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EXPLICIT EVALUATION OF SHORT CIR- If the dynamic power dissipation is independent of the input
CUIT POWER DISSIPATION signal transition time, it depends upon the design of the logic

gate (i) (the sizes of the transistors constituting the gate)
FOR CMOS LOGIC STRUCTURES through Cpar(i) and the design strategy used for the gates,

through the active fanout terra, Cin:
The short circuit power dissipation, Psc, is due to the simul-
taneous conduction of the P and N blocks, during the time

S. TURGIS, N. AZEMARD and D. AUVERGNE

Laboratoire d’'Informatique, de Robotique et de spent by the input signal to vary frodTN to VDD—|VTP|
Microélectronique deMontpellier (and vice versa), causing a direct current to flow between the
LIRMM UMR CNRS 9928, University Montpellier II, supply rails. This short circuit current has been observed
161 Rue ADA, 34392 Montpellier, FRANCE dependent on the input ramp, the load and transistor sizes of

the gate. Different formulae [8-10] have been derived for

Psc evaluation, with different accuracy levels, depending on
ABSTRACT the approximations used to model the currents and to esti-
For supply voltage standards such as Vddx ¥ [V1p | mate the input signal dependency. If these formulae can be
short—circuit power dissipation significantly contributes to used in computer programs for short circuit power estima-
the total power dissipation in ICs. We propose a new alternatijon[11], they don’t allow a direct comparison of dynamic

tive for the estimation of the short—circuit power dissipation, e i ; ;
Psc, in CMOS structures. A first order calculation results in ?enrg short circuit components with respect to design parame

an explicit formulation for Psc, which clearly shows up the _ ) o
design and load parameters. Validations are performed on/Ve present here a first order formulation for short circuit
different configurations of inverters by comparison with power dissipation in CMOS inverters, showing up expli-
HSPICE simulations. Discussions on the relative importancecitely design and performance parameters, such as transistor
of short—circuit and dynamic power dissipation is given, wigihs, gate input and output rise and fall times, allowing a
tog{ether with considerations allowing an easy extension toOIireCt comparison of the power dynamic and short—circuit
ates.
g components.
| - INTRODUCTION Using a circuit technique proposed by Kang and Yacoub

Df?signtfor low powerfimplies faciliges in exRIoring t(;ade? [12,13], we will first define a simulation reference for aver-
offs between area performance and power. Area and perfor; - T .
mances of CMOS structures have been the subject of larg@9€ short circuit power dissipation in CMOS inverters and

investigations [1-3]Power estimation of CMOS gates is illustrate thePsc dependencies with respect to the design
considered in recent papers [4—6]. Due to the major difficul- parameters.

ties in clearly defining the components involved in power We will then propose an alternative definition for the short

estimation of CMOS structures, efforts on low power design ¢yt power dissipation, through an equivalent short circuit
address mostly alternatives at logical synthesis level [7]. . . . .
capacitance, that we will validate with respect to the refer-

Basically, three components of power have to be considered;

. : . ence term defined in the preceding part.
— one static component caused by junction leakage current - .
S - h the same way that we proposed an explicit formulation for
which is negligible as long as

delays [14,15], used to modelize the time variation of the
Vop> Vin+ V1|, ys | )

- - . . . inverter input output voltages, we finally establish a first
— two components arising during input signal transitions : the . O -
. T SO order evaluation of the short circuit power dissipation, show-
dynamic and the short circuit power dissipations.

. o . ing clearly up the design and performance parameters. Val-
Dynamic power dissipation, Pd, is the power necessary to . ° . ; .
: . idations are obtained with respect to the reference terms, for
charge and discharge the output load of the gate. It is : ) .
given by : various configurations.
Pd=n CL \bp2. f 1) Discussion is then given on the extension to gates and the

where fis the clock frequenaythe gate activity and CL the possibility of definition of low power design criteria.
output load, constituted of the gates connected to the outputl — SHORT CIRCUIT POWER DISSIPATION SIMU-
and of the parasitic capacitances : LATIONS

CL() = .zj CJ'N.+ Cwire + Cpar(|)_ @) We first define a reference for short circuit power dissipation

where Cin, Cwire, Cpar respectively represent the gate i3 CMOS gates. We use for that SPICE simulations on the
input capacitance, the parasitic interconnect and diffusion powermeter arrangement shown in figure 1, and proposed by
capacitances of each gate (i). Kang and Yacoub [12,13].



