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Abstract

In this paper, we propoggower consumption models

feedthrough power, short-circuit powegnd dynamic
power.The aim of this separation is poovide notonly an
accurate estimation of whole circuit, but alde detail

for complex gates and transmission gates, which areinformation of individual gate. These information could be

extended from the model of basic gates proposdd]in
We also describe an accuratgower characterization
method for CMOS standarckll libraries which accounts
for the effects of inputlewrate, output loading, and logic

very useful for poweoptimization. Experimental results
on a set oflISCAS'85benchmark circuitshow that the
power estimation based on our methodology could provide
accuracy within 7% error of SPICE results on average.

state dependencies. The characterization methodology

separates thepower consumption of a&ell into three
components, e.g., capacitive feedthrougbwer, short-

circuit power, and dynamic power. For each component,

power equation iglerived from SPICE simulation results
where the netlist is extracted from cell's

2. Power Model of Basic Gates

For a CMOS logic gatehe states of the outpnbde
and the internalnodes depend notnly on the input

layoutpatterns applied but algbeir previous states. In [1], we

Experimental results on a set of ISCAS'85 benchmarkproposed agraph called STGPEto modelthis sequential

circuits show that the power estimation based on our

behavior. Fig. 1shows aZ2-input NAND gate and its

power modeling and characterization provides within 7% corresponding STGPE. In the graph, the stateftuita the

error of SPICE simulation on average while BBU time
consumed is more than two orders of magnitude less.

1. Introduction

To develop a cell-based poweastimator, power

MSB (mostsignificant bit) toLSB (least significant bit)
represent the status of the nodes white located
sequentially along thpath from the power supply to the
ground end. In Fig. 1(b), stafd doesnot exist. This is
because whethe output node is discharged, theernal
node between outputand ground islischarged

characterization is a must step. The characterizatiorsimultaneously. Based orthis state encoding, it is

system proposed if2] records thepower consumption of a
cell for all possibleinput events which make output node
transition. However,the memorynature of internahodes
in a logic gate is ignored in th@ocess. Therefore, it may
result in less accurate estimatidie methogroposed in
[3] separated th@ower consumption behavior of a logic
gate intotwo operation regions, "fastéind "slow" regions.
The purpose othis separation is tsimplify and speedup
the characterizatioprocess irthe "fast" regionHowever,
the accuracy of the estimation is reduced.

In this paper, we will extend th@ower modeling of

impossible to have a state with the less significant bit being
one while the more significant bit being zero.

Eachedgee : (i, E,w) in STGPEmodelsthe power
consumption of a state transitioikis the input pattern

applied. E, is theedge activity numbewhich denotes the
number of traverse times of thedge when a set of
sequential patterns are appliedd W/ is the totalenergy
consumed when thedge is traversed each timkhe total

basic gates proposed in [1] to complex gates andenergy consumptioean be obtained by summing up the

transmission gates.

In our extended model, we will products of theedge activity numberand

theenergy

consider the power consumption behavior for each nodes irtonsumption of each edge.

complex gates and consider all possible states for the nodes

For a basic NAND or NORjate withm inputs, we

in transmission gates. In addition, we will present a morecan construct the corresponding STGPE withl states.
accurate characterization method which considers theHowever,the constructiofbecomesmore complicated for

effects ofinput slew rate, output loadingand logic state
dependencies. In our methodolotye power consumption

complex gatesThis isbecaus¢here are multiple charging
and discharging pathfer anyinternalnodeand thus the

of a cell is separated into three components: capacitivegproperty of state reduction can not be applied.
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Fig. 1 The STGPE of a 2-input NAND gate.
3. Extended Power Model

3.1 Complex Gates

In a logic gate, therenay exist someternal nodes
which must be passedluring output charging or
discharging. These nodese referred to as th@imary
nodes or Type_A nodesA Type_ A set TAS is the
collection ofthe primary nodes. In additioppwer supply,
ground, andoutput nodesare also primary nodes. Other
internalnodes not belonging to thRASare referred to as
the secondary nodesr Type_B nodesind arecollected in
the Type_B se{TBS. A path which containsecondary
nodes onlyand is terminated at primanodes is called a
secondary path A secondary path se{SPS is the
collection of secondarpaths. Withoutloss of generality,
we use an AOI22 gate shown in Fig. 2(a) to illustrate the
definitions. In the exampl&,AS={1, 2, 3, 6} andTBS={4,
5}. Path_3 4 6 represents the path starfiogn node 3 to
node 6 and passing throughode 4. Therefore,
SPS{path_3 4 6, path_ 3 5 6}.

