An Integrqe {
" Environment

"FOR MANY YEARS, minimum

area and maximum performance

“were the only two design criteria

of any practical importance for
commercial chips. Designers ana-
Iyzed power consumption only as
an afterthought, and used the re-
sults more to determine packaging
requirements than to drive opti-
mizations. Recently, however,
“power consumption has become
_increasingly important in deter-
“mining the overall quality of a de-

sign. The principal-driver for this

~has been the explosive-increase in
“demand for portable electronics
such as PDAs, laptops, and per-
sonal communicators. There has
also been-an.increased push for
low power in the high-perfor-

mance computing market, moti- -

.vated by reliability and costissues
associated with packaging and

* cooling high-power devices, such'
as DEC’s 50W quad-issue Alpha mi-.

Croprocessor.

. The surge of interest inlow pow-

- ér has spawned nuinerous research
_efforts into design techniques for re-
“ducing power consumption.' The
 results of these studies have made it
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For example, power analysis tools at
the gate and circuit levels are widely
available.?* Logic synthesis tools tar-
geted at low power are beginning to ap-
pear as well. Unfortunately, these tools
fail to focus on the higher levels of ab-
straction where the most significant op-
timizations are possible.

There have been a few attempts at
higher leve] analysis and optimization
tools.>® These tools tend to suffer from
fairly severe inaccuracies, however,
with error margins ranging from 50 to
100% or more. Moreover, these attempts
fail to recognize that we cannot fully op-
timize a design by focusing on a single
level of abstraction. Rather optimization
efforts, and therefore tools, must span
several levels of abstraction to produce
the highest quality solutions.

The contribution of this article is a ful-
ly integrated CAD environment that sup-
ports a top-down methodology for
low-power design. The framework tar-
gets digital signal processing (DSP) ap-
plication-specific integrated -circuits
(ASICs), but could also serve as a mod-
el for more general environments. We
demonstrate the efficacy of these tools
and the CAD framework by applying
them to a real-world design—in particu-
lar, the implementation of a low-power
eighth-order bandpass filter. This exam-
ple not only demonstrates the large pow-
er savings that result from high-level
optimization techniques, but also illus-
trates how CAD tools can help in search-
ing the vast areatime-power (ATP)
implementation space.

Design flow

We advocate a design flow that spans
several levels of the design hierarchy, as
shown in Figure 1. The suggested design
flow begins at the algorithm level and
proceeds down to layout. At each level,
the designer is free to apply optimiza-
tions appropriate to that level. The fol-
lowing paragraphs take the reader
through the design flow. We indicate the
low-power techniques apropos to each
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Level of abstraction Design flow

Optimize algorithm:
Minimize complexity
Avoid waste

-

Supporting tools

Algorithm )

'
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Y
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Architecture J Optimize architecture:

Distribute processing
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Optimize circuit/layout:
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Gate/circuit/layout 4

-

Y
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Gate/circuit level
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| capacitance

Figure 1. Design flow and supporh’né tools for low-power CAD framework. A, T, and

P indicate areq, time, and power.

step and describe how a hierarchy of
analysis and optimization tools can con-
verge on the desired low-power solution.

Algorithm level. In accordance with
the top-down approach and the focus on
DSP applications, the designer first ex-
plores algorithmic alternatives. Often,
several available algorithms accomplish
the same task but have quite different
complexities. For example, Landman’
describes three different speech-coding
algorithms of approximately equal qual-
ity that have complexities differing by as
much as 50%. Since it does not con-
tribute to quality, this additional com-
plexity is wasted. Avoiding waste is a
recurring theme of low-power design.