N 200ns, much greater than the different switching times
involved. The internal set up of the powermeter parameters
Pl has been chosen in agreement with the conditions defined in
[12,13].
_ — The resulting short circuit power dependency to the design
Ving | parameters is illustrated in figures 3-5. Figures 3 and 4 give
Cload the Psc dependency to the load for different internal config-
uration ratio and input transition time values, respectively.
The N transistor width of stage (i) has been used as a refer-
P2 ence Cn()=5fF for all investigations). Figure 5 enlightens
the Psc dependency to the input transition time for constant
* load. In order to clarify the comparisons we specify the dif-
ferent transition times involved by the different loads and
control signals, as ratio of the circuit capacitances such as :
CL/Cingy = ratio between the output
load of inverter (i) and its input capacitance, represents the

Fig. 1 : Circuit with the powermeters of [12,13] to simu-
late short—circuit power dissipation in CMOS inverters.
Let us consider a gate (i), controlled by a gate (i—-1) deliver-
'ng a perlodlc_waveform Qf period T, W'th identical rse and fanout factor of the () stage and determines the output tran-
fall times, defined a2t y(i—1) and 2ty (i-1), respectively, sition time
as shown in figure 2. We assume that the period of the con- '

trolling signal is large enough to allow the outputtoreacha, o 0o (;'?ggg&“gi‘_li)hzt;agg :)eet\rl\;ee%tsﬂ][ﬁe
stable state before T. P p ges, rep

Cin (i-1) Cin (i) fanogt_ fact_or of the (i-)stage and determines the input
> transition time on the @) stage.

22 + C These capacitance ratios have been recognized significative
-r -t and are widely used to represent trends of switching times
T [4,14].
Vpp
Vpbp-V1p

Psc(iW)

o ke

Alscl] - k=1
20h(-1) T2 \othi(i—1) T
Vin ; ;
Cing) / Cing—1)=3
Vout=— = 0 0 1)
Fig.2 : Specifications of _the_ mput and_output voltages 0 2 4 6 8 10 12
used for power dissipation estimation. )
Under those conditions the powermeter indications at time CliCing
T/2andT reflect the short circuit and dynamic power dissipa- ) o
tion in N and P blocks of the gate, as detailed below : Fig3:  Short—circuit power dependency to the load for
P T, _ p_yH different internal configuration ratio values and a constant
1 ( 2 ) = (Psd input voltage ramp defined by Gj¥Cin_1)= 3
PT) = (Psc)™ + (Pg )™ + ( Psc )™ (3) 2thli_1 = 2tlhj_1=0.4ns).
T
P il — P HL P LH
2(3) = (Pec)™ + (P) ) Psci)
Pa(T) = (Psc) + (Pq) + ( Psc) -
Average short circuit power dissipation at T, is then directly
obtained from the combination :
PsdT) = (Psc) Mt + (P MM
SC'( ) ( SC) ( S_IC? T (4) —— Cingy/ Cin-1)=0.75
PSC,(T) = Pl(T)_PZ(E) + Pl(z) - - - Cingy/ Cinj-1)=2
0 — Cing/ Cini_1)=3
We first simulate power dissipation in an inverter with differ- ' y ' '
ent internal configuration ratikk€Wp/Wy), load and input 0 2 4 6 8 10 12
control conditions. Simulations are performed with Cl/Cing

HSPICE, the input signal period has been imposed equal to



Fig.4:  Short—circuit power dependency to the load for capacitive load, constituted of the layout parasitic and
different input voltage ramps ranging from 0.1 to 0.4ns almost of the gate input capacitances, is a direct consequence

. . . . . of the synthesis and design choices : it completely controls
(Cing)/CinGi-1)=0.75-3, respectively), the internal configu- the spe)e/d performance O?the design. P y

ration ratio is chosen equal to the value corresponding to the |, order to easily compar®scandPd we propose here an
lowest power dissipation. alternative to modelize short circuit power dissipation

PscQtW) through an equivalent short circuit capacitance.

1- //— Physically the short circuit power dissipation is produced by
e ee-z-=-zs==-=Z 277 the current flowing fronVpp to ground, through P and N
- blocks, during the time spent by the input voltage to vary

Cl/Cinm=12 from Vyn to Vpp—|Vrp|. Let us callAtsc this time interval.
- Ok i i ; i
- - - CliCing=5 We can equivalently cons_|der this current conduction pro-
— CICinm=1 cess as a charge transfe_r. N
0 ) AQ1 =l y . Atsc for the input rising edgd 4 = Ip),(5)

0 1 2 . 3 AQ2 = Iy . Atsc for the input falling edgd L =In),

Cing) / Cing-1) where |y and |y represent the average short circuit cur-
rents evaluated in N and P transistors respectively.

