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Abstract
We present in this paper an alternative for the internal
(short-circuit and overshoot) power dissipation estimation
of CMOS structures. Using a first order macro-modelling,
we consider submicronic additionnal effects such as:
input slew dependency of short-circuit currents and input-
to-output coupling. Considering an  equivalent
capacitance concept we directly compare the different
power components. Validations are presented by
comparing simulated values (HSPICE level 6, foundry
model 0.7um) to calculated ones. Application to buffer
design enlightens the importance of the internal power

component and clearly shows that common sizing
alternatives for powerand delay minimization can be
considered.

|- Introduction

Usual trade-offs for low power design interchange speed
with power by reducing the average active capacitance
necessary to propagate signals. However carefull study of
power dissipation in CMOS structures gives evidence of
the importance of internal components which can have
higher contributions than the external capacitive one.

In order for designers to effectively reduce power
dissipation, an analytical but accurate power dissipation
model, considering the complete contribution of power
components, is heeded. This model must be design oriented
to alow the estimation of power consumption for
evaluating power induced design alternatives or identifying
the specific parts that need to be optimized for low power.
Usually three terms of power are distinguished in CMOS
integrated circuits.

. A dynamic component due to charge and discharge
of the different capacitances involved in the design:

P¢=nfVdd2C| , where C|includes active diffusion and

interconnect capacitances.

. An internal component usually caled the short-
circuit component, that appears when both N and P blocks
are conducting resulting in a direct path from supply to
ground.

. A static component due to leakage currents usually
neglected aslong as Vg > Vint|Vipl-

First term is dominant and ismostly addressed by all
authors when considering design techniques for low power
[1,2,3]. Internal transistor power dissipation can also
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significantly contributes to the overall dynamic dissipation
in certain design conditions as it has been shown by some
authorg[4,5]. If the purely capacitive dynamic component
can easily be estimated, the internal one meets difficulties
for an accurate evaluation in the sense that it strongly
depends on the gate design [4]. Many techniques have been
proposed to estimate this component using simulation
[11,12] as well as closed form models [4,5,6,9,10 ] that
accuracy depends on the conddered design parameters and
control signals. With the evolution of the submicronic
range, it appears further impossible to use simple Shockley
MOS models to reproduce the voltage-current
characteristics of recent short-channel MOSFET’s. Since
CMOS circuits do not dissipate power if they are not
switching, the goal of this paper will be to study the
different internal dissipation sources due  to input
transitions depending on the design parameters. Section |l
relates the general switching problem of CMOS structures
and describes the considered operating regions that will be
used to derive closed form short-circuit and overshoot
power macro-models. In section 111 we introduce our power
dissipation macro-modelling and we present the different
calculation steps. The main validations about the accurecy
of the proposed model are then described and discussed in
section V. In section V we apply these results for
optimizing circuit design. Finaly in section VI we draw a
conclusion.

I1- Problem description

The general inverter behavior for an output high-to-low
transition is given in figure 1 (HSPICE simulation
waveforms) for both voltages and currents during the
switching step. Switching operations in CMOS correspond
to a typica charge transfer control which complete
treatment constitutes a very complex task to be
analyzed[14]. Currents in 1.b correspond to the different
input slope durations conddered in l.a In that
configuration the P-Channel device is the short-circuiting
transistor while the N-Channel device is the discharging
one (for an output low-to-high transition the PMOS
becomes the charging transistor and the NMOS the short-
circuiting one).

As can be observed, when the input slopeduration
increases the N-transistorcurrent decreases and the short-
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circuit current (Ip) increases. This trend which becomes
very important for slow input slew results in an effective
decrease of the average current available in the cell to
unload the output. When considering now the |eft hand sde
curveson l.a& 1.b, it can be observed that in the case of
fast input transition times the P transistor current is first
negative while the output voltage is greater than VVdd.

V)
55
50 F
4,5 ay
40 F & 7
3.5 ¢ 2
gg - s Vin(t)
2.0 F
1,5 H Yout(t)
1o f Ve
0o B N
0 2 4 6
3 - "1| IN
-
o b
2””‘\/\\,\ )
Y /?’4{4\)\/ A Ip
L F v A7 j
; P ‘/\
0 X 1 L 1 L
0 2 4 tns 6 I

Figure 1: Input/output voltage (1.8) and current (1.b)
waveforms of a symmetrical inverter (k:WpIWn:l) loaded by
a capacitance Cload=10Cn=147.2fF, for different input slope
durations ranging from 1, ;=2ty g to T,,=16ty 5 (tq g is the

step response for the considered load ).

