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Abstract—As IC technology advances, leakage current induced
static power has become the major obstacle for chip to achieve
high performance. Fast estimation of full-chip static power is
difficult because static power depends nonlinearly on tempera-
ture. In this paper, we propose a new fast full-chip static power
estimation method. The new method uses Taylor expansion based
approximation to linearize the nonlinear leakage-temperature
dependency locally. A new linear thermal model is formulated
based on the local linearization for easy full-chip transient
simulation of temperature and static power. Experiments show
that the new method achieved up to 10× speedup against
traditional iteration based method with high estimation accuracy.

I. INTRODUCTION

At the early years of IC technology advancing, Dennard

scaling is the key to the success of Moore’s law [1], which

states that power density of the chip stays constant as transistor

size scales because current and voltage scale along with

transistor size. However, Dennard scaling has broken down

since around the year of 2006 with increased power density.

The major reason behind this is the static power issue caused

by leakage: leakage does not scale with transistor size and its

resulting static power becomes significant in the nanometer

technology years. What is even worse is that leakage is highly

dependent on temperature, so the static power will cause the

chip to heat up and further increase static power itself. As

a result, static power is one of the most important limiting

factors of chip performance today.

Estimating static power is especially important for dynamic

thermal management (DTM), which makes power adjustment

decisions in order to enhance chip performance under thermal

constraint. While dynamic power distribution can be easily

estimated by performance counter based methods, estimating

static power at runtime is challenging, because leakage’s

complex dependence on temperature makes the static power-

temperature relation nonlinear. Iterative methods are proposed

to handle such nonlinearity. Although these methods are con-

sidered to be accurate, they perform temperature calculation
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using thermal model multiple times in the iteration, which

makes them slow, especially when full-chip power estimation

is needed.

In this paper, we propose a fast full-chip static power

estimation method. The new method employs thermal sensor

assisted Taylor expansion technology to handle the nonlinear-

ity problem without iteration. Through testing on multi-core

chip, the new method has similar accuracy against the standard

iteration based method.

II. BACKGROUND

A. Static power basics

Power of chip p is composed of dynamic power pd and static

power ps. Static power ps, caused by leakage current Ileak as

ps = VddIleak and is independent of the activity of the chip, is

hard to be estimated. This is because the subthreshold current

Isub, which is the main component of leakage current, has a

complex relation with temperature, modeled in BSIM 4 model

[2] as (also apply VDS ≫ vT [3])

Isub = KvT
2e

VGS−Vth
ηvT (1− e

−VDS
vT ) ≈ KvT

2e
VGS−Vth

ηvT , (1)

where vT =
kTp

q
is the thermal voltage and Tp is a scalar

representing temperature at one place, K and η are process

related parameters, and Vth is the threshold voltage.

From (1), it is easy to see that the static power distribution

depends mainly on the distribution of temperature of the chip.

Since temperature also depends on power, in order to view the

whole picture, thermal model is used to describe temperature’s

dependency on power as shown next.

B. Thermal model: from power to temperature

Thermal model of the chip is used to calculate full-chip

temperature by providing power distribution information, and

it is usually formed as the following equations as

GT (t) + C
dT (t)

dt
= BcP (T, t),

Y (t) = LT (t),
(2)

where T (t) ∈ R
n is the temperature vector (distinguished

from Tp, a scalar representing temperature at only one place),

representing temperatures at n places (called thermal nodes)

of the chip and package; G ∈ R
n×n and C ∈ R

n×n contain
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equivalent thermal resistance and capacitance information re-

spectively; Bc ∈ R
n×l stores the information of how powers

are injected into the thermal nodes; P (T, t) ∈ R
l is the power

vector, which contains power consumptions of l components

on chip, including dynamic power Ps and static power Pd,

i.e., P (T, t) = Ps(T, t) + Pd(t), reminding that static power

Ps(T, t) is actually a function of temperature T ; Y (t) ∈ R
m

is the output temperature vector, containing only temperatures

of thermal nodes that is interested by the user, for example,

thermal nodes on the chip only (excluding package thermal

nodes); L ∈ R
m×n is the corresponding selecting matrix.