The modularity or locality of the al-
gorithm also has an important effect on
power. Data transfers on global buses
and accesses to global memories con-
sume a. large amount of power.
Algorithms with a high degree of local-

ity tend to map well onto more power-

efficient distributed architectures with
fewer global buses and memories. A
useful CAD environment should con-
tain a tool for evaluating the impact of

these algorithm level issues on power
consumption. The CAD environment
we propose contains an algorithm lev-
el power estimator to satisfy this need.
Accurately predicting power and per-
formance based solely on algorithmic
criteria is a difficult problem, but by tak-
ing a library-based approach, the tool
can produce estimates with a firm ba-
sis in reality. '

" Complexity and locality are not the
sole predictors of power consumption.
Many researchers have suggested that
available concurrency is an equally im-
portant criterion, since it determines
how well the algorithm maps to the
popular low-voltage, parallel architec-
tures.! Running processors at low volt-
age and exploiting parallelism "to
circumvent the loss in performance is
sometimes referred to as trading area
and performance for power. Our CAD
environment contains a novel ATP ex-
ploration tool that allows the designer
to rapidly make .these trade-offs be-
tween the often conflicting require-
ments of complexity and concurrency.

Using the algorithm level estimation
and exploration tools, the designer can
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Figure 2. Correlation between the algorithm and architecture level power estimates.

begin to narrow down the ATP search
space. The results from both tools, how-
ever, contain a good deal of uncertain-
ty. The reason is that at this stage the
chip structure and behavior.are not ful-
Iy specified, and this limits the accura-
cy possible at the algorithm level. Figure
2 exemplifies this point, showing the-al-
gorithmic and architectural power esti-
mates fornine versions of a digital filter.

In general, there is adequate corre-
lation between algorithmic and archi-
tectural estimates in spite of the lower
absolute accuracy of the-algorithm lev-
el tool. Therefore, estimates at the al-
gorithm level can -yield .a - relative
evaluation of different designs. One
must bear in mind, however, the limit-
ed accuracy of the algorithm level and
make decisions based only on signifi-
cant differences in algorithmic esti-
mates. For example, in this case a
designer relying solely on:the algorith-
mic estimates might assume that ver-

sions 1, 2, and 3 were lower power than

versions 8 and 9. The architectural esti-
mates show that just the opposite is true.
When algorithmic estimates are closely
spaced, the designer should use archi-
tectural -analysis to produce a finer
grain, more reliable classification.
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Therefore, an approptiate strategy is
to use the algorithm level estimation and
ATP exploration tools to-get a rough
ranking of algorithms and architectures.
The ‘designer can then narrow the
search space down {0 a few candidates
that seem to offer good performance
(within the confidence interval of the
estimation tools) and analyze them

more carefully at the architecture level.
‘By integrating tools.at several levels of

abstraction, our design environment
makessuch an approach possible:

Architecture level. After explo-

ration at the algorithm level, the de-
signer can consider optimizations at the
architecture level. Since architectural
analysis tools have more information
available to them, they can provide the
accuracy the designer requires{o select
the best algorithmic-and architectural
solution: Moreover, toolsat thislevel
can analyze phenomena thataretrans-

parent to the higher level estimation’

tools.For example, the assignment of
operations to hardware units-affects the
signal statistics..and activity of the
architecture and, therefore; its power
consumption:The assignmmient of oper-
ations from a temporally and:spatially

-mizations arepossible. Forinstance; the

g ele-
rnerits can yield maXImum orrelation:
andi thérefore; minirs vity-and
power:We refer to this low-power tech-
nigue-as: exploltmg locahty ‘While the
algorithmic model is oblivious to such
effects, architectural power: analys al
lows: these kmds oft reﬁnements

ircu and layout levels

After makmg algorithmic and architec-
tural selections, the desugner proceeds
to gate; circuit; and layout level 1mpl e~
menta‘uon where further power opiti-

designer can'supply the: synithesis tools

with alow-power cell library & Also, chip

pla¢ernent.and routing can‘target min-
imization ‘of the activity-capacitance
< f wires# Moreover; as a final

Tonstep:iswitchiordevice level
analysis tools (such-asPowerMill:and:
SPICE®).can validate theresults of the.
higherlevel tools:To support the design.
flow dewn to:this low levelvf-abstrdc-
tion, we have linked our CAD frarme-
werk searmlesslyitoithe Lager IV SlllCOIl',
compﬂatlon system 10 S

The top—doWn appro ch To re-
view; the methodology: ‘
cotpordtes a’'topsdown
design:optimization: Beginning at the
algorithim level, the designer can invoke
behavioral power estimators to begin
tosclassify altermative algorithims in

telms ofintrinsic power requirements.

