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Parameterized RTL Power Models for Soft Macros

Alessandro Bogliolo, Roberto Corgnati, Enrico Madiiember, IEEEand Massimo Poncino

Abstract—\We propose a new power macromodel for usage in tion, i.e., the library it is mapped onto and the synthesis script
the context of register-transfer level (RTL) power estimation. The ysed for mapping.
model is suitable for reconfigurable, synthesizable, soft macros be- Most of the macromodels proposed in the literature are fo-
cause it is parameterized with respect to the input data size (i.e., ) . . .
bit width) and can also be automatically scaled with respect to cused on h_ard m_acros' th‘_"‘t is, they arg typically co_ncewed for
different technology libraries and/or synthesis options. The power Modules with a fixed architecture and implementation. There-
model is precharacterized once and for all for each soft macro and fore, they capture only the dependence of power on the input
then adapted to each specific instance by means of a single addi-statistics and do not provide any flexibility to adapt the esti-
tional experiment to be performed by the end user. No intellec- yatag to different structural parameters and technologies.

tual-property disclosure is required for model scaling. The pro- onlv a f terized dels h b d
posed model is derived from empirical analysis of the sensitivity of nly a few parameterized power models have been propose

power consumption on input statistics, input data size, and tech- that depend on the bit width of the input data [1], [7]. In these
nology. The experiments prove that with limited approximation, it  techniques, the relation between bit width and power is modeled

is possible to decouple the effects on power of these three factors.py specific analytical functions that need to be defined for each

The proposed solution is innovative since no previous macromodel ¢|ass of macros. On the other hand. no support is provided to

supports automatic technology scaling and yields average estima- ) . ' . .

tion errors around 10%. adapt th.e power models to different synthesis scripts and tech-
nology libraries.

In this paper, we follow a different approach. We first con-
duct an experimental analysis of the dependence of power on
the three sets of parameters discussed above. The main result
I. INTRODUCTION of the analysis is that such parameters have an almost disjoint

IGH-LEVEL power estimation has become an essentigﬁe(:t on power; therefore, they can be independently modeled

task in modern design flows. Several researchers have %wt_h low accuracy loss. We thus propose a power modeling tech-

dressed this issue, mainly at the register-transfer level (RTI%que for soft macros based on the concepiaatling A power

) . : odel is first built and precharacterized for a reference instance
proposing solutions that are based on the construction of ab- . : L
of the macro (capturing only the dependence on input statistics)

and then scaled to adapt to the actual input bit width and tech-
nology. Intellectual property (IP) issues involved in model char-
acterization and scaling are also discussed and addressed.

Index Terms—Low-power design, low-power dissipation, power-
consumption model.

stract powemacromodelsstarting from existing or newly syn-
thesized implementations [1], [2]. Among othersgression-
based[3], [4] and table-based5], [6] macromodels are avail-

able. ; L
, . . . The proposed approach was validated on combinational and
Today's designs are increasingly based on the ussofif sequential soft macros taken from the Synopsys DesignWare
macros Such macros are library macrocells for which onl)ﬁ. q . : YNopsys 9
) : . |t%rary, showing that scaling can be effectively applied to adapt
a parametric, synthesizable, and technology-mdepend%] soft macros traditional power models originally conceived for
description is provided. They are much more flexible thard P . 9 y
. hard macros. The accuracy provided by the scaled power models
macrosbecause they can be mapped onto different technolo.%y : .
X X . - . I5’comparable with that provided layl hocmodels of the same
libraries and their structural characteristics (e.g., bit width) can o directly characterized for the target parameters’ setting and
be adapted to those of the data path. Flexibility is paid in terrﬁ? ’ y getp 9
) L : echnology.
of uncertainty when estimating the impact of a soft macro on
the design cost metrics. For power, the lack of a presynthesized
implementation does not allow accurate precharacterization
based on low-level simulation.

