IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: FUNDAMENTAL THEORY AND APPLICATIONS, VOL. 45, NO. 3, MARCH 1998 259

Propagation Delay and Short-Circuit Power
Dissipation Modeling of the CMOS Inverter

Labros BisdounisStudent Member, IEEESpiridon Nikolaidis,Member, IEEE
and Odysseas Koufopaviotember, IEEE

Abstract—This paper introduces a new, accurate analytical to evaluate delays in CMOS structures controlled by slowly
model for the evaluation of the delay and the short-circuit power varying input signals [6].
dissipation of the CMOS inverter. Following a detailed analysis Deriving expressions for accurately describing the propaga-
of the inverter operation, accurate expressions for the output .. L .
response to an input ramp are derived. Based on this analysis tion delay is difficult gven thoygh these gre for S|mplle gates.
improved analytical formulae for the calculation of the propa- One of the goals of this paper is the analytical evaluation of the
gation delay and short-circuit power dissipation, are produced. propagation delay in a CMOS inverter. To do this, analytical
Analytical expressions for all inverter operation regions and expressions of the output waveform are derived, directly from
input waveform slopes are derived, which take into account the ¢ gigterential equation describing the temporal evolution of
influences of the short-circuit current during switching, and the . L
gate-to-drain coupling capacitance. The effective output transi- the inverter output. It is important to have an accurate model
tion time of the inverter is determined in order to map the real for the CMOS inverter operation, since several fast methods
output voltage waveform to a ramp waveform for the model to for reducing a CMOS gate to an equivalent inverter have
be applicable in an inverter chain. The final results are in very peen proposed [7], [8]. By using these so-called “collapsing”
good agreement with SPICE simulations. techniques the output response and the propagation delay of

a gate can be computed quickly and accurately without the

I. INTRODUCTION complications associated with trying to generalize the inverter-

\WITCHING-SPEED is one of the most critical perfor-02S€d model to complex gates. _
ance parameters in VLSI circuits. Much effort has to be The first closed-form delay expression based on the output

devoted for the extraction of accurate, analytical expressidisSPonse which was obtained directly from the differential
for timing models of basic circuits. These expressions can gguation describing the CMOS inverter operation was derived
incorporated in switch-level and logic simulators, optimizind! [°] for a step input. Analytical expressions for the output
the design verification procedure. Much of past research H4aveform and the propagation delay, including the effect of
addressed the development of delay models for CMOS circufd® input waveform slope, were presented by Hedenstierna
In some of these models [1]-[RC circuit approaches were and Jeppson [10]. In this the |anu§nces of the short-circuit
used in order to map the transistors to equivalent resistofsTent and the gate-to-drain coupling capacitance were ne-
However, switch-level simulators based RE models tend to glected. These output waveform expressions was extended by
model the average circuit behavior only, since the nonlinekgyssiet al. [11] for the case of exponential input waveform.
behavior of the transistors is not well represented by linedfore recently in [12], the differential equation describing
and constant resistors. the discharge of the load capacitor was solved for a rising
Macromodeling approaches in order to achieve efficient géput ramp considering the current through both transistors
lay modeling have been proposed. Broetal. [4] presented and the coupling capacitance. However, in the case where the
an approach based on look-up tables which are genera?é\ﬂos device is in the linear region, the quadratic term of the
via precharacterization using SPICE simulations. The methdggrent through the PMOS device was neglected. Moreover,
which are based on tables with presimulation results dfewas not mentioned how the integration constant between
time consuming and incorporate interpolation errors. OthBte linear and the saturation regions of the PMOS device is
approaches derived delay expressions which take into galculated for fast inputs. For slow inputs least-square fitting
count the slope of the input waveform. However they udgchniques are used. Vemuru and Thorbjornsen [13] derived
approximations for the load currents by assuming mean chadje expression for the output waveform, which includes the
conservation across the CMOS structure [5]' or use pséUQViOUSW mentioned quadratic term of the PMOS current but
doempirical factors obtained from SPICE simulations in ordégnored the influence of the coupling capacitance. A power
series was used to approximate the solution of the differential
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velocity saturation effect. However, this model requires the direct extension of the formula presented in [20]. The only
extraction of the empirical velocity saturation index 6r difference is the use of the-power law MOS model instead
n) from the static device characteristics for each transistof the square-law MOS model. Recently, in [23] a substitution
width. For the derivation of the output expression in [14]pf the input transition time as given in [14] into the formula
both the short-circuit current and the coupling capacitance deoe the short-circuit dissipation also presented in [14], was
neglected. In [15], in order to approximate the CMOS invertgroposed. This results in an expression for the short-circuit
by an NMOS circuit, a fictitious input ramp is used which islissipation including the load capacitance which is not agreed
clamped to ground for ramp voltages less than the switchimgth the initial assumption of zero load capacitance. Vemuru
voltage. This approximation is exact only for extreme casesd Scheinberg [24] proposed a formula for the evaluation of
of input ramps. An extension in the delay expression of [14fie short-circuit power dissipation based on éhpower MOS