ATP exploration tools:can‘then evalu-
ate the suitability of a gorlthms for im-
plementation  on low-power /(for
example lows=voltage; concurrent) ar-
chitectures: Next; the designercanuse
ateh iectural power-analysis to-verify
design-decisionsade at the algorlthmi
level and explore additional powerop-

tlmxzatlon @pportumnes that aretrans-.

branes allowingthe. usersome ]eve of
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confidence in even the highest level es-
timates. Finally, the designer can syn-
thesize the optimized algorithm and
architecture down to layout and verify
them with low-level analysis tools.

Low-power CAD environment
and tools

We built our low-power CAD frame-
work around Hyper, a high-level syn-
thesis tool targeted at generating ASICs
for data-path-intensive DSP applications.
Previous publications have described
various aspects of the Hyper system.>!*
13 Therefore, we will focus on recent ex-
tensions that allow the user to perform
the kind of multilevel optimization and
exploration we described eatlier.

Asshown in Figure 3, Hyper relies on
three main tools to facilitate low-power
design: an algorithmic power estimator,
an ATP exploration tool, and an archi-
tectural power analyzer. All these tools

employ a library of power models for.

data paths, memory, control, and inter-
connects. Each tool uses whatever in-
formation is available at that level of
abstraction. By applying these tools in
an integrated, top-down fashion, the
user can begin with a high-level de-
scription of the desired functionality and
systematically converge to the optimum
low-power algorithm and architecture.

Algorithmic power estimation.
This process predicts the power
consumption of a. chip’s data path,
memory, control, and interconnect
components, given only the algorithm
it will execute. This is not an easy task,
since the same operations can consume
different-amounts of power when per-
formed on different pieces of hardware.

We can roughly estimate the data
path and memory power consumption
by looking at the type, quantity, and
characteristic energy of the various op-
erations the algorithm requires. To
some extent, these characteristic ener-
gies depend upon the final hardware
implementation; however, we can base
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Figure 4. High-level prediction versus chip measurement: controller {a) and

interconnect (b} models.

rough estimates on results from previ-
ous designs, perhaps, or from existing
hardware libraries. For instance, Hyper
selects memory and execution units
from a custom, low-power hardware li-
brary. Since the library is predefined,
the environment can characterize the
power consumption of each cell a pri-
ori, reducing the data path power esti-
mation task to a series of table lookups.

Thus, operation and memory access
counts can help us estimate data path
and memory - power consumption
based solely on the algorithm descrip-
tion. However, it is difficult to estimate
controller and. interconnect power
without more detailed, implementa-
tion-specific information such as hard-
ware allocations and chip area. By
analyzing the topology of the behav-

ioral flow graph, including data depen-
dencies and timing constraints, it is pos-
sible to produce reasonable estimates
of these factors.! Combining these es-
timates with statistical models based on
past designs, algorithmic estimators can
provide meaningful early predictions of
control and interconnect power con-
sumption.

These models might take the form of
a database relating the controller pow-
er or the average interconnect length of
previous chips to algorithm level para-
meters. Hyper’s algorithmic power esti-
mator employs this approach. We
extracted a statistical controller power
model from a set of 46 benchmarks rep-
resenting a wide cross section of DSP
applications.! Figure 4a depicts the ac-
curacy of the resulting model. The av-
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Figure 5. Quadlitative area-power exploration graphs.

erage and maximurn modeling errors
for the benchmark set are 11.5 and
" 41.1%. We used a similar strategy to de-
velop a high-level area model (see
Figure 4b), which can be used to esti-
mate average interconnect length. The
average and maximum errors. of this

model are 17 and 44%.