Fig.5: lllustration of the short—circuit power depen- | ot us defineAQ = AQ1 +AQ2 the total charge transfer dur-
dency to the input transition time for constant load. ing a period of the input signal. An expression for an equiva-
We observe that Psc dissipation decreases when the loagnt short circuit capacitance can then be obtained from:
increases, and Psc increases with the internal configuration Csc=AQ /AV (6)

ratio value increase ie with the strength of the transistors inwhereAV = Vpp — Vin— [Virp| represents the input voltage
short circuit (fig. 3) as expected. Psc also increases with theswing duringAtsc

input transition time increase ie when the r&ig)/Cin (i-1) Note thalCschas no physical meaning, and is just an equiva-
increases (fig. 4). This trend is enlightened in figure 5 wherelent way to represent the charge transfer. An interesting
we plot for constant load the Psc variation with the duration expression is then obtained in writing short circuit power dis-

of the input ramp. These variations, initially observed by sipation in the same way than the dynamic one, usinggbe
Veendricks [8], are illustrated here with respect to the designparameter. This results in :

parameters and represent the trends to be reproduced by any Psc=n CscVpp?. f (7)

short circuit power dissipation modelization. This is what we where the different coefficients have been defined in the
will try to get in the next part. To conclude this part, figure 6 introduction.

represents for different transition times the load dependencyTo validate this result, we replace the powermeters of figure
of the ratioPsc / Pd(withn=1 ). This illustrates the relative 1 by amperemeters and simulate the short circuit current for
influence of the short circuit component, which, for specific the different conditions examined in the preceding part.

design  conditions, is far to be negligi- From these simulated values of currents it is then easy to cal-
ble. culateCSCandPSCfrom equ. 6 and 7.
Psc(tW)
Psc(tW)

I Cing)/Cingi_1)= 2 2
Il Cing;/Cinj_1)= 0.75 l Pscsimgw)
Il Cingj/Cinj_)= 3 l PsccalqgW)

k=1

1 2 4 6 8 12

CI/Cing) 1 2 3 4 6 8 12
Cl/Cing
Fig.6 : lllustration of the ratio (Psc/Pd) dependency to the  Fig7:  Comparison between the short—circuit power
load for different input transition times . values calculated from the simulated values of the average
Il —- EQUIVALENT MODEL FOR AVERAGE currents (Psgg) and the simulated values of the short—cir-

cuit power (Psgm)-
SHORT CIRCUIT POWER EVALUATION In figure 7 we compare the values of the short circuit power
As shown in the preceding part, the rdigc / Pdcan give 9 P b

indications on available design trade offs for low power. For calculated (equ. 7) from the simulations of average currents,

a given operating frequency and power supply, the dynamict0 the values obtained in the preceding part from the simula-
power depends on the total load capacitance involved. Thigions through the powermeters. The good agreement



obtained confirms the validity of the preceding approach in

defining equivalent short circuit capacitance. <> =PPyv o2 _pe tiG-1)
The next step consists now in calculating the valu€ggflt o(0) T 6 PP ( ) tioy + tag
is for that just necessary to calculate the average value of the (13)

short circuit current crossing N and P transistors (for input ang an equivalent form for the average short circuit current
falling and rising edges respectively). calculated during the input falling transition is given in 14 :

Let us give here some details about this calculation, we N turg- 1)
choose the input rising edge as an example. <h(® > =7 Vo ? L =-b)? f————
We calculate<Ip(t)> = I 4 as follows : (14) R L0

1 Y 'Vin=Vpp—NraD wherefy andBp are the usual conductance factdig f = p
-5 = loin(D)dlt + f lpsaft)lt Cox (W /Lyp)

s¢ (W =Voy Y Using these equations it is then easy to evaluate from

(8) equ.5-7 the short circuit power as :

where the summations are bounded by the significative , _ fVDD4(1 —b)? [ aiBpling-1) a1Bnthig-1)
times of the short circuit operating mode. sc =11 6 tii-y + iy tg-n + the