for the case of very lightly loaded inverter and/or slow inpunodel. In this work, the expression of the output waveform
signals is presented in [16]. In this, a table of coefficientdoes not include the influences of the short-circuit current and
produced from SPICE simulations is used but still neglectirie gate-to-drain capacitive coupling. A formulation of the
the short-circuit current. The delay model presented in [18hort-circuit power dissipation through an equivalent short-
uses then-power MOS model taking into account the shorteircuit capacitance is presented in [25], where a rough linear
circuit current of the inverter, but the output voltage and thepproximation of the output waveform is used. Recently, in
currents through both transistors are assumed to be pieceyj#&d the short-circuit current waveform was approximated with
linear. a piecewise linear function of time, in order to estimate the

In this paper analytical expressions for the CMOS irshort-circuit energy dissipation. However, the energy of the
verter output response to an input voltage ramp are derivaéeverse current due to the gate-to-drain coupling capacitance
The proposed method overcomes the deficiencies of previdgsisubtracted from the short-circuit energy dissipation resulting
works. Based on these derived expressions, accurate analyfitan underestimation.
formulas for the evaluation of the propagation delay and theln this paper, a formula for the evaluation of the short-
output transition time of the inverter for all the cases of inputircuit power dissipation for the CMOS inverter, based on
ramp slopes are produced. The derived timing model takes imoalytical expressions of the output waveform is derived. It
account the complete expression of the short-circuit curretakes into account the currents through both transistors without
and the input—output coupling capacitance. This is achievethking simplifying assumptions. In order to achieve better
without using empirical approaches based on simulation resuigcuracy and to avoid an overestimation of the short-circuit
or approximations for the transistor currents as in previopower dissipation, the influence of the gate-to-drain coupling
works. The simplified bulk-charge MOS model [18] has beegapacitance is considered. The derived expression clearly
chosen. However, the experience derived from the resudfsows the influences of the inverter design characteristics, the
using this model could be expanded to more accurate dedd capacitance and the slope of the input waveform driving
complex models. the inverter on the short-circuit power dissipation.

The second goal of this paper is the derivation of an analyt-The rest of the paper is organized as follows. In Section I,
ical expression for the CMOS short-circuit power dissipatio@nalytical expressions of the CMOS inverter output wave-
This is very important because the growing demand for lovierm for all the cases of input voltage ramps, are derived.
power portable systems has made power dissipation a critiéé$o, in this section a detailed analysis of all the inverter
parameter in chip design [19]. During the output transition iBperation regions is given. Closed-form expressions, results
a static CMOS structure, a direct path from power supply &nhd comparisons with SPICE simulations and previous works
ground is created, resulting in a short-circuit power dissipatiodf the propagation delay and the output transition time are
The first work on the evaluation of the short-circuit powegiven in Sections Ill and 1V, respectively. Our approach for
dissipation was presented in [20]. A zero load capacitaniée evaluation of the CMOS short-circuit power dissipation,
and current waveform which is mirror symmetric about &esults and comparison with previous works are presented in
central vertical axis (at the half of the input transition timepection V. Finally, we conclude in Section VI.
were assumed. Also, it is considered that the transistor, which
is switched from cutoff to saturation, remains in saturation II. INVERTER OUTPUT WAVEFORM ANALYSIS
during the entire time when short-circuit current is conducted.
More recently, in [10] and [21] an expression for the short-
circuit energy dissipation of the CMOS inverter without th&aMPp:

The following derivations presented are for a rising input

simplifications of [20] was derived. However, as mentioned 0 +<0
. . ) —
at_)ove the expression of the outpgt vyaveform, was derived Vie=< Vop - (t/7), 0<t<T (1)
without consideration of the short-circuit current and the gate- Von t> 7
)

to-drain coupling capacitance. A closed-form expression for

the evaluation of the short-circuit power dissipation basethere 7 is the input rise time. The analysis for a falling
on an expression for the output waveform which consideirsput ramp is similar. Taking into account the gate-to-drain
the current through both transistors was presented in [22hpacitive coupling(Cy,), the differential equation which
Sakurai and Newton [14] presented a formula for the shodescribes the discharge of the load capacitafigefor the
circuit energy dissipation during one switching cycle which iIEMOS inverter (Fig. 1), is derived from the application of the
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Vob given by the following equations:
PMOS I, =0, Vi, <Vrn, Cutoffregion 4)
3,
Ip L= (Vi Vin)?
* n 2(1+6n)( in TN) 3
) Cn ey Ic. Vout > Viatn,  Saturation region (5)
Vin Vout ’
A | = | < 146,
© | Ly = B | (Via = Viex) Vour — %%“Lt :
Vout < Viatn, Linear region (6)
4{ ¢In .
NMOS whereg,, is the NMOS device gain factok/ry is the NMOS
e device threshold voltage;, is the slope of the first order
= - term at the Taylor series expansion of the NMOS bulk-
Fig. 1. The CMOS inverter. charge equation ant,;,, = % is the NMOS saturation

voltage.

Kirchoff's current law at the output node The current equations for the PMOS device are

. . IchJ‘r/IcM +1,-1,=0 o L =8, (Vop — Vin — |[Vor ) (VoD — Vout)
_C out C in out I _ In —0.
e T M< dt dt ) T _1dy) (Vop — Vour)?
2 ou 9’

Consequently, for the rising input ramp of (1), we get Voutr > Vearp,  Linear region  (7)

AV Lty t<0ort> _ P _v o _ 2

b _ CL¥Cl - = T 3) I, = 20 +38 )(VDD Vin — |Vrp|)7,
g +Cu Vout < Viatp, Saturation region (8)
wherec,,, = 54— I,=0, Vi, > Vpp—|Vap|, Cutoff region (9)

The output Ll&fé/f consists of the inverter drain junction
capacitances, the gate capacitances of fanout gates andyjhgre 3, is the PMOS device gain factoVirp is the PMOS
interconnect capacitance. The equivalent gate-to-drain capgiyice threshold voltages, is the slope of the first order
tanceC)y is the sum of the gate-to-drain capacitances of bofim at the Taylor series expansion of the PMOS bulk—charge
transistors equation andV..., = Vop — —(VDD’&‘{'VTPD is the PMOS
saturation voltage. The above exprespsions are similar to those
of the square-law MOS model [28] but have the factor

The gate-to-drain capacitance of a transistor is the sum of fet on(p)), Which reduces the current to a more accurate
gate-to-drain overlap capacitance and a part of the gate-Y3lue. _ _ _
channel capacitance [27]. The overlap capacitance is voltagdn order to give a complete analysis, four cases of input

Crr = Cga-nmos + Cgd-PMOS-

independent and is given by ramps are considered. First, the caseverdy fastinput ramps
where the PMOS device is turned off after its linear region,
Ced-overlap = WCago without entering saturation, is studied. Since the input ramp

will reach its final value with the NMOS device either in

where W is the effective width of the transistor arf@d,y, is saturation or in the linear region, two more cases of input
the gate-to-drain overlap capacitance per unit channel widdimps are considered. Fastinput ramps, the NMOS device
which is determined by the process technology. In the cute# still saturated while foslow input ramps the NMOS is in
region of the transistor there is no conducting channel anditg linear region, when the input voltage ramp reaches its final
the saturation region the channel does not extend to the drajalue. Finally, the case ofery slowinput ramps where the
Therefore, the gate-to-drain capacitance due to the chanp®lOS is turned off when the NMOS is in its linear region,
charge is equal to zero. In the linear region the distributegl examined.
gate-to-channel capacitance may be viewed as being sharegh the following, normalized voltages with respect¥gp,
equally between the source and the drain. Thus, in this case., uiy, = Via/Vbp, %ow = Vouws/VDD, * = Vrn/VDD,

1 D= |VTP|/VDD7 Usatn = ‘/;atn/VDDa Usatp = ‘/satp/VDDv

Cgd-channel = §COXWL and the variabler = /7, are used.