The power consumption of a soft macro can be viewed as aSoft macros may have both size and functional parame-
function of three parameters: 1) its run-time input statistics; #rs. Size parameters are used to adapt the bit width of the
its structural and functional parameters; and 3) its implemeniaput-output data of the macro to that of the data path, while

functional parameters (when present) are used to select partic-
ular functional or encoding options. For our purposes, we treat
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Fig. 1. Power as a function of data bit width.

size parameters are common to all macros, while functionall results in the plot are obtained by using the same tech-
parameters are particular to each macro so that their effaciogy library (hamely, Synopsysass.db) and synthesis op-
cannot be generalized; second, size parameters may takoms, i.e., they correspond to sampling points laying on a plane
large number of different values (making it highly inefficient tadech = const in the input space.

characterize independent power models for each assignmenfrom the plot we observe the following.

while functional parameters (if any) usually select among a few 1) The relation between bit width and power depends on the
options; third, functional parameters may completely change  macro (for instance, it is almost linear for the adder, while
the functionality of the macro, while size parameters do not. itis near]y quadratic for the mu|tip|ier, as expected and
In practice, we propose a power modeling approach for soft  ajready observed [1]).

macros with only size parameters. If functional parameters are2) Curves of the same family (i.e., adder, multiplier) never

also present, the proposed approach has to be independently intersect and their relative ratio is almost independent of
applied for each assignment of the functional parameters. the bit width.

We represent the power consumption of a soft macro agyservation 1 suggests that there is no general formula relating
function > of its boundary statisticss{at), its input-output bit 1,4 yer consumption to bit width. Observation 2 suggests that the
width (size) and its implementationz¢ch). Each point in the genendence on the bit width can be decoupled from the depen-
input space of’(stat, size, tech) is associated with a different yonce on the input statistics.
configuration of the independent variables, originating a dif- To verify the correctness of the assumption on disjoint depen-
ferent power consumption. dence of power from input statistics and bit width, we analyze

For a given macro, the actual value Bfin a given point the pehavior of the ratiaXt, ) between the value aP in points
(stat, size, tech) can be obtained by means of synthesis arlﬂffering only for thesizc parameter. In symbols
simulation. An instance of the macro wifize = size has to

be synthesized, mapped onto technology librah = tech . . P(stat, sizey, tech)

and simulated for power at the gate-level with input statistics Ry (stat, sizey, sizez, tech) = P(stat, sizes, tech)’

stat = stat. We studied the dependence of powereéw, size

andtech for several soft macros (taken from the Synopsys Dé?, represents the ratio between the power consumption associ-

signWare Library) by sampling the input space and observiaged with points having the samet4z, tech) coordinates on

the value ofP in each sampling point. Synopsys DesignContwo parallel planes of equationsze = size; and size =

piler, VSS, and DesignPower were used for synthesis, simukdzc.

tion, and power analysis, respectively. Fig. 2 shows the value aoR; for different assignments of
The dependence on size is plotted in Fig. 1 for an adder aside;, sizes, stat andtech. Each curve is associated with a

a multiplier with a unique size parameter representing the Bitizeq, sizes) pair, while labelsa to ¢ on thex axis denote

width of the two input ports. Power values for each macro adifferent configurations oftat andtech.

normalized to the highest obtained. Piecewise linear curves ar&\e observe that for fixed values 6fzc; andsizes, Ry is

drawn by connecting points associated with the same input séémost independent atat andtech, so that it can be regarded

tistics so that different curves refer to different input statisticas a property of the pair of parallel planesAe = size; and
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Fig. 2. Plot ofR; as a function oftat andtech for an adder.
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Fig. 3. Plot of R, as a function ofstat ands:ze for different macros.

stze = sizes) that does not depend on the position of the points expresses the impact of technology changes fteah, to
on the plane. The assumption of disjoint dependence is thus vakh;. We used the Synopsyslass.db as reference library
idated, suggesting a partitioning of the modeling task into tw@echs), while we used either a simple three-gate library (de-
subtasks, separately focusing on the dependence of powemoted bysimple) or a commercial library containing over 200
stze and onstat andtech. cells (denoted byndustrial) as custom library#ech,).