The principal advantage of algonthm
level estimation is that it provides the
userwith valuable feedback very early
in the design process. Not surpnsmgly,
this comes atthe cost of ac¢curacy, since

the tools have access to-only a very.

small amount of implementation infor-
mation. For example, without knowl-
edge of the final architecture and how
hardware resourcesare shared, we can-
not determine the activity statistics of
signals and circuits: Consequently, the
modules -are. characterized for-com-
- pletely random uniform-white-noise in-
puts. In many cases, the white-noise
models are sufficient; withrerrors as low
as 10 to 20% relative to:switch levelsim-
ulations. However, when data streams
are correlated, estimation errors grow,
and results can be off by 50 to-100% or
more (see Figure 2).1%18 We can elimi-
nate these inaccuracies:at the archl-
tecture level of analysus

ATP desngn space: exploratlon
While estimation allowsthe designer to
plot a single pointin the:ATP space, it
is also important to-explore-a-whole
range of trade-offs between area, time;
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and power. As mentioned earlier, one
way of trading area and performance
for power is to scale down voltage and
make up for the loss in performance by
employing techniques such as parallel
processing. The Hyper environment
provides an exploration tool that allows
the designer to see this trade-off be-
tween area and power graphically.
The tool's output is a set, of explo-
ration curves that plot the estimated
area and power of an algorithm as a
function of supply voliage (see Figure

5). Typically the area increases forlow-

ervoltages, since the design must.com-
pensate for longer circuit delays with
additional parallel processors (with
their associated interconnects, memo:
1y,.and control). This parallel process-
ing- allows:: the': designtoi-meet: the
algorithmic performance reguirements
while operating at reduced voltage:

" The exploration-produces the-ATP
curves point by point, by:iteratively in-
voking the algorithmic power estimator
overarange of-operating voltages:* The
curves provide useful feedback that can

connectlon of data path ;
coutrol modules- are mic

51gnn perhaps ng: reg
level VHDL as-a sin

esmmatés by applyl
els the tfcalculate modul

meas rements So nste. :
tenzmgmodulesonlyf@ uriiform wh =8

accuiately estlrﬁéte ‘datar path ‘
memory power consumptlon We

guide-the designer in selecting the al- | ity

gorithm and architecture thatoffer the
best compromise between area, per-
formance; and:power: As.the explo:
ration curvesiare based directly on:the

~ algo'rithmic p(i)wer'estimates Ahey:are

subjectto the same inaccur: c:les Eora
finer grain classification ofiir plemen-

tations; we mnust rely on an: archltectur-

al:power analysis tool. ’
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in reduced sign activity, while nega-
tively correlated streams have higher
activity.

This dual-bit-type (DBT) model char-
acterizes library cells not only for white-
noise inputs, but also for various
combinations of sign inputs. For exam-
ple, the table of capacitive coefficients
required to characterize a one-input
module would contain the following
entries:

® uniform

white noise Cuy
m sign C,.C,_C,C.
Cyy describes - the capacitance

switched during random (uniform
white-noise) input transitions. In con-
trast, C, _ denotes the capacitance
switched when the input changes sign
from positive to negative. The other en-
tries have similar interpretations. If de-
sired, we can automate the process of
generating the required input patterns
and characterizing the library modules.
DBT power estimates are typically with-
in 10to 15% of switch level simulations
forall inputs, while the accuracy of the
white-noise model depends on how
well the inputs match white-noise as-
sumptions.!>16

The difficulty with architectural pow-
er analysis stems primarily from linger-
ing uncertainties as to the final
placement and routing of the register-
transfer level components. This lack of
information makes it difficult to accu-
rately estimate interconnect power con-
sumption. Possible solutions to the
dilemma include using interconnect
models based on derivatives of Rent’s
Rule or back annotation after early
floorplanning.

Overall, Hyper's architecture-level
power estimates are typically within
20% of switch level simulations based
on extracted layouts. Since the archi-
tectural power analysis tool provides
such accurate results, we use it in this
article as a basis of comparison for high-
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Figure 6. Transition activity versus bit for typical data streams: O-to-1 bit transition
probabilities for data streams with varying temporal correlations, labeled p. Positively
correlated data streams result in reduced sign activity, while negatively correlated

streams have higher activity.

er level estimates. Figure 7 provides
some justification for this level of con-
fidence, demonstrating that the archi-
tectural power analyzer provides results
within 18% of switch level simulations
for a sub-band speech-coding chip.