This phenomenon corresponds to the overshoot produced
by adirect transmission to the output of the input variation
through the input-to-output coupling capacitance of the
switching device. Figure 2 shows the different operating
regions and inverter operating process to be consdered in
each region. In order to clarify the following discussion,
the timing parameters are defined below:

- tvtn: Y(vdd-OvipD) ae the time spent by the
input slope to turn ON or OFF the N and P transistors
respectively,

- toy is the time necessary to evacuate the extra
output voltage due to the input-to-output coupling.

For each one of the considered region will be associated a
power dissipation component as follows: the usua short-
circuit consdered component (internal dissipation term)

will simply be split into 2 terms depending on the
operating region.
. Region I: Although from ty/¢ both the NMOS

and PMOS transistors are simultaneously conducting, no

direct short-circuit current is flowing from supply to

ground due tothe reversed linear operating mode of the

PMOS: thisis the usua starting point for the short-circuit

operating region that we now define as the overshoot
operating region ending at tg,,.

. Region lI: at ty, the PMOS recovers the direct

linear operating mode while the NMOS is still saturated

and a direct path occurs between the supply rails resulting
in a direct short-circuit current: this is the so caled short-

circuit operating region

. Region lll: at t(y/gg-v/tp) the PMOS turns off and

the only output load discharge occurs through the NMOS.

From those considerations 3 terms of dynamic power
dissipation have to be discussed: a purely overshoot one:
Poy relative to region |, a purely short-circuit one: Pge

relative to region Il and apurely capacitive one: Pg|

relativeto regions |1 and 111. Components associated to Pov
and Psc are referred hereafter as internal power dissipation
components.
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Figure 2: Illustration of the different operating regions for
the output voltage and current evolution of a CMOS inverter
with an interna configuration ratio k=3 loaded by
Cl=2Cin=8Cn=117.76fF (the configuration ratio and load
values have been chosen to exhaust the coupling and short-
circuit current effects of region | and Il respectively).

[11-Definition of a macro-model for the
internal power component

As previously discussed, internal power appears as the
second significant component to be taken into account
when evaluating power in CMOS ICs. In order to compare
the different power components in terms of desgn
conditions, it appears necessary to define an equivalent
parameter allowing a direct investigation of the different
design or mapping alternatives on the power dissipated in a



circuit. It has been previously shown [15] that alternatives
for speed improvement on a circuit could be easily defined
by evaluating each node in terms of load to drive
capacitance ratio values (fanout factors). In the same way
the comparison of power contributions could be easily
obtained at circuit or design level if we were able to define
for each power component an equivalent capacitance.

The macro-model used in our approach is based on the
equivalent short-circuit and overshoot capacitance concept
that allows us to write the internal power term in a similar
way than the capacitive one through the capacitances Csc

and Cov as: PscquddZCsc and Pov=r]dedZCov [7].
With this definition it is then easy to compare the different
power components in terms of capacitances such as:

OC, +Cg +C U

2 CRSECF 3 ECREF V3o [1]

Where Cref is a reference capacitance used as a

measurement unit for load, drive, delay and power.
Equivalent capacitance concept:

The different capacitance components are obtained from the

mean accumulated charge calculation during the time

intervals specified on figure 2 for the overshoot and short-

circuit regions from:

1 tend
C = | (t)dt 2
ov,SC VDD J—tbE in ( ) [ ]

where I(t) corresponds, for example, to the current in the N
and P transistors during the overshoot and short circuit
regions, respectively, for an output falling edge.

In order to get quite simple expressions for both equivalent
overshoot and short-circuit capacitances in terms of design
parameters, the following simplifying assumptions have
been considered:

- the waveshape of the short circuit
current is consdered symmetrical with respect to its
maximum value [4],

- the slope of the input and output
voltage variations are defined through the step responses of
the different structures[13].

