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ABSTRACT

In this paper an accurate analytical model for the evaluation of the CMOS short-circuit
power dissipation, on the basis of a CMOS inverter, is presented. The innovation of the
proposed approach against previous works is due to the accurate, analytical expressions of the
inverter output waveform which include for the first time the influences of both transistor
currents, and the gate-to-drain coupling capacitance. The a-power law MOS model which
considers the carriers velocity saturation effects of short-channel devices, is used. The results
produced by the suggested model show good agreement with SPICE simulations.

. INTRODUCTION

Since, power dissipation is one of the most critical parameters in VLSl circuits [1],
accurate and efficient power evaluation during the design phase is required in order to meet
the power specifications without a costly redesign process. Power dissipation in CMOS
circuits consists mainly of two parts, the dynamic and the short-circuit power dissipation.
Dynamic dissipation caused by charging and discharging the load capacitance is well
understood and easy to be estimated. During the input transition in a static CMOS structure, a
direct path from power supply to ground is caused, resulting to short-circuit power dissipation.

The emphasis of this work is on evaluating analytically, the short-circuit power dissipation
of a CMOS inverter. To do this, analytical expressions of the output waveform, for the
operation regions where short-circuit current exists, must be derived. Analytical expressions
for the output waveform including the input slope effects was presented in [2], [3], where the
influence of the short-circuit current was neglected. These works are based on the Shichman-
Hodges square-law MOS model [4] that ignores the carrier velocity saturation effect. Jeppson
[5] presented expressions of the inverter output waveform considering the currents through
both transistors, but still based on the square-law MOS model. Sakurai and Newton [6], [7]
introduced the a-power (n-power in [7]) law MOS model that considers of the velocity
saturation effect, which becomes prominent in short-channel devices, and they presented
analytical expressions for the inverter output waveform. However, in [6] the short-circuit
current is neglected, while in [7] a fictitious input ramp is used in order to approximate the
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CMOS inverter by a NMOS circuit. This approximation is exact only for extreme cases of
input ramps, and does not model accurately the early part of the inverter output waveform,
where short-circuit power is dissipated.

The first closed-form expression for the evaluation of the short-circuit power dissipation in
a CMOS inverter was presented in [8] where zero load capacitance, and current waveform
which is mirror symmetric about a central vertical axis (at the half of the input transition
time), were considered. This expression gives the maximum value of the short-circuit power
dissipation, and is based on the square-law MOS model. More recently, in [2], [9] an
expression for the short-circuit energy dissipation of the CMOS inverter, without the
simplifications of [8], was derived. However, as mentioned above, the square-lav MOS
model was used, and the expression of the output waveform was derived with negligible
short-circuit current.

Sakurai and Newton [6] presented a formula for the short-circuit energy dissipation during
one switching cycle, which is a direct extension of the formula presented in [8]. The only
difference is the use of the a-power MOS model for the expression of the saturation current,
instead of the square-law MOS model, while al the assumptions of [8] are remained. Vemuru
and Scheinberg [10] proposed a formula for the evaluation of the short-circuit power
dissipation, based on the a-power MOS model, where the analytical expression of the output
waveform used, doesn’'t include the influences of the short-circuit current, and the gate-to-
drain coupling capacitance. A formulation of the short-circuit power dissipation through an
equivalent short-circuit capacitance with no physical mean is presented in [11], where mean
charge conservation across the CMOS structure, and a linear rough approximation of the
output waveform, are used.

In this work, an analytical expression for the evauation of the short-circuit power
dissipation in a CMOS inverter, based on the a-power law MOS model [6] which includes the
carries velocity saturation effects of short-channel devices, is derived. For the derivation,
analytical expressions of the output waveform, which considers the current through both
transistors, are used. In order to obtain better accuracy, avoiding an overestimation of the
short-circuit power dissipation, the influence of the gate-to-drain coupling capacitance, is
considered. The presented expression shows the influence of the inverter design
characteristics, the load capacitance, and the slope of the input waveform driving the inverter,
on the short-circuit power dissipation.