Case study: The Avenhaus filter

How do we use these high-level analy-

sis and exploration tools to support.a
comprehensive low-power design
methodology? The general approach
we've taken so far applies to a wide va-
riety of applications. One example is the
task of producing a low-power imple-
mentation of the Avenhaus filter."”

In this case study, we proceed
through a sample design flow, at each
stage highlighting issues of particular
importance. We begin the process with

. a preliminary evaluation of the filter,

compating various structures we can
use to implement its transfer function.
Next, we explore the design space at
the algorithm level and apply several of
the low-power strategies mentioned ear-
lier. After narrowing down the design
space, we proceed to architecture lev-
el analysis to verify and refine our de-
sign decisions. We conclude with a
review of the power savings achieved
at each stage of optimization.

60_‘ ..... : :
o ¥ [\ =
VA TAY Y
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2 aqf .
8 49 :...| --- Architecture \
— Switch
0 T
0 5 10 15 20 25 30
Clock cycle

Figure 7. Architectural power analysis
versus switch level simulation.

Preliminary - evaluation. The
Avenhaus, an eighth-order bandpass fil-
ter, can have several different structur-
al implementations. We consider the
cascade, continued fraction, direct
form II, ladder, and parallel forms pro-
posed by Crochiere and Oppenheim."”
Each of these forms has a very different
computational structure: and, ‘thus,
should map to a distinct point in the
ATP design space. Other studies have’
considered the algorithm level area
and performance trade-offs for these
structures,’? but to the best of our
knowledge ours is the first attempt to
study the power aspects.

We'll assume the designer is free to
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Table 1. Complexity of the inifial structures operated at 5V supply voltage.
Filter Critical path Max. sample.  Word length No. of :
type {ns) frequency (MHz) (bits) multiplications ' - - adds
 Cascade 340 294 13 13 5
Continued fraction 950 1.05 23 18 i
Direct form Il 440 2.27 19 1675
Ladder 1,224 0.82 14 170
Parallel 306 3.27 13 18
Table 2. Comp/ex:ly of the structures aﬁer constant mufhp[rcahon expansion af 5V
Filter Crlhcal path- Mux.rsumple. Né. of : No of %, it “Nosof
type {ns) -« frequency {MHz) . adds: - subtrachons shifis. :
Cascade 361 277 38 2300
Continued fraction 1,104 0.97 48 50
Direct form i 440 2.27 54 - 40
Ladder 1,406 0:71 L2360 i o Bl
Parallel 437 229 40 30 -

select the algorithm (the filter struc-
ture), apply any number of transforma-
tions to it; and choose an appropriate
supply voltage. However, the design
must  meet a 2.75-MHz minimum
throughput requirement imposed by
the surrounding system.

As a preliminary step-inthe algorithm
selection process, we profile each filter
structure in terms of several key para-
meters that will influence power con-
sumption: Table 1 showsthe maximum

throughput of eachalgorithm (in terms’

of critical path-and sample frequency)
and the .complexity. (in terms of re-
quired ‘word length- and operation
count). It also gives an estimate of the
energy required per sample, assuming
a- straightforward. implementation -of
each structure. To allow a-direct-com-
parison; we quote maxirnum frequen-
cy and energy results for'standard 5V
implementations,-with clocking ‘fre-
quencies set so that all'operations:fin-
ish-within a single ‘clock eycle. The
behavioral estimator described: earher
produced all estimates.
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As we discussed earlier, the coms
plexity of an algorithm has a major im-
pact on thepower consumed. Extracbits
of word length contribuie to larger phys-
ical capacitance and increased activi-
ty. Likewise, higher operation counts
contribute directly to increased activi-
ty and can alsc necessitate increased
hardware and routing, resulting in larg-
er physical capacitance. Table 1 reflects
this, showing that the cascade and par-
allel implementations have among:the
lowest operation counis:and smallest
word:lengths and, consequently, the
lowest energies: This relates directly to
the previously mentioned: low~power
theme of avmdmg waste. : e