Using the same concept of dday macromodel, this step
response is completely defined by the delay obtained when
discharging the output load with the maximum available
current. Taking account of the linear variation of saturated
currents for submicronic processes (IN=KNWN(VGS-Vin ),
the step response can be easily calculated as:

Cy (i) - Cy.(i) 3]

2Ky W (Voo = Vin) 2K Wy (Voo =1 Vip )

where Vpp, Vin, C|_ and W\ have the usual signification

of supply, threshold voltage, output load capacitance ad
transistor width respectively. Ky (Kp) is the drivability
factor of the saturated transistor evaluated by transistor
width unit, Kj=Cox.vg, where Cox denotes the gate oxide
capacitance and vsisthe effective carrier speed limit of the
process. The 1 concept previously developed for micronic

processes is still valid [13] and the step response for a
general load can be given in terms of capacitanceratio as:

P=(Co+Cec +C )VEp P=

this = tLhs

C ()
2Cy (i
v tips(i) = Tsr

t i)=r1

HLS( ) ST RD CL (I) [4]
2Cp (i)

where R* represents the equalent ratio of current

possibilities between N and P transistors.

Considering now the step responses, the input slope

duration Tj(i) applied to the inverter (i) is easily defined

from:

] t O
Vin () = Vpp Hl‘ . B
INHL

V
Vin (1) = =221,
TINLH

TineH = 2tps(i—1)

[5]

TinHL = 2this(i - 1)

for rising and falling input controlling ramps respectively.
After some tedious but not complicated calculations, the
evaluation of eg.2 suppliesthe different expressions for the
internal equivalent capacitances such as:

_ KNWNTINLH OtouH f
Covy = 2 G~ Win (6]
OTINLH U
» H Aty (1) 2tHl_s(i)H u
Coiy = KpWoTinH 1‘th) - 8
O T o .
0 A o g
: 2, (i) 5
3 TINLH ta (1) O
B= -2V, + H BV | —
%E Vip Vs@ ( th) 4tHL(i) ZIHLS(i)E

with equivalent expressions for falling input ramps.
Here Ky (Kp) isthe drivability factor corresponding to the
transistor saturated operating mode, tH is the red

propagation delay defined by the time interval between
input and output voltage values at half supply voltage.

Equations (6) directly illustrate the influence of the design
and topological parameters on the overshoot and short-
circuit power components respectively. As shown Cov is
strongly input slope dependent, and Csc depends on the
short-circuiting transistor sizes, the input slew and also on
the ratio Tj/ty_j which is a good indicator of the load to

driverétio.
V- Experimental results and discussion

The validations peformed here concentrate on
demonstrating the accuracy of the proposed macromodelling
over a wide range of inverter configurations. Comparisons
are given between simulated values of internal power and
calculated ones using the proposed technique, and some
other previously proposed formulas[4,5,6,9,10]. Table 1
summarizes the technology parametersfor a .7um process.
KN, Kp ae directly extracted from (V) static

characteristics.



a) Power macromodelling validations

We use avalidation cell constituted of an inverter (i) with
identically sized N and Ptransistors, loaded by a
capacitance C[_, and controlled by alinear voltage ramp of
different durations. Intable 2 we compare for this cell the
simulated and calculated values of internal power, Rnt.

PMOS NMOS
Kp=0.038 (mA/V .um) KN=0.08 (mA/V .um)
Vtp=1V Vn=0.87V
Leff=0.65um Leff=0.65um
Vs=1.5V Vs=1.5V

Table 1: Technology parameters for the .7um process used to
validate the internal power macromodel.

Thetotal dynamic power dissipated ininverter (i), for each
input ramp condition is also given. Using the proposed
macromodel it is easily calculated by adding al the
capacitances as follows:

Ptot=(Cin(i)+Cl(i)+Csc|_H+CscH| +Cov|_H+CovHL ) f.Vd

d2 where for one stage Cin(i) got to be added in order to get
agreement with the simulations in which all the circuit
capacitances are considered. To further compute the total
dissipation on achain, this formulae will only be used on

b) Comparison with previously published works

In most of the published works on power dissipation the
zero load short-circuit formulae from Veendrick [4] has
been considered. This first proposed model to compute
internal power does not take account of the load. When

considering our macro-modelling, it has been clearly shown
that this component was load dependent and hence results
obtained using a zero-load model should overestimate the
short-circuit component for a real structure. A more
complete validation is given in table 3 where comparisons
are made between different previously proposed formulas
[4]1,[5],[9],[10] and our macromodel.