Case A: The first case to be studied is for very fast input
whereC,; is the gate—oxide capacitance per unit area Andramps such that the PMOS transistor is turned off after its
is the effective length of the transistor. linear region, without entering saturation (Fig. 2). Also, the

Depending on the region of operation the NMOS deviddMOS transistor is still saturated when the input voltage
current using the simplified bulk-charge MOS model [18] iseaches its final value.
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Fig. 2. Operation regions of the inverter for very fast, fast, slow, and very slow input ramps.

Region 1-8 < x < n: The NMOS transistor is off, and the Region 2—s <z <1 — p: The NMOS transistor is satu-
PMOS transistor is in the linear region. The first term of theated and the PMOS transistor is in the linear region. During
right-hand side of (3) (fol0 < ¢ < 7) corresponds to the the output voltage overshoot the PMOS device still operates in
charging current through the coupling capacitaf€gy ) which  a reversed linear mode. As in region 1 the differential equation
causes the major influence on the output voltage waveform(B) using (5), (7) becomes a Riccati equation. In this case,
this region. Part of the charge from the input which injecteithe power-series method results to the following recursive
through this capacitance causes an overshoot at the early pagression:
of the output voltage waveform (Fig. 2). During the overshoot
the PMOS device operates in a reversed linear mode because
the output voltage is greater than the supply voltage. Thus the
PMOS device initially helps to discharge the load capacitance
toward the supply voltage. The differential equation (3) usinghere
(4), (7) becomes a nonlinear Riccati equation [29] which

. . . o A
cannot be solved analytically, if a particular solution is notg, = —¢,... gy = —=2(1 —p —n),
known. Thus, a power-series expansion method [30], [31] has 2

Uouy = U12 + 1 — Z gk(-T - n)k (11)
k=1

; ; ; . A A (14 6p)
been used, resulting to the following recursive expression: — P (1= P/ 2
g3 6(1+6n)+ 3 |9 (1-p—n)gz+ 5 Ji
— k AP
oy =1 = Y fu (10 gx = - [or—2 = (1 = p—n)gri]
k=1
k—2
146
where +% > gigk—i—l}
i=1
A _ BaVopT
fl = —Cpm, f2 — _7])(1 _p)fl for If > 3, An = CL-I—DCE);\/I .
Ul = —Zio:lfkn’“ is the integration constant which is

and inserted to ensure continuity with respect to region 1. The

influence of the quadratic current term of the PMOS device
(1+6,) = is inserted to the output waveform at the third coefficient of
2 z_:l fifk—iz1 the series. The truncating error of the above serigs at10
T vaar is not more than 0.02%. As shown below, the series output
for k> 2, A, = &35 expressions of regions 1 and 2 give waveforms very close to
those derived from SPICE simulations, which indicates their
The second term in the braces fbr> 2 corresponds to the validity.
influence of the quadratic current term of the PMOS device Region 4+ — p < x < 1: The NMOS transistor is satu-
which was neglected in [12]. A satisfactory limit to truncateated and the PMOS transistor is off. It can be observed in
the above series is obtained for= 8. The error of truncating Fig. 2 that for very fast input ramps (case A), the inverter
the series is not more than 0.01%. doesn'’t pass from region 3 because the PMOS device is not

fio= %{[f” ~-pf] +




BISDOUNIS et al. PROPAGATION DELAY AND SHORT-CIRCUIT POWER DISSIPATION MODELING OF THE CMOS INVERTER 263

saturated. The analytical solution of the differential equation Uout
(3) in this region is
A PMOS saturation line
T

m(l’ —n)3. (12)

The integration constant,, is inserted to ensure continuity ~ Usp
with respect to region 2 and is given by