Taking for convenience the origin of times at the beginning where the b value is limited to the rarye 1.
of the short circuitt(for Vin = Vrn), equation (8) leads to :  As shown in [14] the slope factors between brackets can be
expressed as a function of design and loading parameters

1 ty tEND
> I piin ( t ) dt + I psat ( t ) dt (9) such as :
Asc ) tl' a, CL
To solve this equation, input/output waveforms and current tHL(i) _ 2 Cu) 16
laws must be consi_dered. _ _ _ tLH(i—l) - Uy (L+K), W, (16)
In order to get practical expressions we consider, as shown in Ur k. o Wy,
figure 2, linear input/output waveforms with slopes defined - ‘
by the loading factors, as discussed in part Il, such as: u C
VDD t a'2' N S
Vi = Vo gy o 2 kG
t tHL(i—l) (1+k)i WN(i)
Vour = Voo { 1 =3 thg) Wig-y)
(10) . . ) . .
Bounds ¢ and gnp are then easily calculated from the wherek is the internal configuration rati@ the output load

of the cell under consideration awd(;)/\W(-1) character -

conditions : . .
izes the input slope.

IVesH — [Vrpl = [Vpsdl  fort’,
t(Vin=Vop — [Vrp[) — t(Mn=VTNn)  fortenp. (11)
From equ.10 & 11 we directly obtain :

t = 2 (1 - b) tLH(i—l)
e 1+ tini-1)
i)

As given in equations 15 and 16, the short circuit power
dependence on design parameters appears explicitly and the
trends obtained correspond to the simulated one derived in
part Il :
— noPscfor b greater than ie forVpp < Vrn+ V1P,
— for constant input transition timgy(,H(-1) = Ct), Psc

texo = A tsc = 2 (1= b) .ty decreases when the load increasgs,(H(j ie G increases),

Pscincreases with the increase of configuration ratio values

with b = ([Vrel + Vrn) / Vbp. _ (k, BnsBp), and with the input transition time increase (
For the current expressions we use the standard Shichmap

and Hodges model, which appears to be sufficient for aver-#ﬁigHégﬁ(}yogOm%é ml?rﬂe)r.est of this approach.
age calculations, short channel effects being later introduced

through calibration coefficients on the effective mobility

length ratio as discussed in [16].

After some tedious but not complicated calculations, equ. 9

gives :

(12)



Psc
2

[l Psccal{w) k=1

[ PscsimW) Cingy / Cinj—1)= 3
1=
O~

1 2 4 6 8
Cl/Cing
Fig.8 : Comparison of the values of the short—circuit

power dissipation calculated ( Psccal eq.15), to the values

obtained from simulations (Pscsim), the input voltage ramp
is 0.4ns and the internal configuration ratio=1.

b [l Psccal{w)
sc
[l Pscsim{w) Cingy / Cingi—1)= 0.45
k=2
1=
O~
0.66 1.33 2.66 4 5.33
Cl/Cing)
Fig.9: Comparison of the values of the short—circuit

power dissipation calculated (eq.15) to the  values
obtained from simulations, the input voltage ramp is 0.3ns
and the internal configuration ratio = 2.

Figures 8 & 9 give a more complete validation in compar-
ing for different internal configuration ratios the values of
the short—circuit power dissipation calculated from eq.15
to the values of the short—circuit power dissipation
obtained in part Il.

Let us remind here that simulations have been performed
with a 1.2um process. In order to correct the approxima-
tion level used to obtain the explicit expression for Psc,
we use calibration coefficients on :

—PBp Pn (0l ), to take into account the short channel
effects in the definition of effective mobilities and transis-
tor length,

— tlh(i) & thi(i) (@2), to take into account the input
slope effects [15].

Results shown on fig.8 & 9 have been obtained with :
al=1.4,a2 = 0.09 for the P transistor, and = 0.5,

a2 = 0.07 for the N transistor, these values being directly
derived from calibration on small and large load configu-
rations.

Despite the low approximation level used here, the agree-

ment between calculated and simulated Psc values is quite
good and justifies the effort made to get explicit expres-
sion.

IV — DISCUSSION AND CONCLUSION

In designing structures for low power applications, one of
the main relevant features is the evaluation of the relative
short—circuit and dynamic power dissipation contribution
versus design and synthesis choices. This point is illus-
trated on fig.10 and 11, where we plot the ratio Psc / Pd
dependency to the load for both calculated and simulated
Psc values with respect to the cases shown on fig.8 & 9.