Complexity isnot, however the only
factor determining power consumptlon
The minimum operatingvoltagealso has
an important effect. Noticethat, in their
current forms; only the cascaderand par-
allel'structures can meet the 2.75-MHz
throughput constraint at 5V The ¢ritical
paths for the other algorithms areruch
longerand; thus, cannot realize the re-
quired sample rate, even atbV:
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mentation performs an addition for

each bit of the coefficient, even ifitisa.

0. Therefore, if the coefficients have a
relatively large number of 0s, it may be
reasonable to use add-shifts since the
array multiplier would perform unnec-
essary add operations.

On the other hand, the dedicated ar-
ray multiplier has certain advantages.
First, it performs shifts by hard-wired

~ routing, while the add-shift version uses
programmable shifters, latching inter-
mediate results between stages. These
shifters and latches contribute addi-
tional overhead and can offset the gains
from the reduced number of additions.
Whether this overhead is dominant or
not depends on the particular value of
the coefficient. (Actually, we can even
consider optimizing or scaling coeffi-
cients for minimum powetr.)

In Avenhaus filters, we see an in-
crease in energy after applying this trans-
formation (see Table 2). While there are
no multiplications, the number of addi-
tions has increased substantially, and

- several subtract and programmable-shift

{ operations are now necessary. This in-
creased complexity has a significant im-
pact on the power consumed.
Moreover, the programmable hardware
has additional control overhead.

Table 2 also reveals considerable in-
creases in some of the critical paths.
This is a considerable penalty since, as
we have noted earlier, a high-speed de-

- sign is always desirable because of its
potential for voltage reduction. For this
example, therefore, we choose to use
dedicated multipliers for each multi-
plication instead of programmable add-
shifts. Again, this may not always be the
optimum decision, and the designer
must evaluate the trade-offs on a case-
by-case basis.

Critical-path reduction and volt-
age scaling. Supply voltage reduction
is an excellent way to reduce power
consumption. As is apparent from
Table 1, however, not all the algorithms
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Table 3. Critical paths (in ns) after pipelining to different extents.

Original
critical

Critical path (ns) with pipelining stages |

Filter type path (ns)

2 3 4 5

340
950
440
1,224
306

Cascade
Confinued fraction
Direct form ||

Ladder

Paralle!

170
850 — — — —
132 — — — —
612
170

136 102 — —

432
102 — — —

can meet the throughput constraint
even at 5V. Therefore, in their current
forms we cannot consider reducing the
voltage for any of these structures be-
low 5V. If we can reduce the critical
paths, however, we open the possibili-
ty of voltage reductions.

Graph transformations provide a
powerful tool for design optimization at
the algorithm level and are useful for
critical-path reduction. Transformations
alter the graph structures while pre-
serving the input-output relationships.
Our high-level design environment au-
tomates the task of applying transfor-
mations. This allows us to explore the
effect of many different transformations
on each of the candidate algorithms—
a task that would not be practical for a
designer taking a manual approach.

One important transformation for
critical-path reduction is pipelining. By
allowing more operations to occur in
parallel, pipelining reduces the critical
path of the design, enabling voltage re-
duction while still maintaining the re-
quired throughput. As a result. of
pipelining, some of the filter structures
that could not meet the throughput con-
straint initially become feasible, while
those already feasible can be made to
operate at lower voltages than before.®
Table 3 shows the reduction in critical
paths after pipelining.

But critical-path reduction is only an
indirect measure of improvement. We
are actually interested in the minimum
voltage and energy achieved after

-
)

=
= :
> i
2

)

=
i)

Direct /Ladder

\bltage

Figure 8. Voltage reduction (and its effect
on energy) after optimal pipelining.

pipelining (as shown in Figure 8). We
produced the curves in Figure 8 using
our exploration tool. These curves
graphically illustrate that pipelining can
appreciably reduce voltages (and en-
ergies).