Equation 10 of ref.[4] denotes the zero-load formulae
proposed by Veendrick: it uses the simple Schichman &

Hodges MOSFET model. Equations 1 and 2 of ref.[5] ae
the formulas proposed by Hedenstierna and Jeppson and use
also a Schichman and Hodges model. Equation 11 of ref.[9)]

presented by Sakurai and Newton is based on the a-power

model and uses the zero-load assumption. Finally, equation

12 of ref.[10] is given by Vemuru and Scheinberg using

the a-power model.

Psc uw

| This | Calc. | Calc. | Cadc. |Calc.
in| W,
CL |Tin L/ gﬂﬁﬁ Work | eq.10 [eq.1, |eg.1l |eq.12

the first gate and eq.(1) will be used for each following pf ns eql, | ref 2ref | ref [9] | ref

gate.The different dissipation terms are given inpW. : 6 [4] [5] [10]
0.15| 5 | 4 |47.1 |42.2 |84.70|68.6 |222.8|65.1

Tinhl (ps) 111.2 1278 |4448 (556 |667.2 [1112 9 5

Tinlh(ps) | 233.5 |583.8 (934 |1167 [1401 (2335 0.15[ 2 | 4 [13.0 [13.9 |33.88[20 [89.13]14.6

6

P. 1.12 14.03 |7.77 |10.55]|135 |26.4

sc cale 030 5| 4 [40 [36.3 [84.7 [54.4 [42.87[429

Povcac |4.22 |284 [2.44 (23 (22 [197 4

Pint calc |5.34 |6.87 [10.21 (1285157 [28.37 0.15( 5 [ 8 |118. |93.3 |169.4 | 164. [180.5 [ 150

Pinism |76 |663 |7.42 |9.32 |1156 | 24.08 8 8

Ptot calc | 167.3|168.8 | 172.1 | 174.7 | 177.6 | 190.3
Pt sm [163.1]162.6|164.5|166.9|169.4 |182.4
Table 2: Internal power components in inverter (i) loaded by
CL=10Cin (tHLs=278ps) for different input slope durations,
Pint sim, Pt sm are obtained from HSPICE level 6
simulations, Psc, Pov and Ptot correspond to the
components calculated using eg. 1,6.

As it can be observed we obtain a quite good agreement
between simulated and calculated values, all the most as
validations were performed on awide range of input control
values.We can notice here that internal power dissipation
contribution to the total power dissipation increases with
the driver fanout increase. For relatively small values of
this ratio, the overshoot power dissipation is dominant to
compare to the short-circuit one.

0.30] 2 | 8 [27.0 |27.9 |67.76 39.9 |29.77 | 29.8

1 9

Table 3: Comparison of short-circuit power dissipation
formulae with Spice simulation results for different load and

input slope conditions (tinH=tin_H, L=0.8um, Wp=Wp)).

As shown in this table the proposed (eg.1,6 including both
overshoot and short-circuit components) macromode is
still accurate on a wide range of considered load and input
slew. Moreover it is still accurate with respect to Spice
simulation results while in some cases (lines 1 and 5), all
other proposed formulas overestimate the internal
component.

V APPLICATION TO POWER MINIMIZATION

As illustrated in table 2, if it is possible to detail the
relative importance of the internal power dissipation



components, the resulting information is hard to be used in
terms of design.

Usual design aternatives are chosen with respect to load or
fanout factors evaluated on each node. It appears then
interesting to be able to analyze power contribution in
terms of capacitive loading referred to the driving strength
of each structure (input capacitances). This is the reason
why we introduced this equivalent capacitance concept. As
previously mentioned, the control of any inverter input
(gate) referred herein as an active load, is power consuming.
The external power dissipated in the input capacitance is
imposed by the cell selection, while the internal
component (overshoot and short circuit) is input slope and
load dependent and can be minimized. The problem to be
considered isthen to find the device able to control a fixed
active load with a total minimum internal power. This is
one of the important problem to be solved in designing
buffer arrays or optimizing combinatorial paths for power.
For that we calculated and compared internal and externa
power components on an array of 3 inverters (INV1-3 of
fig.3). INV3 constitutes the purely active load, controlled
by INV2. INV1 is a reference of constant size used to
control INV2. Varying the size of INV2 from that of
INV1 to that of INV3 we explore all the design space in
terms of controlling slopesfor INV2 and INV 3.

