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Abstract — In this paper, we present CB-Power, a
hierarchical cell-based power characterization and
estimation environment for static CMOS circuits. The
environment is based on aell characterization system
for timing, power and input capacitance and on acell-
based power estimator. The characterization system

can characterize basic, complex and transmission gates.

During the characterization, input slew rate, output
loading, capacitive feedthrough effect and the logic
state dependence of nodes in eell are all taken into
account. The characterizationmethodology separates
the power consumption of acell into three components,
e.g., capacitivefeedthrough power, short-circuit power,
and dynamic power. With the characterization data, a
cell-based power estimator (CBPE) embedded in
Verilog-XL is used for estimating the power
consumption of a circuit. CB-Power is also a
hierarchical power estimator. Macrocellssuch as flip-
flops and addersare partitioned into primitive gates
during power estimation. Experimental results on a set
of MCNC benchmark circuits show that CB-Power
provides within 6% error of SPICE simulation on
average while the CPU timeconsumed is more than
two orders of magnitude less.

I. Introduction

In the past, the mainbjective forcircuit designers
has been to design fasand compact digital systems.

[1-10]. Among themseveral cell-based power estimators
[1-5] provide SPICE-like accuracy but with simulation
speeds superior to SPICE.

To develop a cell-based powestimator, power
characterization is a must step. Tdhéficulty in power
characterization is that tipwer consumption of a cell in
a circuit is highly dependent on the transition probabilities
of the input signals, the input slew rate, the output loading
and thelogic state dependence thie nodes inthe cell. To
estimate thepower consumption more accurate, these
effects should all be taken intoaccount during
characterization. Moreover, due tothe advance of
technology process, cell library may bggradedvery
often. Therefore, building an automatic cell
characterization system is important and necessatry.

In this paper, we prese@B-Power, a hierarchical
Cell-Based Power characterization andestimation
environment for static CMOS circuitsThis power
analysis environment is shown in Fig. 1. As shown in Fig.
1, CB-Power contains two major parts: power
characterizatiorsystemand power estimation system. In
power characterizatiorsystem, we use a modified state
transition grapfcalled STGPE, which was proposed in [1]
and [11], tomodel the power consumption behavior of
basic, complexand transmissiogates in the cell library.
Then, weuse SPICE simulation to characterthe power
consumptions associated with each edge in the STGPE. In
our methodologythe power consumption of a cell is
separated into three components [11] : (1) capacitive
feedthrough power, which is measured frthra coupling

However,recent trends in portable consumer electronicscurrents of the parasitic capacitanc#sat distribute
and advances in deep-submicron have resulted in aramong the gatesource,drain andbulk terminals, (2)

increasing demandfor low power digital systems.
Therefore, the challengéor the circuit designers has
become to consider joiaptimization notonly of area and
speed but also of power.

Power reduction can beachieved at various
abstraction levelsangingfrom layoutand technology to
architecture andystem. Namatter which level it is, &ast

short-circuit power, which ighe result of the direct
current fromsupply toground during thewitch of a gate,
and (3) dynamic power, which arises whéme circuit
capacitance of a CMOS circuit is charged or discharged.
The purpose ofthis separation is tprovide notonly an
accurate poweestimation of thewhole circuit, but also
the detail information of individual gate.Those

and accurate power analysis tool is necessary to quicklyinformation could be very useful for the power

obtain thepower consumptioinformation in the designs.
A directandsimple method of obtaining this information
is through a circuitlevel simulator (e.g., SPICE).
Although accurate, SPICEuffers from severe memory
andexecution time constrainend thus is nosuitable for
large circuit designsRecently, alarge humber opower
estimators have been proposedt@rcomethis problem
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optimizations [12].

In addition to power characterization, wealso
characterize the rise/falllelay, propagation delay, and
input capacitancdor each cell inthe cell library. After
running characterizatiomwith different inputslew rates
andoutput loadings, we fit the characterization data into
someempirical formulasand store them in thelatabase



for power estimation.
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Fig. 1 The CB-Power power characterization and
estimation environment.

In power estimation system, we use a Cell-Based

Power Estimator CBPE) [1] to estimate thepower
consumption of a circuit. Given a cell-based circuit design
and the stimuli, the€BPE first calculateshe inputslew
rates (SRpndoutput loadings () using the database for

each gate in the input circusind therperforms Verilog
simulation for finding the signal probabilities (the
probability of a signal being one)and the transition
densities (average number of signal transition yoeit
time) of each node in the circuit. With those information,
CBPE finally calculateshe averag@ower consumption
of the input circuitover the simulation perio@nd also
reports the threpower components for each gate in the
circuit.