In order to calculate transient temperature (static power)

using (2), we can discretize it, for example using backward

Eular’s method with time step h as

(
C

h
+G)T (t+h) =

C

h
T (t)+Bc(Pd(t+h)+Ps(T, t+h)), (3)

so T (t+ h) and Ps(T, t+ h) need to be calculated provided

T (t) at the previous time point is calculated.

C. Iteration based static power estimation

Because static power depends on temperature, (3) is a

nonlinear equation, and as a result, T (t + h) cannot be

calculated directly. Traditionally, iterative method is used to

solve such equation. First, based on the process technology

used, an initial guess of Ps(T, t+h), P 0

s (T, t+h), is provided,

and temperature T (t + h)0 is calculated using (3) with such

initial guess. Then, the static power is updated as P 1

s (T, t+h)
using (1) with T (t + h)0, and the iteration goes on until

‖P i−1

s (T, t+h)−P i
s(T, t+h)‖ < ǫ, where ǫ is the tolerance.

The major problem of the iteration based method is the

computing time. For full-chip static power estimation, system

in (3) is large, and solving (3) many times at each time step

makes the simulation time to be long.

III. FAST FULL-CHIP STATIC POWER ESTIMATION

In this work, we propose a novel non-iteration based fast

full-chip static power estimation method, which resolves the

long computing time problem of the iteration based method.

A. Local linearization of subthreshold current

Since the major difficulty of calculating static power comes

from the nonlinearity relation of subthreshold current with

temperature, as shown in (1), the basic idea of the new method

is to linearize (1) locally to avoid iteration. Specifically, we

perform Taylor expansion of (1) at the temperature point Tp0
,

and ignore the terms with order higher than two, resulting in

the linearized Isub, denoted as Ilin:

Ilin =K(
k

q
)2e

q(VGS−Vth)

ηkTp0

× (Tp0

2 + (2Tp0
−

q(VGS − Vth)

ηk
)(Tp − Tp0

)).

(4)

It is obvious that Ilin is a linear function of Tp, and it is

an approximation of Isub. The approximation is good when

Tp is close to Tp0
. From previous research, it has been

shown that such approximation has high accuracy for common

temperature ranges of chip (from 55◦C to 85◦C) [3], [4].

B. Formulating the linear thermal model with static power

Since we have already linearized the relation of subthresh-

old voltage and temperature, we can rewrite the power and

temperature relation in a linear form. In order to do that, we

need to integrate (4) into (2). Please note that (4) is in scalar

form but (2) is in vector/matrix form. So we first rewrite (4)

in vector/matrix form by collecting and accumulating scalars

Ilin and Tp at multiple positions of the chip into vectors, then

change the current variables to powers by multiplying voltage

Vdd. Rewriting from (4), the resulting linearized static power

representation in vector/matrix form is

Ps = P0 +AsT, (5)

where P0 ∈ R
l is a known vector, with each element formed

by terms not associated with Tp in (4) at each position of the

chip. As ∈ R
l×n is a known rectangular diagonal matrix (the

left l × l block matrix is diagonal representing the chip, and

the right l × (n − l) block matrix is all zeros representing

the package), with each diagonal element formed by the

coefficient associated with Tp in (4) at each position of the

chip.

Integrating (5) into (2), we have

(G−BcAs)T (t) + C
dT (t)

dt
= Bc(Pd(t) + P0). (6)

It is obvious that we have successfully obtained a linear

thermal model considering static power and eliminated the

nonlinear relation of static power and temperature. Now,

transient simulation of (6) is as straightforward as in (3) by

viewing “G−BcAs” as the new “G” matrix, and Pd(t) +P0

as the new “P (T, t)” vector.

C. Selecting the proper Taylor expansion point

Since both P0 and As are formed by the Taylor expansion

point Tp0
, we now discuss how to determine Tp0

. It is

well known that as a property of Taylor expansion, linear

approximation (4) (also the equivalent (5) and (6)) is accurate

if the nonlinearity around the expansion point Tp0
is weak and

the actual temperature Tp (or T in vector form) is close enough

to Tp0
. As a result, in order to ensure the approximation

accuracy, we want the expansion point Tp0
to be close to the

actual Tp.

