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Abstract— Traditionally,
techniques are characterizing a component for a fixed
environment (most importantly load capacitance, ac-

RTL power estimation

tivity, and operating frequency). This article presents
a solution to problems originating from the ineluctably
changing operating conditions such as differing load
capacitance due to different applications; different ac-
tivity and operating frequency as power reduction
techniques are more frequently employed.

I. INTRODUCTION

Power macro models being developed so far are first
characterized using power simulation data from a gate-
level simulator. The macro model is then used during
actual estimation and power values form the output of
these macro models. The only data that is fed to these
macro models are the input vectors which in effect assume
that the component environment is the same during esti-
mation as it was during characterization.

Since gate-level simulation is used as a basis for build-
ing the power macro models, no deep submicron (DSM)
phenomena are visible to the power macromodels. For
DSM processes (approximately spanning from the 0.25
um technology node) subthreshold leakage has become
important. Going beyond 0.10 pm, gate leakage will
start to become a problem. All of the leakage power con-
sumption mechanisms, which have appeared as we have
moved into the DSM regime, force us to change the RTL
power estimation paradigm; this article will propose such
a paradigm shift and analyze the effects which have forced
this paradigm shift into existence.

II. TRADITIONAL POWER-ESTIMATION
METHODOLOGIES

An obvious way to express the power consumption
would be to use an equation such as Eq. 1
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vn denotes an event, e.g. a transition, and [3,, denotes
the corresponding cost for that particular event.

In [1], Gupta and Najm presented a efficient power
macro model based on a 3D table. Variables that could be
a part of the equation based model are here the different
dimensions of the table.

Three independent variables were shown to be the most
prominent in predicting the power consumption of a com-
ponent: average input signal probability (P;,), average
input transition density (D), and average output sig-
nal density (D). The table then provides the power
estimation mapping Piot = f (Pin, Din, Dout)-

Three years after the publication of [1], another article,
[2], was published by Gupta and Najm extending the 3D
model to incorporate yet another independent variable
constituting a fourth dimension. That variable is spatial
correlation, SCj, which is the average of all SC;; which
is defined SC;; = P (in; A in;).

III. IMPACT OF ENVIRONMENT VARIATIONS FROM
CHARACTERIZATION TO ESTIMATION

A common trait for all of the power estimation method-
ologies described in Sec. II is the assumption that the
same conditions are valid from characterization to actual
estimation. This article focuses on two conditions where
this assumption is likely to not hold true.

A. Load Capacitance

There are two scenarios, both of them very likely to oc-
cur during typical digital system design, in which the load
capacitance of a component is different during estimation
as compared to characterization. 1) The component is
driving a non-negligible interconnect. 2) The component
is driving a number of other types of components. The
impact of change in dynamic power consumption is easy
to compensate for. There is however a second effect to
changing the load capacitance between characterization
and estimation, the short-circuit power consumption will
change. This was investigated in [3].

Nose and Sakurai did publish predictions on the scaling
of short-circuit power consumption in [4]. The conclusion
was that since short-circuit power scales as Ps. o< Vi./ V4,
the short-circuit power consumption will decrease as the
threshold voltage does not scale as aggressively as does
the supply voltage.
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Fig. 1. The short-circuit power consumption plotted as a function
of the load capacitance.
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Although the short-circuit power consumption is ex-
pected to decrease, there are however components in
which it is prominent. A buffer array is one such example
which is found in great abundance throughout most de-
signs; driving feedback buses in ALUs, long interconnects,
etc. Fig. 1 illustrates the influence the load capacitance
has on the short-circuit power consumption.

B. Activity and Switching Frequency

Changes in switching frequency (fs.) can be the re-
sult of a change in operating frequency (f) or activity
(«). Typically, the power consumption of a component is
characterized close to the maximum frequency. Most com-
ponents will however run at considerably lower frequency
to minimize power consumption. This has become even
more true with modern power reduction schemes such as
gating and dynamic operating frequency control.