CB-Power estimatethe power consumption of a
macrocell by using a hierarchical approacrhat is,
macrocells such as DFKOR and adder are partitioned
into the primitive gates such as bas@mmplex and
transmission gates. Thereforppwer consumption of
macrocells can be obtained by summing up pbever
consumption of the constituting primitive gates.
Experimental results on a set of MCNC benchmark
circuits show that CB-Power could provide accuracy
within 6% error of SPICE results on average.

II. Power Consumption Model in CB-Power

For a CMOS logic gate, the states of the output nod
and the internahodes depend both on thgut patterns
and theirprevious states. CB-Power uses a modified stat
transition graphcalled STGPE to modehis sequential
behavior. Without loss of generality, we use2danput
NAND gateand itscorresponding STGPE shown in Fig.

€

2 to demonstrate howhe STGPHENoOdelsthe power
consumption behavior of a logic gate. In Fig. 2, the state
bits from theMSB (mostsignificant bit) toLSB (least
significant bit) represent the status of the notlhes are
located sequentially alorthe pathfrom thepower supply

to the ground end. For example, state 10 represents

output'=1 and“int”=0. It isworthy to knowthat state 01
does not exist in Fig. 2(b)This is becausethat the
discharging path of theutput node passeahrough the
internal node. Therefore, when the output node is
discharged, the internalode between outpaind ground

is discharged tooThis situation isalso valid forNAND
gates with morethan two inputs. Based onthis state
encoding, it is impossible to have a state viltk less
significant bit being one while the more significant bit
being zero. Therefore, if a NAND(NOR) gateas m
inputs, the state number of the corresponding STGPE
would bem+1. Similarly, the same state encoding strategy
can be applied to NOR gates.
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Fig. 2 The STGPE of a 2-input NAND gate.
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For each edge in STGPthe Iabelek:(ik, EkV\(()

is used to modethe power consumption ofhe state
transition from one stat§,, to another stat§, under the

input patterni,. E, is the edge activity number, which
denotesthe traverse times @dge e when a set of
sequential patterns are applieshdW, is the totalenergy

consumption when edge, is traversed each time.

Therefore, if we knowthe edge activity numbeand the
energy consumption of each edge in STGRtg, total
energy consumption dhe logic gatean be obtained by
summing up the products of tkeelge activity number and

‘?heenergy consumption of each edge. In other words, if a

logic gate PG has m inputs, then its energy

consumption can be written as



AOI(OAI) gate is simplified into an equivalent

(M1)x 2" NOR(NAND) gate whichretaining the primarynodes
Energy PG) = z Ex W @) only, like the simplified circuit shown in Fig. 3(bJhen,
=51 we build the corresponding STGH&r the equivalent

NOR(NAND) gate and estimate the power consumption of
Assumethat acircuit CK1 has M logic gatesand N the primary nodes as theanner ofbasic gates. In the
sequential input patterns are applied into the circuit withsecond step, we can build the STGIBE the secondary
clock cycletime T. Then, theaverage power consumption nodesand estimate theipower consumptionThe power

of CK1 can be calculated as consumption of the AOI(OAI) gatean then bebtained
by summing up thepower consumption othe primary
M nodesand thesecondary nodes. Due tioe limitation of
Z Energy PG) ) space, we do not describiee power model clearly ithis
Pag(CKI :MT ' paper. Details of theower models of AOI, OAl and

transmission gates are shown in [11].

As mentionedabove, it is easy ta@onstruct the
STGPE of a basic gatelowever, for a complegate, the
construction wouldbecome more complicated.This is

discharging pathfor the internahodesand thus thetate ) . ] )
encoding strategy of basic gatesn not be applied. For In this section, we briefly describ¢he power

example, for an AOI23 example as shown in Fig. 3(a)Characterization system in CB-Power.This system
there are four internal nodesd anoutput node. The gate  characterizes the propagatiatelay, rising/falling delay,
initially have 32 states in the corresponding STGPEINPUt capacitancandpower consumption of each cell in
where we encodthe status of the nodes 2, 3, 4aBd 6 'the .ceII library. The characterization procedurshswn
by the bits from MSB to LSB. After removing some illegal '" F19. 4.
states such as 010@hd 11001, there are still 14 states.
Therefore, the final STGPE have 14 statrd 448 (14 E st
25) edges. Obviously, handing this graph is not a easy task.

Therefore, we use a simplified model to moidel power !
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Fig.3 An AOI23 gate and its simplified circuit. r}
In a complex gate, welassify the nodes into COHZ‘;”,X,‘;’W _ Delay
primary nodes andsecondary nodesPrimary nodes are Equations uatens
the nodes which must be passed whenever output node is
charged or discharged. The other nodes not belonging to
the primary nodesare calledsecondary nodes. In the <—

AOI23 example, the primary nodes include nodes 1, 2, 3
and 7 and theecondary nodes include nodes 4l 6.
In our approach, we estimate thewer consumption of a
complex gate intwo major steps. In the first step,

Fig. 4 Cell characterization flow.