Table 4 (next page) summarizes the
results from the exploration curves.
Notice that the optimum level of
pipelining is not always equal to the
maximum pipelining. This is due to the
overhead associated with pipelining.
For example, plotting the exploration
curves for the maximally pipelined cas-
cade would reveal that it consumes a
minimum energy of 5.1 nJ, which is
higher than the two-stage version,
which consumes 4.4 nJ.

Clearly, the cascade and parallel ver-
sions still yield the best solutions.
Therefore, based on the results ob-
tained from our high-level exploration
tools, we can at this point eliminate the
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Table 4. Effect of optimal pipelining on the energy: and area of the designs: &

Filter No.of  Crifical Minimum .. Energy Area
type stages - path (ns) voltage' {nJ) {mm?)

- Cascade 2+ 136 75 - 44 - 457
Continued fraction i 850 — — e
Direct form I 1 132 2.00 12.3 0374
Ladder 5 216 2.50 14.5 126
Parallel 2 102 1.50. 53 411

continued-fraction, direct-form, and

ladder implementations from consid-

~ eration. We will not eliminate the par-
allel form at this stage since it gives
results close to the cascade, and the er-
ror inherent in the high-level estimation
tools does not allow us to resolve dif-
ferences that are so small. -

Power is not, however, the only con-
sideration. As we reduce voltage we re-
quire more parallel hardware to meet

.the throughput constraints. So, while en-
ergy can be reduced by this technique,
we must pay a price in terms of area. The
area exploration curves of Figure 9 il-
Justrate this point. Since the cost of a
component is directly related to the
amount of silicon real estate it requires,
real:-world designers have -alimited
amount of silicon area available. Forour
example, to achieve the minimum en-
ergies, the designer would have to ac-
ceptsignificant area penalties as shown
in the Figure 9. But with @ slightly high-
er operating voltage (about 2V), the
area penalties-are much less severe and,
moreover, the resulting energies are not
significantly higher (see Figure 8). The
exploration curves allow the designer to
evaluate the area penalties-associated
with parallelism and make appropriate
decisions on the area-energy trade-offs.
For this example, let us assume that:we
choose to avoid the large-area penaltles

" by operating at 2V.

Thereare, of course; other power re-

duction-techniques that the designer
could explore within the Hyper.envi-
ronment. Chandrakasan et al.® describe

several transformations for low power.
But the purpose-of this case study is to
present a general methodoelogy and
show how high-evel tools can be used

to facilitate low-power design—not to-

enumerate all.possible implementa-
tions of the Avenhaus filter.:

So far, we have limited the opti-
mization process to algorithmic explo-
ration - and - -analysis: ‘There -.are
additional techniques at the architec-
tural level for reducing power. Also, ar-
chitectural power analysis will allow:us
to verify and refine the decisions made
atthea gonthm level

Architectural exploratmn Usmg
power estimation and exploration tools,
we'venarrowed down the design-space
to two filter structures: cascade and par-
allel, each with two stages.of pipelining
operating at.2.75-MHz and 2V. Table 5
gives a detailed breakdown of the en-
ergy estimates at the algorithm and ar-
chitecture levels. As described earlier,
at the algorithm level we:are umable to
accountfor the effect of signal statistics.
If we assume that we are filtering
speech data (which is highly correlat
ed) we might-expectsome inaccuracy
in the algorithmic power éstimates. To
verify and refine these results; we.-now
use Hyperto synthiesize the selected-al-
gorithms and" resort to-architectural
power analysis for more accurate ener-
gy estimates: Table 5 contains the re-
sults of this;process as well::(We will
explain the'meaning of the:local as-
signment column shortly.)