II.INVERTER OUTPUT WAVEFORM ANALYSIS
The inverter input voltage is assumed to be a pulse. The pulse edges are given by,
Vool ' iginginput
T
Vi, = r 1

Voo (1— ij , faling input
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where 1., 7t are the input rise and fall times, respectively. The expressions of the output
waveform presented in the following are for the rising input edge. The analysis for the falling
input edge is symmetrical.
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Fig.1: The CMOS inverter

The differential equation which describes the discharge of the load capacitafueti@
CMOS inverter of Fig.1, taking into account the gate-drain capacitive coupling[1€2], is
derived from the application of the Kirchoff's current law to the output node,

ICL+IC|V| +| p—l n:O y

dv dv,. dVv
C out _ ( in __OUtj I —1... 2
L gt MU dt gt JPTn @)

For the expressions of the transistors current the four-paragrptever MOS model, is used.
The parameters are the velocity saturation indgxtke drain current §b) at Vos=Vps=Vpp,

the drain saturation voltage gy at Ves=Vpp, and the threshold voltage (Y. After
normalizing the voltages with respect tgpy i.e. Uin=Vin/ Vop, Uout = Vour / VoD,

N =Vrun/ Voo, P 3 V1upl / Voo, Won= Voon/ Voo, Wop= Vbop / Vop, and using the
variable x = t1,;, the NMOS, PMOS device currents [6] of the CMOS inverter are given by
the following equations,

0, x<n, Cutoff region
I, =< Kgn(x—n)*n Uout= Udon: Saturation region (3)
Ky (X=1)*""2 Uy Uout < Udon » Linear region

On

Ibon Ibon Xx-n)2
Where’kan(l_—, Kin = o7z and Ugon = Ugo ,

- udon(l_ I’]) 1-n
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Kjp(1—x— p)“Plz(l— Uo): 1= Ugy <Ugop,  Linear region
lp =4 Kkgp(1—x=p)*P, 1-Ugy > Uge,,  Saturation region, (4)
0, X>1-p, Cutoff region
o
where, ko, = 'Dop = 'Dop and U, =u (1_ u pjz
y Kep =71 Kp= 771 dop = Ydop| — .
(2-p)*? Ugop(1-P)™? 1-p

Short-circuit power is dissipated when a direct current path from power supply to ground
occurs. Due to the current through the input-to-output coupling capacitance (Cy), an
overshoot occurs at the early part of the output voltage waveform (Fig. 2). During the
overshoot there is no current from power supply to ground because Vo IS higher than Vpp.
Thus, short-circuit power is dissipated from the end of the output voltage overshoot (X = X3),
until the PMOS device is turned off (x = 1 - p). If we consider input ramps such that the
NMOS device is still saturated when the input voltage ramp reaches the value Vpp - V15,
which holds for the most practical cases in VLSI circuits, then we analyze the three first
operation regions (Fig.2) of the inverter in order to evaluate the short-circuit power
dissipation.
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Fig.2: Operation regions of the inverter

Region 1, 0 < x < n: The PMOS transistor isin the linear region. Since, the NMOS transistor
is off the discharge of the output node does not start in this region, which means that the end
of the output voltage overshoot occurs in the next region. Thus, in this region there is no
short-circuit power dissipation, but the expression of the output voltage waveform is required,
in order to find the initial conditions of the next region. The differential equation (2), using the
current equations (3), (4) becomes,
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du 12
d—;’(”t = Ct+ Alp(1=Xx=p)"P (1 Ugy). (5)
CM k|p Ty . . .
where, ¢, = ,and A, =—+"———. The first term of the right part in (5)
CL+CM P VDD(CL+CM)

corresponds to the charging current through the coupling capacitance (Cy), which causes the
major influence on the output voltage waveform in this region. Since, the above differential
equation cannot be solved analytically, an average value of X (Xo = n/ 2) is used in the
expression of the PMOS current, resulting in an approximation solution of (5),

Uout = 1+ Cm YHl(l— e—ynx), (6)

Region 2, n < X < Xsap: The NMOS device is saturated and the PMOS device is till in the
linear region. Note, that the right limit of this region is the normalized time value Xsxp (Fi9.2)
where the PMOS device enters saturation, i.€. 1 - Ug = U'dop . ASWe can seein Fig.2, in the
special case of very fast input ramps, the PMOS device is turned off after its linear region,
without enters saturation. In this region, the differential equation (2) becomes,

du /2
—d;m = C—Agq(X=N)*" + A5 (1= x=p)* P (1= Ugy) , (7)
where, A_ = __ Kk« The third term of the right part in (7) corresponds to the PMOS
s VDD (CL + CM )

device current. Since, the influence of the PMOS current on the output voltage waveform is
small, two approximations concerning this term are used, in order to give a solution of (7).
First, an approximation of uy: in the expression of the PMOS current is used. The
approximated U’ is derived assuming negligible PMOS current in (7),