For each cell in the library, we build the
an  corresponding STGPEN generate the stimuluile for



characterization. The stimuldide containsinput patterns
that cantraverse each edge the corresponding STGPE.
The SPICE netlist with distinct capacitanéar each
interconnection layer is extracted from the d¢ajlout by
using OPUS layoutparasitic extractor. The transistor

the NAND2 and another current metey, in the front of
the adjustable capacitan@gquiv The secondhput, input
B, is connected to Vdd. We addput patterns to the

buffer and adjust theCequiv until the average currents

models used are the level 3 model of 0.8um SPDM cMogneasured froml - and |, have the samealues or the

technology provided by CIC (Chip Implementation Center
in Taiwan).

In theflow, "SR_CL Setup is used to set different
input slewrates andutput loadings fothe characterized
gate. Werun three different SPICE simulations for the

characterizations of power, timing, and input capacitances.

After running thepower characterization, we obtain the
power consumption of each edge the STGPE for
different inputslew-ratesandoutput loadings. Theower
consumption datawould be dividedinto three parts:
capacitive feedthrough power, short-circuit power and
dynamic power. Details ofthe characterization of the
three power components are shown in [11].

In the timing characterization, we can obtain the
information of the rising, falling andropagation time of
the cell. Withoutloss of generality, we ustie NAND3
gate shown in Fig. 5 to illustrate the method of getting
these transient values. In tH¢éAND3 schematic, we
choose arnput nodethat is farthestrom the outpunhode
to be the evaluatethput. The other inpunhodes are
connected to Vdd sucthat theoutput function can be

controlled by the evaluated input node. To examine the

effects ofthe output loadingnd inputslew-rate, we add
two adjustablecapacitors in both output nogad input
node. Rising (falling) time is measured from the time of
output signal changing from 10% (90%) Vdd to 90%
(10%) Vdd. The propagatiatelaytime fromhigh to low
(low to high) ismeasured from the timeetweernthe 50%
point of inputwaveformthat changes fromow to high
(high tolow) and the50% point of outputvaveformthat
changes from high to low (low to high).
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cin vdd
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Fig. 5 The method of measu;ing the transient time of
NAND3.
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difference of them is within a user-specified value.
Obviously, if we conneanput B to ground, we will have
a differentCequiv becauseghe voltage drop between the

parasitic capacitances is changed. In our approach, we
take the average of thewo different Cequiv as the

equivalent input capacitance of inputSimilarly, we can
find the input capacitance of the infit
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Fig. 6 The method of measuring the eqﬂivalent input
capacitance.
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After running power and timing characterization,
we fit the characterization data inteome empirical
formulas by using @&ol Mathematica We fit the timing
data into linear equationthat arefunction of output
loading. In our experiments, we firtlat thecapacitive
feedthrough power is almostdependent on the input
slew rate andoutput loading, the dynamipower is
dependent on the output loadingnd theshort-circuit
power is mainly dependent dhe inputslew rate and
lightly dependent on the output loading. Thus we fit the
power characterization data into the following equations.

eredthrough: oo (3)
Waynamic= o6t 01 CLt o2 C,?

+ 03 G (4)
Wshortcircuit™= 00t 01 Gt 10 SR+ 11 SR

2
C+ o2 C%* 2 SR+ 1, SR
2 2

C2+ , SR C+ ,, SR C?2?,
(5)

where G is the output loadingnd SR is the inpudlew

rate and all thecoefficientsare constant. Finallghese
power consumption equations, delay equatiand the
equivalent input capacitanceould be stored in the

capacitance is shown in Fig. 6. As shown in Fig. 6, wedatabase, which will be used during power estimation.

add a current meter,, to the evaluatethput, inputA, of



IV. Power Estimation System in CB-Power calculates the energies of eastige inthe corresponding
STGPE by using thpower,timing equations irdatabase

To design a chip, the circuit designers wilin a  and the information obutput loadingand inputslewrate
large number of logic simulations such ®&DL or obtained by $P_D_CAL(). Then, basedtba input signal
Verilog simulations toverify the circuit function. In probabilitiesand transitiordensities, $power_estimation()
general, the input patterns applied are thassible calculates theedge activity number of each edge [1].
patterns which may occur ireal chip operation. Finally, it reports thepower consumption ofhe whole
Therefore, we can utilize those simulation data to estimatesircuit and the three power components of each gate in the
the power consumption of the chip. circuit.

