.3 Physical Level

Under a zero-delay model, the switching activity of gates
remains unchanged during layout optimization, and hence,
the only way to reduce power dissipation is to decrease the
load on high switching activity gates by proper netlist par-
titioning and gate placement, gate and wire sizing, transis-
tor reordering, and routing. At the same time, if area-delay
model is used, various layout optimization operations influ-
ence the hazard activity in the circuit.

Netlist partitioning is key in breaking a complex design
into pieces which are subsequently optimized and imple-
mented as separate blocks. In general, the off-block capac-
itances are much higher than the on-block capacitances (one
to two orders of magnitude). It is therefore essential to de-
velop partitioning schemes that keep the high switching ac-
tivity netsentirely withinthe same block as much as possible.
Techniques based onlocal neighborhood search (e.g., the FM

heuristic) can be easily adapted to do this. In particular, it is
adequate to assign net weights based on the switching activ-
ity values of the driver gates and then find a minimum cost
partitioning solution.

Placement algorithms can be easily modified to minimize
the power dissipation. For example, a popular placement
algorithm for small-cell ICs is to formulate the problem as
a constrained mathematical programming problem and then
solve it in two phases. global optimization and slot as-
signment. The only change needed here is to use the to-
tal weighted net length as the objective function during each
phase (net weights are calculated as the expected switching
activities of gates driving the nets).

Routing for low power can be performed by net weight-
ing where again the net weights are derived from the switch-
ing activity values of the driver gates. The nets with higher
weights are more critical and should be given priority dur-
ing routing. Alternatively, one can modify a hierarchical
global routing procedure based on recursive construction of
cut lines and linear assignment, to generate tree connections
with smaller lengths for nets that are driven by gates with
higher switching rates.

Wire and/or driver sizing are often needed to reduce the
interconnect delay on time-critical nets. Wire sizing however
tendsto increase theload on thedriver and henceincrease the
power dissipation. A simultaneouswire and driver sizing ap-
proach can however reduce the interconnect delay with only
asmall increase in the power dissipation.

Clock is the fastest and most heavily loaded net in a dig-
ital system. Power dissipation of the clock net contributes
alarge fraction of the total power consumption. The objec-
tive of low power clock routing is to minimize the load on
the clock drivers (and hence the clock tree length) subject to
meeting a tolerable clock skew. Algorithms are needed for
minimum Steiner tree routing with bounded difference be-
tween the shortest and the longest source to sink path length
in the resulting tree and/or with bounded skew.

3.4 Power Management Strategies

In many synchronous applications a lot of power is dissi-
pated by the clock. The clock isthe only signal that switches
all thetimeand it usually hasto drive avery large clock tree.
Moreover in many cases the switching of the clock causes a
lot of additional unnecessary gate activity. For that reason,
circuits are being developed with controllable clocks. This
meansthat fromthe master clock other clocksare derived that
can beslowed down or stopped compl etely withrespect tothe
master clock, based on certain conditions. The circuit itself
is partitioned in different blocks and each block is clocked
withits own (derived) clock. The power savings that can be
achieved thisway are very application dependent, but can be
significant.

Pre-computation logic may reduce the power dissipation
inadata-path by asignificant amount with marginal increases
incircuit area and delay. The basic ideaisto selectively pre-
compute the output logic values of the circuits one clock cy-
cle before they are required, and then use the precomputed
valuesto reduce internal switching activity in the succeeding
clock cycle. In acombinational circuit, it is possibleto iden-
tify subsets of gates which do not contribute to the compu-
tation initiated with some input stimulus. Power can thus be
reduced by turning off these subsets of gates. The overhead
of detecting and disabling these sub-circuits may however be
large.

Power savings techniques that recycle the signal energies



using the adiabatic switching principlesrather than dissipat-
ing them as heat are promising in certain applicationswhere
speed can be traded for lower power. Similarly, techniques
based on combining self-timed circuits with a mechanism
for selective adjustment of the supply voltage that minimizes
the power while satisfying the performance constraints show
good signs.

4 Conclusion

Essential elements of alow power design environmentin-
clude means of analyzing the dissipation of a proposed or an
existing design, mechanisms for minimizing the power con-
sumption when needed and techniques to explore the impact
of design trade-offs on the power consumption, area and per-
formance of adesign.

A number of researchers are investigating modeling and
estimation of power consumption as well as techniques for
minimizing power at the various levels of design abstraction
(layout, logic, register-transfer, behavioral, system and algo-
rithmic levels). The primary goal is to achieve a 10X re-
ductionin power without sacrificing functionality and perfor-
mance. To this end, they are developing genera principles
and novel techniques to guide the design of power-efficient
electronic systems and explore how the availability of low-
power design techniques impacts chip, module, and system
level design decisions.

Power management strategies
such as gated clocks, stoppable clocks, adaptive supply volt-
ages, precomputation logic, energy recovery techniques, var-
ious power management modes, dynamic switching between
power modes, etc. are also being researched and employed.
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