In figure 3 we illustrate the respective normalized
variations of the internad  ((Csc+Cov)INV2,INV3 /

CRer) and external  ((CIN2+CIN3)/CREF)  power
components (in terms of input and equivalent capacitances)
with respect to the size of INV2.

INVI(Cref)  INV2 INV3(active load)
—l>—[>—-'_|_ Cl=64Cref
I
T 4 (Cint+Cext)/Cref
n\
fl,
“ Cint/Cref
! 1 Cext/Cref
3,
i
ﬂ‘
e — , Cin2/Cref
, ] N 4

Figure 3: Illustration of the variations, with respect to the
size of the drive INV2, of the internal, external and total
power components necessary to drive an active load; the active
load is fixed at Cin3=16Cref.

When CjN2 increases the corresponding externa power

increases monotoneously and as expectedthe internal
component presents a minimum due to the opposite
variations of overshoot and short circuit power components
in INV2 and the active load (INV 3). Indeed small values of

CiN2 result in slow controlling ramps for INV3 (high

value of the short circuit component) and fast controlling
ramps for INV2 (high value of the overshoot component),
while for large vaues of CjN2 the trend is completely
reversed. The minimum observed results from a nearly
balanced internal power in INV2 and its load. Note here
that for each value of CIN2 the sum of the interna and
external power components represents the power necessary
to control the active load. This power depends on the
selection of INV2 and can be minimized for appropriate
values of this cell input capacitance. One can also observe
that sizing INV2 with the minimum value (CREF) does
not minimize the power, as it could be inferred neglecting
the internal component, but results in an important
increase of the power dissipation.

These results clearly show that internal power components
cannot be neglected when evaluating power in a chain.
Furthermore they can be minimized with an appropriate
control of the load of the cells resulting in specific sizing
conditions quite different from the trivial one: minimizing
the power in selecting minimum sized cells.

Next point is to compare delay and power on the same
array, this is given in figure 4 for the preceding array. As
shown, varying Cin2 trades propagation delay between
INV1and INV2. A flat minimum of propagation delay can
be observed for values of Cin2 ranging from 2 to 5 Cref.

Also given on this figure are the specific values of Cin2
corresponding to the definition of local minimum of dday
and buffer insertion limit [15]. As shown these specific
sizing conditions result in implementations with low
internal power consumption, as it has been demongtrated
before, only considering capacitive dissipation in
evaluating power-delay product.

30

Ptot/Pr ef
20
10 DELAY
0 } ‘ } } ! ! } Cin2/Cref

0 2 4 6 8 10 12 14 16

Figure 4: Illustration of the variations, with respect to the
size of the drive INV2, of the total power component and
propagation delay of the inverter array given in fig.3.

VI Conclusion

Based on a simple equivalent concept, we presented here a
method for computing the internal power dissipation of
submicronic CMOS structures. Though the closed form
derived macro-models for both short-circuit and overshoot
component takes more computations than the formulae
used by Veendrick, it includes additional effects like input
slope dependency, output load contribution, internal
configuration, short-channel considerations that were
formerly ignored. Moreover the proposed anaytica



expressions contain all the relevant design and process
parameters which can bedetermined on design files and
foundry specifications respectively.

The equivalent capacitance concept used here alows the
direct (frequency independent) comparison of the different
power dissipation components in terms of fanout factors
that can be evaluated atthe circuit level to drive the
different optimization sites of the physical design process.
Validations have been performed by calculating the internal
power dissipation on a wide range of inverter
configurations and input control slews. Results obtained
have been proved correct with respect to HSPICE
simulations. Evidence of the internal power dissipation
variation with the input-to-output slew ratio is given.
Applications to low power oriented optimization of buffer
arrays give evidence of common delay and power optimal
sizing alternatives.

Extension of this model to general gates is under progress
for applications to low power oriented performance
optimization of combinational paths, considering both
complete delay and power components.
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