Looking at a data sheet for a standard cell library the
power consumption is typically given as uW/MHz which
is logical considering that Py, = fCV2. This assumes
that Pror ~ den X fsw, where den = Pgw + Pse. This
assumption held true quite well until recently; but, with
the emergence of deep submicron processes, care has to
be taken so that the leakage power is included, Py =
Payn + Prear Wwhere Pgyp o< f and Pieqr can be considered
to be independent of f. The puW/MHz approach would
give zero power consumption for a component in sleep
mode which is not the case in reality. The methodology
proposed in Sec. I'V utilizes the information available from
Piot = Payn + Piear, making sure that the leakage power
consumption is taken into account.

Subthreshold leakage is growing exponentially with re-
duced threshold voltage and is hence a big problem both
in terms of power consumption and circuit robustness.
With the emerging sub-100 nm technology nodes, gate

leakage has grown to become an important leakage power
consumption mechanism. The severity of the gate leakage
stems from the fact that it scales exponentially with de-
creasing gate oxide thickness. That subthreshold leakage
has become and will continue to be important has been
known for some time; in [5] the gate leakage is shown to be
comparable to the subthreshold leakage. These leakages
will add up to severe problems[6] and for the sub-100 nm
technologies, leakage power consumption is expected to
overtake the switched power consumption as the major
power consumption component.

IV. PROPOSED POWER-ESTIMATION METHODOLOGY

As shown in the analysis in Sec. III, there is a need
to move from a power-estimation methodology where the
power is modeled as P;,; to one where power is modeled
as Psw +Psc +Piear- All of these three power components
show a dependence on the input vector set. The reason
for considering them separately is that they are all in-
fluenced by changing component environment in different
ways such that Ptot (f7 CL) = Psw(f) +,Psc(f7 CL) +Pleak-

By separating the different components of power con-
sumption according to their underlying mechanisms, we
have achieved a model which is valid although the com-
ponent environment might differ from that used during
characterization. The first steps towards this separation
of power sources were presented in [3] for short-circuit
power and in [7] for the leakage power macro model.

Fig. 2 shows the power estimates using traditional and
proposed methodologies where the proposed methodology
will correctly estimate the power consumption over the
entire C';—f-surface; the error of the traditional approach
is also plotted. If the load capacitance C7, is fixed, a
linear scaling of Py, can be observed which is anticipated
as Payn = fCV2. If the frequency f is fixed, the curved
surface gives a Py which is identically shaped as the
curve in Fig. 1.

A. Characterization and Estimation Flows

Going to a macro model consisting of several separated
power macro models (Pgy, Pse, etc) causes the complex-
ity of the total power estimation methodology to increase.
This is however inevitable in order to achieve a method
which can take into account changes between characteri-
zation and estimation.

The first step of characterization is choosing a simu-
lator which actually simulates the different mechanisms
discussed in the analysis section: short-circuit, subthresh-
old leakage, and gate leakage. A contributing factor as to
why the short-circuit and leakage problems have not been
addressed earlier is that gate simulators have been used
for power characterization. These gate simulators do not
include the DSM phenomena which are the reason for the
discrepancies which this article remedies.
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Fig. 2. Power consumption plotted at the top as a function of
node switching frequency, fs.w, and load capacitance, Cr,. The
lower plots the error of the traditional approach. The traditional
characterization is done where the plot is marked ’¢’.

How the actual characterization is to be performed is
then depending on which power macro models are cho-
sen for the different power components. Our proposed
methodology does however require extra characterization
steps as a sensitivity analysis is needed for the variables
Cr,te and f. For the load capacitance Cp,, only three
different load capacitances have to be simulated in or-
der to fit the model parameters. For the edge rate t.
only two edge rates need be simulated. For the leak-
age, a straightforward traditional characterization can
be performed with the relaxation that it is input vec-
tor dependent O(2"), not transition dependent O(2%").
Frequency dependence is in accordance with linear scal-
ing for dynamic power consumption and independent for
the static power consumption. Power estimation is then
performed by applying the function Piu(in, f,te, Cr) =
Psw (Znu f) + Psc(inu f7 teu CL) + Pleaksub(in) + Pgate (ZTL)

B. Switched Power Macro Model, P, (f)

The switched power consumption is a transient event
that occurs every time the input vector changes and is
hence depending on the activity and operating frequency.
Since it is depending on which input vectors are applied

before and after the transition, the complexity for the
model is 22" where n is the number of inputs.