Aq
cq

3 _Output

.

vdd —&
=
~

3 Output

6 6

GND GND

(b)
Fig. 2 An AOI22 gate and its simplified circuit.

In our model, thepower estimation consists of two
major steps. In the first step,camplex gate is simplified
to an equivalent basic gate which retains the primades
only. For example, we would simplify an AOI22 gate to an
equivalent 2-inputNOR gate as illustrated in Fig. 2(b).

Given the input signal probabilities and transition densities
of the originalcomplex gatethe equivalent input signal
probabilities and transitiondensities of the simplified
circuit can be calculated according to [4]. After obtaining
the simplified circuit, we build the corresponding STGPE.
The STGPE model of the simplified circuituised only for
modeling the power consumption behavior of primary
nodes. Thepower characterization, of course, must be
performed on the original circuit.

In the seond step, power consumption toe nodes
in TBS are estimated individually. Weise agraph
representation similar t&TGPE to model the power
consumption behavior of a secondary node. Fig.sd@ys
a sub-network of Fig. 2(a) which contains node 4, a
secondary nodend theclosest primary nodes, node 3 and
node 6, which are called thgper primary nodeand the
lower primary nodeof node 4, respectively. Fig3(b)
shows the state transition behavior of node 4. In this
example,i, = (S3, A, B, g), whereA andB are the input
signal valuesand S; and S are the signalalues of the

upperand lower primary nodes, respectively. Itwsrthy
to notethat there arenly 14 edgesnstead of 32edges

(2% 24) in Fig. 3(b).This isbecause some edges whose

input values violatehe circuit behavior, e.g., inputs 0001,
010land 1110, areemoved fromthe graph. In addition,
node 6 is a special primary node which is tied to ground
node. Soall theedges withnput S = 1 are alsgemoved.

After building the STGPEand obtaining thenergy
consumption of each edge, the estimation procedure is
identical to that of the basic gates.

€018
ea 94 95

& (k. B W) i:(S,ABS)

€:(000Q E, W), 6:( 0000 E, W),
€:(001Q E, W), §:( 0010 §, W),
(0100 E,, W), g:( 0100 §, W),
€;:(011Q B, W), ,:( 0110 Eo. Wp),
:(100Q E,, W), &,:( 1000 E,, W),
(1010 E; Wy),&,:(1010E,, W,),
€::(110Q Eg, Wp), €5:( 1100 3, W),

€713 812

(@)

Fig. 3 The STGPE of a secondary node.
3.2 Transmission Gates

Transmission gates (TGs) avddely used in logic
design such as adder, multiplexer, Flip-Flapd clocked
staticand dynamic logic, etc. In TG-based circuit design,
the sourceand drain terminals AfGs areusually not tied
to power supply oground nodes directly. Therefore, the
traditional two-value logic isnot enough to model the
behavior of TGs. Instead, we need four valid states:
conductingpath to ground (O);onductingpath to \gd (1),



high impedance with charging {¢ and highimpedance  flow of Vddl. The measured current includgs, the
but discharging @. Fig. 4(a) shows an example of loading current of the preceding stage, but Re.
different states of a T@ased on the four states, we model Although current is,, does not be counted in the
the behavior of a transmission gate as shown in&lg.  characterization process of INV1, it will be counted when
The label in eackdge representbe input and theontrol ~ we characterize the fan-out cells. Therefore, this
values (A, S), and the state value stands for the output stateharacterization approachwould have no power
(B). In this model, we assume¢hat all transistors are miscounted for the entire circuit.

unidirectional. Therefore, there are no 1 §prto 7, z; to In Fig. 5, the currenflowing in Vdd1 consists of
Zy, and g to z transitions at the output node. three maincomponents: (1) capacitive feedthrough current

In Fig. 4(b), the label in eadkdge should have both (ifp1 @ndigyg), (2) short-circuit currentid), and(3) the
edge activity numbeand energy consumption like the charging/discharging current of outpand internahodes
STGPE model in previous section. Givdse input signal  (i;g). To characterize these components, our procedure
probabilities and transition densities, the power  comprises three major steps. In the first stgpacitive
consumption of outputs can thus be computed. feedthrough current is measured. In Fig. 6, we insert an
extra NMOS transistorbetweenthe output nodand the
drain of MP1 where the gat@put isconnected to ground
and thesize of transistor is the sametaat of MN1. The
purpose othis arrangement is tisolate the outpuhode
from Vgq1 such thatg andi.q areforced to zero. Thus, the