However, if we update Tp0
every time Tp changes, the

computing cost will rise (but still much faster than iteration

based method as shown in the experiments). This is because

transient simulation of the linear thermal model needs the LU

factorization of (G − BcAs). Since matrix As depends on

the Taylor expansion point Tp0
, LU factorization has to be

re-performed if Taylor expansion point changes.

In order to balance the accuracy and computing cost, we

divide the common chip temperature range into multiple

regions, with each region length determined by the strength of

the nonlinearity in that region. One expansion point is assigned

to each region at the middle point. If Tp is inside the ith region,

then the corresponding expansion point is used as Tp0
. This

means if current Tp is in the same region as the previous one,
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Fig. 1. Leakage of a TSMC 65 nm process MOSFET from HSPICE and
it’s curve fitting using (1).

then there is no need to re-perform the LU decomposition. Of

course, Tp is an unknown variable, so its value is estimated

by the thermal sensor reading from the sensor near the Tp

position.

IV. EXPERIMENTAL RESULTS

First, we use TSMC 65 nm process model to characterize

the impact of temperature on device leakage through HSPICE

simulation. Using the simulation data, we obtain the parame-

ters of model (1) through curve fitting with results shown in

Fig. 1. Then, we combine the leakage model (1) with thermal

model (2) extracted from HotSpot for transient thermal/power

analysis with SPEC bechmarks [5]. The simulation time step

h is chosen to be 0.01s. The chip tested has dimension of

10mm×10mm with 16 cores, and there is one thermal sensor

placed on each core. We also partition each core into 5 × 5
thermal blocks for fine-grained analysis.

Table I shows the accuracy of estimated static power and

temperature using the proposed method compared with those

using the traditional iteration method. Since accuracy and

computing time differ with how temperature regions are pre-

determined for Taylor expansion points, we test the lower and

the upper bounds by using two extreme case for temperature

regions: one is to use infinite number of temperature regions

(LU decomposition is updated for each time point, best

accuracy, but worst computing time), another is by using only

one region (one LU decomposition for all time points, worst

accuracy, best computing time) for all temperatures. What is

more, in order to consider the impact of the error caused by

thermal sensors, two kinds of sensor noise are tested: one has

standard normal distribution N(0, 1), which models unbiased

sensor measurements (marked as “Normal” in Table I), another

one has distribution N(10, 0), which models the biased sensor

measurement (marked as “Worst” in Table I). From the table,

it is clear that even for the slowest case (region # as ∞), the

new method achieved 3.4× speedup with excellent accuracy.

While for the fastest case (region # as 1), our new method

is 10.4× faster still with reasonable accuracy. In addition, the

new method keeps a high accuracy while a seriously biased

sensor measurement (as in “Worst”) is used.

The full-chip static power density map snapshot taken from

one transient time point is given in Fig. 2. We take the

TABLE I
ACCURACY AND SPEED COMPARISON. “ITE” MEANS ITERATION METHOD,

AND “NEW” MEANS THE PROPOSED METHOD. TIME IS REPORTED FOR

COMPUTING EVERY 100 TIME STEPS.

Temp Err Power Err Time

Speedup
(◦C) (%) (s)

Region Worst Normal Worst Normal
Ite New

# Max Avg Max Avg Max Avg Max Avg

∞ 0.98 0.66 0.22 0.01 2.92 2.20 0.26 0.04
2.18

0.65 3.4×
1 1.34 0.91 1.34 0.91 3.91 3.20 3.91 3.20 0.21 10.4×

results from the traditional iteration-based method (shown in

Fig. 2(a)) as standard, and plot the error map of the new

method in Fig. 2(b). It is clear that static power estimation

by the new method is accurate all across the chip.
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(a) Static power density map
calculated by the iteration
method, which serves as
golden reference.
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(b) Static power density error
of the proposed method.

Fig. 2. Comparison of static power density map given by two methods.

V. CONCLUSION

In this paper, we have demonstrated the new fast full-chip

static power estimation method. The new method uses Taylor

expansion based local linearization technology to avoid the

time consuming iterations. A new linear thermal model is also

formulated for easy transient simulation of temperature and

static power. We have tested the new method on multi-core

chip with SPEC benchmarks, and the results show that the new

method is up to 10× faster than traditional iterative method

with high accuracy.
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