Fortunately, the traditional power macro models were
developed under the assumption that Py ~ Psy. These
power macro models are reported to have good accuracy
wherefore e.g. the Gupta-Najm 4D model can be used for
switched power modeling with good results.

C. Short-Circuit Power Macro Model, Ps.(f,te, CL)

Like the switched power, the short-circuit power is a
transient event and is hence depending on both currently
and previously applied input vector causing a model com-
plexity of O(22").

Compared to switched power, short-circuit power has
two additional dependent variables: t. and Cp. t. is the
edge rate of the input signals which causes short-circuit
power consumption in gates at the input of the compo-
nent. C7, is the load capacitance at the outputs of the gate
which modulates the short-circuit power consumption in
the boundary gates at the outputs of the component.

K

Psc,out = Pscoﬁ_’_—c«y (2)
L

where all parameters can be characterized by simulating
three different load capacitances.

te —t
Psc,in = Lscg (1 + e,@t eo) (3)
€o

where ., is the edge rate used during characterization
and ( is a fitted parameter which roughly corresponds to
the ratio of total power to short-circuit power consump-
tion in the input boundary gates.

D. Leakage Power Macro Model, Pieqk

Contrary to both switched and short-circuit power, sub-
threshold leakage power is not dependent upon the fre-
quency at which the input vectors are changing; it is only
dependent upon the currently applied input vector. This
fact greatly reduces the complexity of the model to 2™.

Since the leakage power consumption model simply
needs to map an input vector on a power consumption
value, any of the traditional power models for switched
power consumption can be applied with good results.

V. RESULTS

To evaluate the proposed methodology, a number
of components were characterized using the proposed
methodology. The components were simulated over a
number of input vectors in the same manner as for the
traditional methodology. From this data, leakage figures



12 ¢

Simulate(’iﬂr,,x—“”/{

Proposed

0.4
Traditional
02t~ .

Normalized power, P

0 02 04 06 08 1 1.2
Normalized frequency, f

Fig. 3. The figure shows power estimation when the node
switching frequency changes from characterization to estimation.
Traditional methodology (dotted), proposed methodology
(dashed), and simulated (solid) results are plotted.
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Fig. 4. The estimated (dotted) and simulated (solid) short-circuit
power. The error (dashed) is plotted against the right axis.

were extracted which allowed characterization of the leak-
age power model. In addition, a smaller number of in-
put vectors were simulated over a number of load capaci-
tances. The results of the proposed model were then com-
pared to those achieved from a traditional methodology.
No gate leakage has been modeled since available process
parameters are only BSIM3v3. An exhaustive table was
used to evaluate the proposed methodology so as not to
bias the result with the errors of any given method.

Fig. 3 shows the error due to changing switch-
ing frequency between characterization and evalua-
tion/estimation. Fig. 4 shows the result of the short-
circuit model as it depends on the load capacitance. The
estimated short-circuit is within 1% of the simulated one.

As shown in Table I, for some components, such as the
buffer array, changing the load capacitance from char-

TABLE I
ACCURACY FOR A BUFFER ARRAY AND AN ARITHMETIC COMPONENT.

Component Short-Circuit Leakage
34%
29%

Buffer array 17%
Adder 4%

acterization to evaluation or estimation will significantly
affect the accuracy. For other components, such as arith-
metic components, which have a large logic depth, a
changing load capacitance will not significantly influence
the overall accuracy while a changing operating frequency
or activity will seriously degrade the accuracy.

There is a cost associated with the increased accuracy;
that cost is increased complexity for both characteriza-
tion and estimation. The actual increase in complexity is
depending on the power macro models chosen.

VI. SUMMARY AND CONCLUSIONS

In this article, an analysis was done regarding the im-
plications of changing component environment (load ca-
pacitance and node switching frequency). Very large er-
rors are introduced if load capacitance and node switching
frequency are not taken into account during power esti-
mation. If a power reduction scheme reduces the system
frequency to a very low frequency, the error will be the
entire leakage power consumption; in sub-100 nm technol-
ogy nodes and beyond, the active leakage is even greater
than the active switched power consumption. A method-
ology was also presented for a power characterization and
estimation flow which takes these changes into account.
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