Uy =1+ C(X=n+R) = (aAT 5 (x=n)%n+t,
n

where R=y! (1— e Wn ) . Second, a constant value of x (x. = 0.9 (1- p)) in the normalized

gate-source voltage of the PMOS device has be found, to compensate the error of the
underestimated U’ ;. After the above approximations, the solution of (7) is,

2
CmYysh

Ugyt =1+ C(R- n)(1+ nys) + >

+ Cm[1-ys(R-N)]x
, (8)

CmYs x? Asn(x_ n)an+1 (X_ n) Ys
R S P {(aﬁz)‘l}
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where, ys=A|, [0.1 (1- p)] “p'2 The above equation gives waveforms very close to those

derived from SPICE simulations, which indicates the validation of the above approximations.
In order to continue the analysis for the next region, the evaluation of the normalized time
value Xs1p and the normalized output voltage value Usyp, Where the PMOS device saturates, is
required. These values satisfy the PMOS saturation condition: Ugy: = 1 - U'gep . IN Order to solve
this equation a Taylor series expansion at the point x = 1 - p - n, up to the fourth order
coefficient is used, for both Ugy, U'gop. After that, the PMOS saturation condition becomes,

4
szx =1- kax 9)
k=0 k=0

where z,, my are the Taylor series coefficients. Standard ways of evaluating these coefficients
can be found in most mathematical handbooks. The solution of (9) which exists in the interval
[N, 1-p], iS Xsap. The error, which is inserted in the evaluation of Xsp, due to the above method
is up to 0.3%. By substituting Xsap in equation (8) the normalized output voltage Usp, iS
evaluated. Note, that in [10] a rough approximation for Xsxp iS used (Xsap = 1 - n - p), which
results to an important error in the evaluation of the short-circuit power dissipation. Another
way with lower computational complexity, in order to evaluate Xsp, iS the use of the empirical
coefficient b, so that Xsap=b (1 - n - p). In order to determine the values of b, a single lumped
parameter Gny = (IponTr) / [Vop (CL + Cw)] which takes into account the input waveform slope,
the drive of the switching transistor and the output, gate-to-drain capacitances, is introduced.
In the following table, the values of b depending on the parameter G, are given. Note, that
for Gny < 0.25, the PMOS device is turned off after its linear region (very fast input ramps). In
this case thereis no short-circuit power dissipation.

Gn1 025-04 | 04-06 06-1 1-18 18-3 >3

b 1.20 1.15 1.10 1.0 0.95 0.85

Table|: Empirical coefficient (b) for the evaluation of Xsp.

Region 3, Xsap < X £ 1-p: Both transistors are saturated. The differential equation (2)
becomes:
dugye

™ =Cmp—Ag(X—n)%n +Asp(l— x—p)*P, (10)

kspfr

where, o - T
' Vpp(CL+Cn)

. The analytical solution of equation (10) is,

Uyt = Uz + CpX — (X_ n)anﬂ_

(1-x—p)*r™ (11)

(an +1 (op 1
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where the integration constant which is inserted to ensure continuity with respect to region 2,
isgiven by,
an+1 Asp

+ ——1-Xgip— P
A e

)ocp+l
(et +

— sn
n

where (Xsap , Usarp ) 1S the starting point of region 3.

[1l.CMOS SHORT-CIRCUIT POWER DISSIPATION
As mentioned in section |1, during the overshoot of the output voltage waveform thereisno
current from power supply to ground because Vo is higher than Vpp. Thus, short-circuit
energy is dissipated from the end of the overshoot (x=x), until the PMOS device is turned off
(x=1-p). The short-circuit energy dissipation during afalling output transition, is given by,
1-p
Eecr = Voo | lscdt=Vop [ It dx. (12)
X1
The assumption that, the NMOS device is still saturated when the input voltage ramp reaches
the value Vpp - |V1p| i.€. X=1-p, holds for the cases where G,; < 4, which is true for the most

practical conditions in VLSI circuits. The application of the Kirchoff's current law to the
output node of the inverter (2) isthen written as,

