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Abstract

In this paper, we present CubicPower which is a
dynamic power estimator based on Verilog/VHDL
simulators. We propose the power characteriza-
tion model and the probablistic contribution mea-
sure(PCM) algorithm to calculate the actual power
consumption of cell instances with given switching
information. In addition to PCM, the state depen-
dency and non-switching activity of gates are taken
into account for more accurate power estimation.
Experimental results of CubicPower show less than
10% error compared with the results of PowerMill
simulation and the measured values of the IMS test
equipment. Due to the PCM algorithm, CubicPower
is more accurate than the leading commercial dy-
namic power estimator at the gate level and is 2-3
orders of magnitude faster than PowerMill.

1 Introduction

Most of the researches about power estimation are focused
on the estimation of switching information[1][2]. However,
how to calculate the power consumption of each cell instance
with pre-characterized power consumption is still question-
able. The accuracy of the estimation result is largely depen-
dent on the power characterization methodology and the
algorithm to calculate the power consumption of instances.

To calculate the power consumption of cell instances, the
power characterization values of each component is fed into
the dynamic power estimator together with the switching
information. However, conventional approaches of dynamic
power estimation lack the accuracy due to the followings.

- Inaccuracy in the power characterization of mul-
tiple output components : If a component has m outputs
(F1,F2, - -+, Fo_1, F) as shown in Fig. 1(a), the power
characterization table for each input transition should be
m + 1 dimensions which have m axes for the output loads
(C1,C2, "+, Cm—1,Cr,) and 1 axis for the input slope, since
the power consumption during the signal transition of an
output is dependent on the load of the rest of the output
pins as well as the input slope. However, generating the
m + 1 dimensional table for each primitive is impractical (if
not impossible). As a result, when multiple output prim-
itives are used in a circuit which is true for most cases in
reality, there are certain amount of source of errors inherent
in the power characterization model. Another problem oc-
curs when there are multiple output transitions caused by a
single input transition.
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Figure 1: An example of multi-output components.

We will call this the transition state overlap problem. In
Fig. 1(b), the outputs ¥ and YN change simultaneously
when the input A 1s switching. If we calculate the power
consumption for each output transition without considering
the transition state overlap problem, the power estimation
results will be too pessimistic.

- Signal path selection problem : Exact estimation
of power consumption requires the information of input pat-
terns that causes output transitions, but the absence of this
information is a source of errors during dynamic power esti-
mation. Actually, we can get this information through the
logic simulation, but in the case of large circuits, generating
a list of all events during logic simulation is impractical be-
cause it can be enormous in size and significantly degrade
the speed of simulation. '

- Non-output switching power consumption: It is
difficult to drive a quantitative value for the input switching
activity which does not generate output transitions from the
given input and output switching information of instances.
Thus, we cannot get accurate power consumption of the
non-output switching case, even if we characterize the power
value of non-output switching.

In this paper, we propose a new characterization method-
ology and the probabilistic contribution measure(PCM) al-
gorithm which improve the accuracy of the dynamic power
estimation. The proposed techniques have been imple-
mented in (a software program)CubicPower. The discrep-
ancy between the results of CubicPower and the measured
values is within 10% whereas that of a commercial tool is
over 20%.

2 Power Characterization Model

The power estimation model of CubicPower consists of
switching power(E,y¢) and non-switching power(Epnon—swt)-
The switching power is the power dissipated by a gate when
its output is switching, and the non-switching power is the
power dissipated by a gate only when its input is switching.
E,.; is characterized for the rise/fall energy for each input-
output arc. In order to characterize the switching energy,
we measure the current at the source voltage node(VDD).
Thus, only E,,: of the rising transition includes the energy
charging the output load.

To manage the multiple output case more effectively, we
separate the energy charged in the output load C,, and the
energy consumed internally by subtracting C,,V DD? from



the rising transition energy.

We also consider the state dependency during the power
characterization. The state dependency means that the
characterization result of the arc from the input ¢ to the
output j is dependent on the state of other inputs. To con-
sider the state dependency during the estimation process, all
states causing different characterization results are classified
using a function of input values before the output transition
occurs.