A —= B
1ol ﬁ 200l measured current of Vddlbecomes the capacitive
feedthrough current only. In general, capacitive
feedthrough currenonly depends otthe voltage change
across the two terminals of the parasitic capacitances. Thus,
@ it can beviewed as aconstant current when full swing
Fig. 4 The transmission gate and its STGPE. signal is considered. Agor the short circuit current,
previous work [5] presentethat short-circuit current is
vdd2 highly dependent on the input slew-ragnd lightly
dependent on the output loading. Ideally, if thput slew
3 rate is infinite (zero rise/fall time), short circuit povegres
v not exist. Therefore, to minimize the short circuit current
component of a cell, we can enlarge the transistor widths
n of the preceding gates (2 inverters in Fig. 6) to minimize
the rise/fall time. In the second step, after removing the
extra transistor added in the first stapd enlarging the
T transistor widths of the preceding gates, the current
inz measured wouldcontain the feedthrough current, the
v GND charging/discharging currents of output noded a little
Fig. 5 A generic CMOS inverter. short-circuit current component. Thus, the
charging/discharging current can be obtained if we ignore
4. Power Characterization the little short-circuit current. In the original circuit, the
current measured includes all three curreamponents.
Thus, in the thirdstep, short-current can be obtained by
subtracting the current measured in the second fstep
the current measured in the original circuit.
As shown in Fig. 6, to consider thedfect of input
slew-rate, we add one adjustable capacitor tarthat of

tt+l..t+4
11010
S

2 inverters

4.1 Power Characterization of Basicand Complex
Gates

Consider a generic CMOS inverter circuit shown in
Fig. 5 [6]. Intuitively, to characterize theower
consumption of a cell, we should measale currents

caused by statgransition of the cell being characterized. the cell characterized. Similarly, anothedjustable

For example, currents,, led: fp3: and_'fP2 sho_u!d be capacitor is added to the output node of the cell to examine
measured when characterizing tbe to high transition of  the output loadingeffect. Inour characterization process,
noden. However, it is difficult tomeasure those currents e create SPICE decktun simulation, retrieve the
individually. To overcomehis problem, we use separate sjmylation data, anctalculate thecoefficients for the

power suppliesj.e., Vdd1for the cell characterized and equations by curve fitting usirdathematica
Vdd2 forthe loading cellsand thermeasure the current



vad power suppliesi.e., Vddland \Wd2, respectively. TG2 is
ot Z used to contralhe four valid states of nod@. To measure
_OH]PI Caro the power forcharging the output node, wmuld make
vdd v f nodein charged firsand then th@odeout charged. The
—\—_ﬂo_ﬁc_\— ﬁ " difference ofthe charging currents is the current required
extra to charge the nodeout Moreover, the capacitive

NMOS
output

feedthrough current of TG1 can be obtained by measuring
the current flow through the power supply Vdd1.

Vvdd

Fig. 6 An inverter for power_chaFacterization.

As mentioned earlier, thgower estimation for
primary nodes of complex gates is identicalh®case of
basic gatesHowever, inthe power characterization, the
transistors which are simplified to a single transistor, e.g.,
transistorsA andB in Fig. 2(a), need to be tied together in
the characterizatioprocess. Usindhis arrangement, the
capacitive feedthrough powand short-circuit power of a
complex gate as well athe dynamigower of primary
nodesare contained in the characterizatimocess of the
simplified basic gate.Thus, the characterization of
secondary nodes needs to consiterdynamigower only.
Given the AOI22 gate shown in Fig. 2, to obtain the
dynamic power of node 4, we modify it liyserting an
extra NMOS transistor as shown in Fig. 7 where the
transistor has ground input and has Hane width of
NMOS transistorA. Then, awo-pattern inpusequence is
applied to both the original circuit (Fig. 2and the
modified circuit. The first pattern makes node 4
dischargedand the second pattemmakes node 4 charged
while turning off all the paths thatould chargehe lower
primary nodeand the othesecondary nodes. lthis case,
the inputsequencecan be (1111, 1000) or (0100,1000).
The dynamicpower of node 4 could be calculated as the
difference othe power measurements betwehe original
and the modified circuits.