Piefral'lel 4

- |cascade

the ex.ecutlon units by 4,70“

and 60% (parallel). However, thi
cHip-powers were moreageurate; w1th
17 and 23% errors: The 1mportant p@mt ;

overesumates rather than random;
ThlS suggests that rela’uve clé 551ﬁcatlons :

exploratlon are: meanmgful.z‘

' Also, the caseade structure: contin
to: be:'the lowest power solutlon i
Therefore based on these accurate:ar .

ter tend to: be more hlghly correlafted
than Wldely separated slgnals [fweias

SIgnals tothe same hard
islikelyito be less activity i
This;dn turny should: red:

consumptlon of the 1mplementat 1%
Note that the analysisiof th}s effect can(
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only be performed using the DBT-based
architectural power analyzer—an esti-
mator based on the uniform white-noise
model would not be able to make this
distinction. The results of assignment for
locality on the cascade also appear in
Table 5. There is an overall additional
energy reduction of 22%, with no penal-
ty in area or performance.

Gains from design space explo-
ration. This case study demonstrates
that design decisions at the algorithm
and architecture levels have a tremen-
dous impact on a design’s power.
Selecting the correct algorithm (cas-
cade, in this case) can save a factor of
three in power, compared to the worst
case (direct form). Moreover, the direct
form (at 89.5 nJ) could not achieve the
required 2.75-MHz sampling rate. If the
algorithms were compared for the same
throughputs, the cascade would actu-
ally be even more than three times bet-
ter. We also found that, counter to what
we may expect, expanding multiplica-
tions into shifts and adds is not univer-
sally beneficial and actually increases
the power consumed for some cases.
We found that transformations on the
graph structure—for example, pipelin-
ing—further reduced the power by a
factor of more than six times. Finally, lo-
cal assignment helped reduce the pow-
erby another 22%. As Table 6 illustrates,
coupling the algorithmic improvements
with architectural optimizations allows
us to achieve more than an order of
magnitude power reduction (27 times
for this example).

OuUR TOOLS, implemented as part of
the Hyper high-level synthesis system,
facilitate a hierarchical, top-down ap-

¢ proach and form an interactive frame-
work for low-power design.

This work is ongoing, and other is-
sues must still be addressed. Aside from
improvements in the current power-
modeling strategies, we need further re-

Table 5. Breakdown of the total energy for the cascade and parallel versions (with two

pipeline stages).
Energy for cascade form (nJ)
Hardware Local Energy for parallel form (nJ)
class  ~ Algorithm Architecture assignment  Algorithm  Architecture
Exu 2.42 1.65 1.44 3.27 2.05
Registers 0.59 0.50 0.50 0.64 0.52
Control 0.62 0.62 0.62 0.73 0.73
Buffers 0.08 0.06 0.07 0.09 0.06
Mux — 0.18 0.18 — 0.21
Bus 1.01 1.04 0.29 1.31 1.31
Clock 0.31 0.25 0.25 0.38 0.33
Total 5.03 4.30 3.35 6.42 5.21

Table 6. Energy reductions from design space exploration. UWN indicates uniform .

white noise.
Power reduction Energy - Energy reduction
technique Inputs Volts {nJ) factor

Worst algorithm .

(direct form) UWN 5.0 >89.5 —
Best algorithm ‘

(cascade) UWN 5.0 27.7 3
After constant

multiplication expansion

on cascade “UWN 5.0 43.5 2
Pipelining

(no area constraint) UWN 1.5 4.4 20
Pipelining

{with area 100 mm?) UWN 2.0 5.0 18
Architecture level

estimate Speech 2.0 4.3 21
Assignment for :

locality ‘Speech 20 33 27

—

search into strategies for ordering trans-
formations to enable maximum power
reductions. In addition, the current en-
vironment is interactive and primarily
user driven. In the future, one.can en-
vision a fully automated environment
that-intelligently searches the design
space, attempting to optimize some
cost function based on area, perfor-
mance, and power.

In conclusion, the high-level design

space is vast and presents the designer
with numerous trade-offs and imple-
mentation options. The multiple de-
grees of freedom preclude a manual
exploration of all avenues for power op-
timization. The Hyper design space ex-
ploration environment provides the
user with a means for rapidly and effi-
ciently searching the design space for
solutions that best meet area, perfor-
mance, and power constraints. {B&%
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