A second ratio/z», can be defined and studied to analyze the Fig. 3 plots several values & (stat, size, techy, techy) as
dependence of power consumption on technology and synthesgignction ofstat andsizc, computed fotech; = industrial
P(stat, size, techy) andtech, = class.db. Interestingly, for each macro the ratio

Ra(stat, size, techy, techy) = P(stat, size, techs)’ is weakly affected by input statistics and size parameters, sug-
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gesting that the dependence on technology can be modeledniot possible to find a general analytical formula fr(size).

dependently of that ogize andstat. On the other hand, according to our modeling assumptions,
To better quantify the error possibly due to the assumptioatio R, is almost independent oftat and tech. Hence, we

of disjoint dependence of power oiiat, size andtech, we can characterizeé; (size) for a fixed, arbitrary configuration

have evaluated threlativestandard deviation d&; andi2, over (statyer, techyet) Of (stat, tech) and use it all over the input

all our experiments. Results, averaged over all the considesgghce. A model fof; (size) is provided by its definition

macros, are 7.5% faR; and 15.4% forRR,. Such low values . P(statyer, size, techyet)

justify the modeling strategy discussed in Section Il Si(stze) =

P(statyes, Sizeret, teChyet) (2)
wheresize,.; andtech,; are the size and technology of the ref-
erence implementation for whidR.¢(stat) was characterized,
According to the analysis of Section I, we model power cowhile stat..; is the fixed configuration of boundary statistics.
sumption of a soft macro as a three-term product For our experiments we usdd,, = D;, = 0.5 and the re-
P(size, stat, tech) = Pog(stat)S1(size)Sa(tech) (1) sulting value.ofll)out obtained fr_om simulation. Sineéze usu-
ally takes a limited number of integer values (e.g., 4, 8, 16, 32,
whereB¢(stat) is a power model for a reference implementagy), S (size) can be precomputed for typical sizes and stored
tion of the soft macro, synthesized with sizgee..s and tech- i 3 taple. Characterization entails, for each value of size, the
nology librarytech,es. In other words evaluation ofP(stat,.;, size, techy), that, in turn, requires
P(sizees, stat, techye) = Preg(stat). synthesis and simulation.
Similar considerations apply to technology scaling fadtar
y definition, it can be computed as

P(statrer, sizerer, tech)

Ill. SCALABLE POWER MODELS

S1(size) and Sa(tech) are scaling factors that contribute tog
adaptP,.(stat) to all possible realizations obtained with dif-
ferent bit widths, tech libraries, and synthesis directives. So(tech) =

3
P(statyes, Sizeret, teChyet) (3)
A. Reference Power Model wheresize.o; and stat,or are the arbitrary assignments of the

When buildingP,e(stat), the reference instance of the soffxed parameters. However, unlik® (size), Sa(tech) cannot
macro can be regarded as a hard macro for which a povp(?r statically precharacterized nor tabulated since it is even
model can be pre-characterized by means of accurate |OW_|e|\|;@POSS|bIe to _enumerate all technology libraries and sy_ntheS|s
simulations. Hence, any activity-sensitive RTL power mod&ffiPts & designer may use. Hence, technology scaling has
traditionally used for hard macros [8] can be used to mod9l P& dynamically performed by the designer once the target

Prer(stat). For our experiments, we chose the three-dimefChnology and synthesis parameters have been defined.
sional (3-D) lookup table power model (hereafter caffed3D)

proposed by Guptat al.[6] because of its simplicity and gen-

erality (its applicability to sequential macros has been recently The characterization procedure we outline in the sequel needs
tested [9]). As boundary statistics for tlieb3D model we use 10 be carried out once for each soft macro, either by the devel-
three probabilities:P,,,, the average input signal probability,0per of the library of RTL macros (if the power models are to be
D;., the average input transition probability, adl,.., the distributed together with the library and/or there are intellectual
average output transition probability. The dependenck of  Property (IP) issues involved) or by the designer (if the library
P,,, D;,, and D, is represented by means of a 3-D lookufias not been precharacterized by the developer and it is com-
table whose entries represent the power values associated Wigfiely accessible to the designer). The characterization process
a triplet of boundary statistics consists of three steps.