Fig. 8 Power characterization for transmission gates.
4.3 Characterization Procedure

The flow of our powercharacterizationsystem is
shown in Fig. 9. For each cell in the library, we build the
corresponding STGPENd generate a stimulus file for
traversing each edge ithe STGPE. SPICE netlist with
distinct capacitance for each interconnection layer is
extracted from the celayoutusing OPUS layouparasitic
extractor. The transistonodels usedre thdevel 3 model
of 0.8um SPDM CMOS technology provided by Ghip
Implementation Center in Taiwan$R_CL Setumadjusts
the input andutput capacitors to set different inmiew
rates anautput loadings. AfterunningSPICE simulation,
the input capacitance, timing data, gwver consumption
are retrieved. Afterall edges in STGPE have been
characterized, curve fitting techniquese done on the
retrieved data by usinglathematicain our system. Finally,
the characterizatiogystem wouldeport the threenergy
consumption equations for each edgethie STGPE and
the equations of propagation delay and rising/falling time.
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Fig. 7 Power characterization of a secondary node. Consumption Input
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Fig. 8 shows the circuit configuration for
characterizing the transmission gate TG1, wherébthies
of PMOS in TGland TG2 areconnected to two different Fig. 9 Power characterization flow.

4.2 Power Characterization of Transmission Gates




5. Experimental Results

A prototype powelcharacterizatiorsystemhas been
implemented in C on &UN SPARCstation 20 with 64
Mbytes of memory. We performed experiments using the
ISCAS'8%henchmark suits. ThREBPE power estimator [1]
is used for evaluatinthe accuracy of our characterization
method. Table 1 reports the ex&RICEsimulation results
and the CBPE estimation results based on our cell

power,anddynamic powerQur estimatiorsystem reports
the power consumption components for eagtie. These
reported information will berery useful for ashort-circuit
power driven or dynamic power driven optimization.

The accuracy of cell-based power analysis depends
not only on the accuracy of power modeling and
characterization but also thaccuracy ofthe switching
activity estimation. In simulation-based approach, the
accuracy of switching activity estimation is strongly

characterization method. The signal probabilities anddependent on what input patteraad how manyinput
transition densities of the primary inputs are assigned to béatterns applied. In the future, thisroblem needs

0.5 for all circuits. Based onthe input characteristics, a

considerable research efforts. In addition, for the

random signal generator generates 1000 patterns with 10n§ansmission gate intensive designs, the model and

clock cycles time for botBPICEandVERILOGsimulators.
The cell libraryused involveghe basic gatesand some
AOI and OAl complex gatesThe columnabeled "Power
CBPE" denotes the power consumption estimated by CBP
In the experimental results, in fact, théERILOG
simulation consumesver 95% ofthe CPUtime in CBPE
Due to the lack of enougmemory spaceand the
tremendous CPUWime consumed, C1980, C3540, and
C6288 can not be finished by SPICE simulation. In
summary, the experimental resukbow that the power
estimation based on our power modeling and
characterization providesvithin 7% error of SPICE
estimation on average while ti&PU time spent is more
than two orders of magnitude less.

Table 2 shows the experimental

results of

transmission gate based circuits. We test our model andfl

power characterization on an 8-bit ripple carry addet a
4-to-1 multiplexer. The estimation result of multiplexer is
not thatgood. The possible reasorare the unidirectional
assumptiorand theneglection of the correlation of control
signals. Some internal nodes in multiplexer may be
charged or discharged in ttapposite directions as we
assume fothe corresponding TG. During these charging
and dischargingour CBPEalways reportshe outpuhode

to be in highimpedance state. For example, @ystem
may report the state value of a node asp{Qznstead of

(011), the real value, from time2 tot. The 3 to 1

transition is recognized as @mpletecharging in our
system; however, ithe real situation, no transitiaccurs.
So, we would get a possible overestimatiomder the
unidirectional assumption of transmission gate.

6. Conclusion and Future Works

In this paper, w@ropose power consumption models
for the complex gatesand the transmissiogates. In
addition, we also present an accuratpower
characterization method for these gates. In our approa
we divide thepower consumption of a celhto three

characterization method are not accurate enough.
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*: can not be finished.

Table 2 Estimation results for TG-based circuits.
Trs. CPU time (sec.)
SPICH CBPE
5389 113.85
703 5.12

EX. Power(uw) Error
SPICE
641.5

61.287

CBPE
575.89
78.347

208
36

10.22%
27.83%

1)
8-bits ripple carry adder
4-to-1 multiplexer

components: capacitive feedthrough power, short-circui
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