Psc/Pd
Cingy / Cinj—1)= 3

[ Psccal/Pd k=1

[l Pscsim/Pd
1=
0=

1 2 4 6 8
Cl/Cing
Fig.10 : Load dependency of the relative importance of

the short—circuit power dissipation with respect to the

dynamic one; calculated (Psccal) and simulated (Pscsim)
values are compared for an input voltage ramp=0.4ns and an
internal configuration value of 1.

Psc/Pd
Cingy / Cingi—1)= 0.45
0,63
8'28 B PsccallPd k=2
0,42 B Pscsim/Pd
0,35
0,28
0,21
0,14
0,070
0.66 133 266 4 533 8
Cl/Cing

Fig.11: Load dependency of the relative importance of
the short—circuit power dissipation with respect to the
dynamic one; calculated (Psccal) and simulated (Pscsim)
values are compared for an input voltage ramp=0.3ns and an
internal configuration value of 2.

For relatively fast input transition (ie : k=1, Gjn

ICin(i—1)=3 represents medium load conditions for real
cases ) the short—circuit component is quite important if
we consider load conditions such as Cl /(& 3 which
corresponds to a usual physical design fanout factor for
speed.

Note here that we just considered configurations of invert-



ers. Extension to gates is straightforward : we only need
to modify the short—circuit current expression. Since it
corresponds to a "static” current, gates can be reduced to
equivalent inverters that are easely defined by width of
transistors ( N or P ) equal to the average width of the
transistors ( N or P ) (or to the sum of the parallel transis-

tor W for the critical cases) and length equal to the length [4]
of the transistors belonging to the parallel array or equal to

" An exact solution to the transistor sizing problem for CMOS
circuits using convex optimizatignEEE Trans.on CAD,
vol. 12, 1711, pp 1621-1633, Nov.1993.

[3] K.Chaudary and M.Pedram Ahear optimal algo-
rithm for technology mapping minimizing area under delay
constraints, Proc. 29" Design Automation Conference,
pp442-448, Junel992.

A.P. Chandrasakan, S.Sheng, R.W. Brodersdrow”
power CMOS digital designlEEE J. Solid State Circuits,
vol. 27, pp. 473-484, april 1992.

the sum of the length for transistors belonging to the serial 5] p_Liu, C.Svensson :Trading speed for low power by

array.
Under those conditions the resulting equivalent inverter
for a given gate will be defined with different internal
configuration ratio : k<1 for Nor gates and k>1 for Nand
gates. However, short channel effects will be more diffi-
cult to approximate especially in serial arrays of transis-
tors and this part will be later extensively investigated. An

interesting application will then be to evaluate alternatives

in logical decomposition for speed trading serial transis-
tors with logical depth.

choice of supply and threshold voltagdeEEE J. Solid State
Circuits, vol 28, pp.10-17, jan. 1993.

[6] P.SP.Vanoostende, P.Six, J.Vandewalle, H.J. de Man :
"Estimation of typical power of synchronous CMOS circuits
using a hierarchy ofsimulatrlEEE J. Solid State Circuits,
vol 28, pp 26-39, Jan. 1993.

[7] C.Y.Tsui, M.Pedram, A.M. Despain Pbwer efficient
technology decomposition and mapping under an extended
power consumption modelEEE trans. on CAD, vol. 13,
n°9, pp. 1110-1122, sept.1994.

[8] H.J.M. Veendrick : Short circuit power dissipation of
static CMOS circuitry and its impact on the design of buffer

As a summary we have proposed a new approach to calcueircuits”, IEEEJ. Solid State Circuits, vol SC-19, pp.

late the short—circuit power dissipation in CMOS structu-
res.We first defined a virtual short—circuit capacitance as
an indicator of short—circuit power dissipation in CMOS
inverters which appeared to be an efficient way of
comparing short—circuit and dynamic power dissipation in
terms of design parameters.Validations of this concept
have been obtained through a standard measurement cir-
cuit technique for low power. And finally, using the con-
cept of the equivalent short—circuit capacitance, and low
level models for currents and variations of input/output
voltages, calculations have been successful in obtaining
an explicit formulation for the short—circuit power dissipa-
tion showing up clearly design, technology, load and con-
trol parameters.

We validate this expression for inverters in different situa-
tions by comparing calculated values of Psc to simulated
ones. The quality of the results reinforce us in further
investigations to gates and complex decomposition.
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