Characterization oP..r:
P, tat) = Tab3D( P, Din, Doyt ). e .
rer(stat) = Tab3D(Fin; Din; Dour) A reference technologytéch..;) is chosen and

C. Model Characterization

TheTab3D model allows the designer to span the tradeoff be- used to synthesize the macro for a reference bit width
tween accuracy and model dimension simply by changing the (sizewe). In our experiments, we used Synopsys
discretization step in the three dimensions. The discretization class.db library andsize,e; = 8. Tab3D is then char-
step used for our experiments was for P, andD;y,; no dis- acterized for this reference implementation using input
cretization was used on th@,,; axis (the values oD,,; ob- streams with different statistics. We used a sampling
tained during characterization were stored in the model together step of 0.1 in theP,, and D, dimensions and, for
with the corresponding power values). every (P, Di,) pair, we generated 20 input streams

We remark that so far we have usetht to denote any of 50 patterns each with different bit-wise statistics.
n-tuple of boundary statistics needed to evaluate an arbitrary All input streams were simulated using Synopsys VSS
baseline power moddP(stat). Having choserrab3b for our and DesignPower to obtain the corresponding values
experiments, hereafter we will uséat to denote the triplet for Dow; and power.

(Pins Din, Dour) the model is based on. Characterization of (size):

The size scaling factor is characterized by synthe-
sizing the soft macro for different configurations of the

Experiments have shown that the relation between bit width bit width parameters (ranging from 4 to 32 in our ex-
and power of a macro depends on its functionality. Hence, it is periments) and simulating each implementation with

B. Scaling Factors
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Fig. 4.
the three dimensions.

the reference input streastat,.; (we usedP,

D;, = 0.5 for all input data bits).
Chacterization ofSy(tech):

The technology scaling factor cannot be Chara%bnfiguration of(
terized in advance. Rather, it has to be compute(% Size, tech)
by the designer for each target technology. What, ., :
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Input space of the power model of a soft macro. (a) The entire space. (b) Independent exploratierwefdimension. (c) Independent exploration of

E. Accuracy versus Efficiency Tradeoff

In principle, a power model for a soft macro could be viewed
as a multi-dimensional lookup table addressed by a discretized
stat, size, tech). Characterization of entry
would require synthesis of an instance of the
acro withsize = size, mapping on technologyzch and sim-

can be statically precomputed is the denominatQfiation for input statisticsza. If we denote byV..;, Naize and

P(stat,er, sizeet, teches) that requires a single
simulation run of the reference implementation for .-+ the table would hau.

given input stream.

D. Model Evaluation

Niecn the number of points on each axis, it can be easily found
stat - NVsize - Niecnh €Ntries whose char-
acterization would requir&; ,; - Nsize - NViecn Simulations and
Niize - Nieen, SyNthesis runs.

Thanks to the quasi-disjoint dependence of power on the

The power estimate for an instance of a soft macro is givéiiree sets of parameters observed in Section Il, we modeled

by
Tab3D( Py, Diny Dout)S1(stz¢)So(tech)

where
(Pin;, Din, Dow) boundary statistics;
stze
ters;
tech target technology.
Model evaluation consists of the following.

Technology Scaling:

power consumption as the product of three terms separately
representing the dependence on a single variable. Each term
could be modeled as a linear table 8f..;, Nsize and Niecn
entries, respectively. Characterization of the three-term model
needsNgiat + Noize + Niea, Simulations andVgze + Niecl
synthesis runs.

actual configuration of the size parame- The sizeable advantage, in terms of model efficiency, pro-

vided by this approach is pictorially shown in Fig. 4: The cube
represents the entire input space where the original lookup
table of Ngiat - Nsize * Niecn €Ntries is defined, while the three
orthogonal segments of Fig. 4(c) represent the linear sets of

The user of the model must first perform techVsia: + Naize + Niech POINts where the three terms of our

nology scaling to adapt the power model to his/hgrower model must be characterized. The value of power in any
own synthesis flow and technology librarge¢h). point(stat, size, tech) of the input space can then be obtained
To this purpose, an instance of the macro with sizas the product of the orthogonal models characterized on the
sizeror has to be synthesized and simulated using tileree segments.

same input stream used during the third step of the The efficiency improvement is paid in terms of accuracy loss
characterization process. The resulting power valgiie to the simplifying assumption of complete disjointness
P(stat,, sizeer, tech) is then used to computeof the three effects. To improve accuracy we can reduce the
So(tech) according to its definition. Notice that strength of the assumption by using a single scaling fagtor
S»(tech) has to be computed once for each soft macivodeling the dependence on both size and technology. The
in the RTL library. resulting model will be

Size Scaling: . _ .