As mentioned before, CB-Power uses CBPE to
estimate thepower consumption of aircuit. Therefore,
we want to link the CBPE with Verilog in our

environment. In other words, we hogeat theCBPE can V. Hierarchical Power Estimation
estimate thgpower consumption of a circuitritten as a
Verilog file. While the components contained in integrated
circuits are growing rapidly, it issery important to
module testmodule; consider the regularity, modularitand hierarchy in
reg XL, X2, 3,x4, X5; circuit designs. A circuit designed with modulesuld be
TnandaLo g;ﬁz;ﬁgz;ﬁ; more interestedhan thatcomposed ofprimitive gates
T_nand21 0 g3(x253,x246,x2); only, becauseits functionality is much easier to
T_nand21_0 g4(x6, x249, x253); Understand.
T rndo1 0 g ont x5 Most macrocells such as DFFs, latches, adders and
initial begin / multipliers are composed by basic, complex and
$P_D_CAL(testmodule,5) transmission gates. Therefore, in our approach, we
00 g e o e w0 decompose a macrocdtito the primitive gates when the
#100 x=1 @=L @=L =0, 6= power consumption othe macrocell is estimated. For

example, Fig. &hows a D-type flip-flopwvith setB and
reset. ThisD-type flip-flop is composed of #hverters, 2

£100 x1=1 =1 @=L  xd=1  x5=1 AOI22 gatesand 2A0I12 gates. In CB-Power, each such
$power_estimation(testmodule) DFF module in the Verilog dESCI’iptiOIWOLHd be
#50 $finish; transformed into 4 inverters, 2 AOI22 gatesd 2A0I112

end

endmodule gates duringpower estimation. Usinghis hierarchical
Fig. 7 An example of Verilog file with power estimation ~@pproach, we can estimate thewer consumption of a
function. macrocell by summing up thgower consumption of the

primitive gates which constitute the macrocell.

We have implemented t&BPE in C functions and
made the functions aw&o systentasks, $P_D_CAL() and
$power_estimation(), for logic simulation by using the
Programming Language Interface (PLI) of Verilog-XL.
Fig. 7 showsthe Verilogfile of benchmark circuit C17
that performs the power estimation function.

In Fig. 7, thesystemtask $P_D_CAL() uses PLI's
access routines to gite information ofielayand input
capacitance from the databaaad thercalculates the
output loadingand inputslew rate of each cell in the
circuit. It also calculates the propagatidelay of each
gateandwrites them into the data structure of Verilog for
logic simulation.During logic simulation, $P_D_CAL()
monitors the signal transitions of each node in the circuit
and finally calculates the signal probabilities (P) and
transition densities (D) ofall nodes in the circuit.
Following, Verilog executesthe secondystem task
$power_estimation() to estimate tpewer consumption
of each gate individually.

For a logic gate, $power_estimation() first

output

Fig. 8 A D-type flip-flop composed of 4 inverters and 4
AOI gates.

VI. Experimental Results

CB-Powerhas been implemented in C on a SUN
SPARC station 20 with 64Mbytes of memory. We
performed experiments by using the MCNC benchmark



suits. The signal probabilitiesnd transitiordensities of

the primary inputs are assigned to be fa5all circuits.
Based onthe input characteristics, a random signal1j
generator generates 1000 patterns with Ifdosk cycle
time for both SPICEand Verilog simulators. Thecell
library used involveshe 2-to-4 inputtdNAND and NOR
gates and 5 AOI gates and 5 OAI gates.

Table 1 reports the exact SPICE simulation results
and CB-Power simulation results ofsome sequential
circuits. The Dflip-flops used in these sequential circuits [3]
are shown in Fig. 8. In the experiments, thewer
consumption due tbhazards should b#iscountedThis is
becausghe transitions due toazard are regarded as a
completecharging or discharging in oslstem. However,
from the exact SPICE simulation results, eleservethat
the outputwaveform due tdazarddoesnot make a full
execution. Therefore, th@ower consumption contributed
by hazards should beliscounted in CB-Power. For
simplicity, we assumehat the power is discounted by ]
50%. Experimental results show that the power estimatior{
based on CB-Power providés15% error of SPICE
estimation on average while tig&PU time spent is more
than two orders of magnitude less. In fact, the Verilog

simulation consumes over 95% of CPU time in CB-Power.
[9]

(2]

(5]
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power components: capacitive feedthrough powieort- o T _
circuit powerand dynamic power. CB-Power reports not ircuits| Ins| Outs| Trg. Gate®FFs| Power (uw)| CPU time(se¢.)Error
only the averaggower of a circuit but alsthe three
power components for eacbate. These information SPICE CB-|SPICE CB-
would be very useful for ahort-circuit powerriven or Power Power
dynamic power driven power optimization. Opus | S| © | 399 63| 41 06547 0688 15704 349 2.15%
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