We next define the switching state and non-switching
state which correspond to characterized energy E,, 59 and

E,,._ swii 0 estimate the total power consumption.

Definition 1 Swiching State

For the j-th output transition caused by the i-th input iran-
sition, we define the switching state S;;j based on the state
of other inputs. Sfcj 18 represented as a Boolean function,
gfj = 221
And Eswtij is defined as the characterized energy of SZ]

S;j , where s;; is the number of switching states.

Definition 2 Non-Swiching State

For a case when no output transition occurs from the i-th
input transition, we define the non-switching state S} based
on the state of other inputs. S. is represented as a Boolean
function, (ggf)’ v1 St, where s; is the number of non-
switching state. And Enon_mt; is defined as a characterized

energy of S}c .

3 Power Calculation Algorithm

We propose the probabilistic contribution measure(PCM)
algorithm to resolve the problem mentioned in Section 1.
The PCM algorithm not only removes the logic simulation
overhead which may be required to identify the event propa-
gation path but also increases the accuracy of the estimation.

In dynamic power estimation, the charged power in the
output load(Poweriyqq), switching power(Power,,,;), non-
switching power(Poweryop,_sy:) are calculated for each in-
stance. The PCM algorithm for each instance is given by

(D-(7)-

Powerinst = Poweripaq + Poweryy,; + Poweryon— sut (1)

The following notations are used in equations.

n : the number of inputs

m : the number of outputs

Sen;; : sensitizing probability from input 1.to output j
P(f) : signal probability of function f

ni(T) : net switching count of ¢ during interval T

C; : load capacitance of j—th output

First, £, .:; and Emn_mt: are calculated by the output
L]

loading capacitance and input slew. Then, the power con-
sumption of instances is calculated with the given transition

density D; [3].
D .
Poweryoq = Z;nzl C;VDD* (2)
Next we define P, :; as in (3). The nominator repre-

k

sents the probability that the output j is switched by the

transition of input ¢ excluding the switching activity of pre-
vious outputs from 1 to j — 1. The denominator represents
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the probability for the sum of states of input i that causes
outputs transition. Thus, the meaning of Pmrmij can be
stated as the contribution factor of the kth state of of jth
output transition on power, excluding the transition overlap
using the switching state function. Then, P orm? E,, +i7 Tep-
resents the internal energy consumed by state k with input ¢
and output j node transition. For example, if S}’ is already

included in the previous output P, ..m#s calculation phase,
k

o 1 g g PPN

Sy is a subset of J1,; S}, thus P (SZ’ Ui sy ) is

zero. Therefore, P, . . is zero which means a switching
k

state S,ij does not contribute to the power consumption any
more. Through the concept of PCM, we can solve the tran-

-sition state overlap problem.

P(s7- )52, s3")
Pnorm;j = P( ;"::: Sl;;j’) (3)

Then PCM;; from input i to output j is defined as in
(4). The summation term represents the effective power
consumption of all states with input i and output j transi-
tion. .

Ll

PCM’U = {Zkzl Pnormij antfj} (4)

Finally, we obtain Power,,: as shown in (5). The term
Sen;; is used for extracting the portion of output j switch-
ing affected by input i among the total transition density

D;. This sensitizing ratio is used to account for the path
selection problem mentioned previously in Section 1.

Senij
n
S er Se'n.__-r_.,-

We must classify the quantity of input switching into the
quantity affects to the switching power and non-switching
power during the power calculation, because the switching
and non-switching states are mutually exclusive as defined
in Section 2. D/ o represents the transition density for an
-th input contributing to the switching power as shown in
(6). Thus, we can calculate the non-switching power of

input 7 accurately.
) ®

Dol = (z;’; 1 D5 (421 Paormy )
Bponsurs | (Di=DEF) (1)

Poweryy: = 31, 357" | PCM;;D; (5)

Senig

£
Z‘,,=1 Sen;:j

Powernon_ syt =

i P si
2'?:1 z;:l s(i k) :
Pi Uk':l Sk’ j

Finally we have solved the problems which are defined as
transition state overlap, path selection and non-switching
problem with the proposed PCM algorithm.