~ VooCu + VDD(CM+CL) dugys

I, = Kgy(X—N)*n 13
p = Kanx=1) T, T, dx (13

The integration of (12) using (13) yields,
(o +1) | (14

=VECu(1-p—xq) + VSD(CLJFCM)(U[l—p] _1)

where x; is the normalized time value in which the end of the output voltage overshoot
occurs, and ujy.p is the value of the normalized output voltage when the PMOS device is
turned off, and is evaluated from equation (11) for x =1 - p,

A 1
U1 g = Uz + Cp(1—p) — —2—(1-p—n)*n',
[1-p] = U23 m( p) (an"‘l)( Y )
The end of the output voltage overshoot occurs in region 2, due to the fact that the discharge
of the output node, which isinitially charged at Vpp, doesn’t start in region 1 since the NMOS
device is off. Thus, x; is evaluated if we set uy: = 1 in equation (8). As in the case of Xsip
(section Il - region 2), a Taylor series expansion of ugy but in this case at the point 2n, is
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used. This results to an error in the evaluation of x; up to 0.1%. Furthermore, an empirical
coefficient g, so that x; = q (2n), can be used. The values of g depending on the single
parameter Gn2 = (Ipon ) / (Voo Cm) Which takes into account the input waveform slope, the
drive of the switching transistor and the gate-to-drain coupling capacitance, are given in Table
I1. Note, that for G, < 6, the PMOS device is turned off after its linear region.

Gn2 6-8 8-10 10-14 14-20 20-30 30-45 > 45

q 2.05 1.75 1.50 1.30 1.05 0.90 0.80

Tablell: Empirical coefficient (q) for the evaluation of x; .

Note, that the analysis in order to evaluate the short-circuit energy dissipation during the
rising output transition is symmetrical, and results to the following formula,

=0t 1 gt g

~VbpCu(1-n—%1) = VEp(CL+Cy ) Upg g

, (15)

where X1 is now the normalized time value in which the end of the output voltage undershoot
occurs, and up1.r is the value of the normalized output voltage when the NMOS device is
turned off. Finally, the short-circuit power dissipation Psc is given by:

Psc =(Escr + Escr) (16)

where f isthe switching frequency.

In Fig.3, the short-circuit energy dissipation during one switching cycle, is plotted as a
function of the input transition time. The results have been derived, for an inverter with equal
NMOS and PMOS gate lengths L, = L = 0.8um, and W, = 4um, W, = 6.55um in order to
achieve equal drain currents at Vgs=Vps=Vop (Ipon=lpop=1.72mA), n = 0.17, and
p = 0.15. A supply voltage of 5Volts, an output load of 0.2pF (Fig.3a) and 0.1pF (Fig.3b), and
the values Cy = 9.4fF (for rising input), Cy = 7.2fF (for falling input), were used. The values
of the velocity saturation indexes were o, = 1.29 and a, = 1.41, and the saturation voltages at
Ves = Vpp were Vpo, = 1.75Volts and Vpgp = 2.35Volts. The SPICE simulations have been
obtained by using the powermeter subcircuit proposed in [13],[14] for the parameters of a 0.8
micron process technology. Also, results using the approaches for the evaluation of the short-
circuit energy dissipation presented in [2], [9], [6], [8], [10], are given. Note, that the results
from [6], [8] are for C. = 0O, due to the assumption of zero load capacitance in these
approaches. It can be observed, that the presented model gives results closer to those derived
from SPICE simulations than the other methods. This occurs because our model includes the
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influences of the short-circuit current, and the gate-to-drain coupling capacitance on the
expression of the inverter output waveform. Also, a quite accurate method is used for the
determination of the time where the short-circuiting transistor changes from the linear region
to the saturation region.

Input transition time (nsec)

T T T T T
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Fig.3: Short-circuit energy dissipation of a CMOS inverter per one clock cycle

IV.CONCLUSION

In this paper an accurate model for the evauation of the CMOS short-circuit power
dissipation, is presented. The model is based on accurate expressions for the inverter output
waveform, which take into account the influences of both transistor currents, and the gate-to-
drain coupling capacitance. Also, the velocity saturation effects of short-channel devices are
included. The comparison of the results produced by the proposed approach with previous
works, shows better agreement with SPICE measurements.
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