Scaling factor Sy(size) is precharacterized and P(stat, size, tech) = P(stat)S(size, tech). )
stored in a lookup table. In this way, during modeThe efficiency of this modified model is represented in Fig. 4(b);
evaluation, size scaling only requires a single lookugcaling factorS is now defined on a plane covered by a lookup
for each instance of the macro. table of Ny, - Nieen, €Ntries. Characterization now requires
Power Evalutaion: Nitat + Nsize * Nieen Simulations andVi,e -+ Nieen Synthesis

Finally, boundary statisticd%,,, Di, andD,,,;) are runs.
collected for each instance of a soft macro during RTL Characterization of the scaling coefficietitsize, tech) en-
simulation of the entire design and used to evaluate tkals the following: 1) synthesis of an instance with target size
correspondin@ab3D models. parameters; 2) mapping of the instance on the target technology;
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TABLE |
EXPERIMENTAL RESULTS
Macro AdHoc Eq.4 Eq.1 Eq.5(a) Eq.5(b)
Eyr Dev Err Dev Err Dev Err Dev Err Dev
sub 1.8 1.5 6.2 3.6 10.1 4.8 8.8 43 8.8 4.3
absval 3.7 3.5 7.2 5.9 7.5 6.4 8.7 6.6 8.7 6.6
add 2.6 2.3 6.2 4.1 12.0 6.5 19.4 5.9 19.4 5.9

addsub 2.7 2.6 7.7 4.8 10.3 6.8 119 7.2 119 7.2
decode 26 3.1 6.5 5.1 6.3 4.6 22.7 8.6 6.3 5.1

cmp2 4.1 3.8 7.6 6.1 8.2 6.3 8.2 6.1 8.5 5.3
cmp6 3.0 2.8 8.2 5.3 8.9 6.1 11.2 7.7 9.0 6.2
dec 4.6 4.1 7.9 6.2 7.6 6.0 18.1 8.3 8.3 6.2
inc 5.4 5.3 8.9 5.6 11.5 6.2 17.2 6.1 14.2 6.3
incdec 4.7 4.9 7.4 5.5 11.1 6.5 17.3 5.7 15.3 5.4
mult 3.6 4.5 9.4 10.2 37.1 13.4 | 38.0 14.5 37.1 13.4

u_count 1.7 0.7 2.2 1.4 14.0 3.0 10.1 2.4 10.6 3.2
d_count 0.8 0.7 3.6 3.4 16.5 3.0 17.8 3.9 10.5 3.0
register 0.5 0.3 6.1 3.8 59 3.6 18.9 7.2 7.1 4.1
ACC 1.9 1.6 5.3 4.0 11.1 4.9 25.1 4.7 143 5.0

Avg. || 29 2.8 | 6.7 5.0 | 11.56 5.6 | 16.9 6.3 | 12.7 5.8

and 3) gate-level simulation using the reference input streamFrom the designer’s point of view, technology scaling entails

The average power consumption provided by gate-level simaynthesis and simulation (as described in Section IlI-D) with

lation is P(stat..t, size, tech). The scaling factor is then ob-two main differences: The dummy macro has to be used instead

tained as of the actual macros, and the scaling factor has to be computed

p g only once and then used to scale all models to the actual tech-
(statyes, size, tech)

Platat - o~ . nology.
(statier, sizCrer; techyer) The IP conscious power model has the form

S(size, tech) =

Accuracy improvements are discussed in Section IV.
P(size, stat, tech) = P.et(stat)Si(size)Sa(tech).  (5)

F. Intellectual Property Protection

If the soft macros are a third-party IP, the power models netd efficiency and accuracy are discussed in Section IV.
to be precharacterized by the developer and made available
to the designer together with the functional description of the
macros. The underlying assumption behind this “user-provider”
paradigm is that model characterization requires complete acWe have benchmarked the accuracy of the proposed power
cess to the library, while model evaluation does not require fpodels on combinational and sequential soft macros taken from
critical information. the Synopsys DesignWare Library, except for mago, a pa-