4 Experimental Results

To demonstrate the accuracy of the proposed algorithm, we
compare the result of CubicPower with those of the IMS
tester[4] and PowerMill[5]. Table 1 shows the number of gate
count for these circuits. The switching activity and signal
probability are obtained using Verilog simulation through
the customized programmable logic interface(PLI)[6] for Cu-
bicPower.



Table 1: Sample Design Specification.

[ design name | gate count | operating frq. |

samplel 1574 28Mhz
sample2 16139 10Mhz
sample3 238925 33Mhz
sample4 245998 33Mhz

Table 2: PowerMill vs. CubicPower.

[ Name | current(mA):run time(sec) | speed &
CubicPower | PowerMill | accuracy |
samplel 2.82: 49 | 2.97: 7320 | 183X 5.0%
sample2 6.80: 180 | 7.29 : 19800 | 110X 6.7%
sample3 | 150.07: 7200 | NA: NA - -
sample4 | 177.40 : 8100 | NA: NA - -

Table 2 shows the run time comparison for 4 example cir-
cuits. These examples were run on UltraSparc 1 with 256 MB
of memory. PowerMill could not complete the simulation for
. circuits larger than 200K gates. For smaller examples, Cu-
bicPower is about two orders of magnitude faster than Pow-
erMill while the accuracy is within 7% of PowerMill. The
run time of CubicPower in this table includes the run time
of CubicPower as well as Verilog simulation.

We also compared the result of CubicPower with mea-
sured values of the IMS test equipment and results of a
leading commercial dynamic power estimator, as shown in
Table 3. The average power values consumed by sample3
and sample4 circuit are obtained using the IMS tester for
various input vectors. The length of these input vectors
range from 40k to 80k patterns. We run CubicPower and
ToolA which is commonly used commercial dynamic power
estimator, for same circuits using the same input vectors.
Table 3 shows the % error of CubicPower and a commonly
used leading industry dynamic power estimator compared
to the measured values using the IMS tester.. The average
error of CubicPower is 6% while that of the commercial tool
is 15%. We did the same experiment on the circuit sample4
as shown in Table 4. In this case, CubicPower is also more
accurate than the commercial tool.

Table 3: sample3 Comparison Table.

Test IMS CubicPower | TOOlA CubicPower ToolA
Vector (mA) (mA) (mA) (err %) (err %)
vectorl 147 150.7 172.8 2.5 17.6
vector2 140 152.4 163.4 8.9 16.7
vector3 149 155.3 164.2 4.2 10.2
vectord 150 159.4 181.8 6.3 21.2
vectorh 159 165.2 172.9 3.9 8.7
vector 147 162.2 171.2 10.3 16.5
vector?7 160 165.4 175.4 3.4 9.6 |

mcrage “ I l H 5.6 l 14. GJ
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Table 4: sample4 Comparison Table.

Test IMS CubicPower | L0OOlA CubicPower | ToolA
Vector (mA) (mA) (mA) (err %) (err %)
vectorl 175 177.4 197.5 1.4 12.9
vector2 190 189.4 193.4 -0.3 1.8
vector3 150 155.7 165.6 3.8 10.4
vectord 160 173.9 183.6 8.7 14.7
vectorb 170 170.8 182.3 0.5 7.2
vector6 165 169.4 175.6 2.7 6.4
vector? 145 150.1 157.1 3.5 8.3

{Average H ! l ” 2.9 | 8.8 ]

5 Conclusions

We described the new power estimation algorithm used in
CubicPower. For more accurate dynamic power estimation,
we proposed a probabilistic method called probabilistic con-
tribution measure(PCM) which overcomes the limitation of
conventional method, such as the transition state overlap
problem, path selection problem and non- -switching power
calculation. Experimental results of CubicPower show less
than 10% error compared to the measured values of the
IMS test equipment, and also show 7% error with the re-
sults of PowerMill simulation. Due to the PCM algorithm,
CubicPower is more accurate than the leading commercial
dynamic power estimator at the gate level and is 2-3 orders
of magnitude faster than PowerMill.

CubicPower is a component of CubicWare[7] which is com-
posed of the floorplanner, delay calculator and power esti-
mator. The result of CubicPower can be interfaced with the
IR drop analysis called RailAdvisor[8].
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