Unfortunately, this assumption does not hold for technobg’g;\meterized accumulator consisting of a register and an adder.
scaling.S»(tech) cannot be precharacterized by the library dd=or each benchmark, we have compared five models.
veloper since the actual technology parameters can be arbitrarilAd Hoc Implementation-specifitab3D models constructed

IV. EXPERIMENTAL RESULTS

defined by the designer. Conversely, evaluatfiygtech) re- for each instance of the soft macros as if they were
quires synthesis and low-level simulation so that it cannot be hard macros

performed by the designer if he/she has no access to a synth€4) The model of (4) with a single scaling factor.
sizable description of the macro (that is a provider's IP). (1) The three-term model of (1).

To enable technology scaling while protecting IP we sacrifice (5a) The IP conscious power model of (5), using a
some accuracy. The solution we propose is based on the obser- unigue dummy macro (namely, the subtractor
vation thatS»(tech) does not vary too much from a macro to DWO1_sub of size 32) for technology scaling.
another. Hence, a unique technology scaling matigtcch) (5b) The IP-conscious power model of (5), using four
could be used for all macros at the cost of some accuracy loss. different dummy macros for technology scaling, as
On the other hand, a “dummy” macro containing no IP could explained later in this section.
be freely distributed to the designers to be used for evaluatingAll models were evaluated for three different technology li-
So(tech). braries (i.e.,class.db, simple and industrial), four dif-

From the provider’s point of view, a dummy macro has téerent sizes of the bit width (4, 8, 16, and 32) and 36 different
be chosen for technology scaling, synthesized wvsithe,.¢, input statistics [P, Din) pairs were randomly selected, and
mapped ontacch,.t and simulated with a given input stream tdour input streams, with different bitwise statistics, were gener-
obtain the value o (stat,.;, size.er, tech,er) 10 be supplied ated for each pair].
to the end user together with the input stream and with theThe resulting power estimates were then compared to those
synthesizable description of the macro. This process has todrevided by gate-level simulations performed by VSS and De-
performed only once. signPower. Experimental results are reported in Table | in terms
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TABLE I
COMPUTATIONAL COST OF THEMODELS
AdHoc Bq.4 Bg.1 Eg.5(a) Eq.5(b)
Char Eval Char Eval Char Eval Char Bual Char Ewal
# Syn. 48 0 1 47 16 2 16 1/N 16 1/n
# Swm. 48000 O 1000 47 1015 2 1015 1/N 1015 1/n

of average percentage errdr() and standard deviatio®é\)

of the percentage error.

stance of the soft macro. Scaling requires a single experiment

to be

performed by the end user to adapt the models to his/her

The errors reported in théd Hoccolumn show the inherent synthesis flow. IP protection, as imposed by commercial syn-
accuracy of th&ab3D model (without scaling). Its average erroithesizable macro libraries, can be guaranteed by performing the
of 2.9% has been used as a baseline for evaluating the appregaling experiments on a public-domain “dummy” macro.
mation introduced by size and technology scaling. As expected,
(4) is the most accurate of the scaled models, with an average

0 . . -
percentage error of 6.7%. Equation (1) mtrodyces Some addlgl] P. Landman and J. Rabaey, “Architectural power analysis: The dual-bit
tional errors because of the stronger assumption of disjointnessS™ type model,”IEEE Trans. VLS| Systvol. 3, pp. 173-187, Feb. 1995.
of parameterstat, size andtech, yielding an average error of [2] A. Raghunathan, S. Dey, and N. Jha, “Register-transfer level estima-

0 i _tion techniques for switching activity and power consumption,” in
11'5. 6. Flnal.ly'. (5a) trades accuracy for pen;ormance and IP pro ICCAD'96: Int. Conf. Computer-Aided Desigisan Jose, CA, Nov.
tection, providing an average error of 16.9%. . 1996, pp. 158-165.
It should be noted, however, that IP protection could also be[3] Q. Qiu, Q. Wu, C.-S. Ding, and M. Pedram, “Cycle-accurate macro-
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