Uout = U24 + Cpp® —

N

Uout = ax + b

n 3 7 Uout
Ug4 = U’[l—p} — crn(]- — p) + m(l —p— 71) . /////

up—p) IS the value of the output voltage in which the PMOS ’
device is turned off and is calculated from (11) for= 1 — p. 1 /

Region 5A— < = < z4,: The input ramp has reached its Uout (for Ip = 0)
final value with the NMOS device still in saturation and the
PMQOS device offz,, is the normalized time value where the Xép Xsp X
NMOS device leaves saturation, i.&uu; < Viatn (S€€ NMOS
current equations). The analytical solution of the dn‘ferenu@Lte

equation (3) (fort > 1) is

A,(1—=n)*  A,(1—n)? 1 (13 derivation of an analytical output waveform expression and the
6(1+6,) - 2(1+6,) (—1). (13) calculation of the propagation delay, the integration constant
) o .. . uo3 must be determined. To achieve this, the calculation of
Reg"?” 6—¢ >z The N_MOS device is enterlng |ts_ lin- the valuesz,, and ., is required. These values satisfy the
ear region and the PMOS is off. The analytical solution q§),6g saturation condition, expressed by (15), and they can
(3) is be calculated by solving the system of (11) and (15). Since,

2usn (14) the order of (11) is high, the system of these equations cannot
1 4 edn(@—zan)(1-n) be solved analytically. Hence, in the following an efficient
method for the calculation ofs;, andw.y, is introduced, which

3. Approximation of the normalized times, when the inverter is
ring region 3.

Uout = U24 + Cm —

Uout =

whereug, = (1 —n)/(1 + 6,,), and z., is calculated from is illustrated in Fig. 3.
(13) for Uout = Usn-

Case B: The second case studies fast input ramps. TheThe analytical solution of the differential equation describ-

PMOS transistor is entering the saturation after the Ilnearg Ithild';f\;]gge of tr;e load capdacnance mb region 2, if
region and the NMOS transistor is still saturated when the [ gnarole current 1S assumed, 1S given by

input ramp reaches its final value (Fig. 2). The expressions Yout = Uy + Cm@ — An

of the output waveform for regions 1 and 2 are the same 6(1+6,)
with those of case A. Note, that the right limit of region 2 irwhere

this case is the normalized time val(e,,) where the PMOS

(z —n)® 17)

o1 _ k
device is entering the saturation region, 8. < Viap Uy =1—cmn Z fun”.
(see PMOS current equations). It is determined by the PMOS k=1
saturation condition By equating (15) and (17) the normalized timg) in which

the inverter is entering region 3 with the assumption of
(15) negligible PMOS current becomes the root of a cubic equation
which belongs to the intervgh, 1 — p]. The next step is the
Region 3—#,, <+ < 1 —p: Both transistors are saturateddetermination of the tangent of the output waveform expressed
The analytical solution of the differential equation (3) is by (11), at the point which corresponds g, (Fig. 3). This
tangent is expressed by the equation

l—xz—p
146,

Uout = Usatp — 1-—

p—— — n — p— 3
tou = tza + e = oS (@ = n) Yot = ax + b (18)
AP 3
_ (1 =z —p)3. 16) where
601+ 6p)( z—p) (16)
_ duout _ —1
The integration constant,s is inserted to ensure continuity = T vy - Z kgi(x sp -
with respect to region 2 and is given by and = k=1
_ An 3 i
U23 = Usp — CmTsp m(%p —n) b=1+u2 — ax;p — Z gk(x;p — n)k
AP 1 3 k=1
+ 6(1 + 5p)( ~ Tsp — P) From (15) and (18) an accurate approximation £g is
whereug, is the value of the normalized output voltage when rop = (L+8)b—bp—p (19)

the PMOS device is entering the saturation region. For the 1—a(l+6p)
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By substitutingz;, in (11) the normalized output voltage,, 0.80 — T 1 ‘

is evaluated. The error which is introduced in the calculation of ! ' ; Bo=B,

zsp due to the above method is up to 0.08%. The expressions o0 - Pon=p=017 | -

of the output waveform for the regions 4, 5A, and 6 are the P 5n=8=02

same with those of Case A, if the constanl, is substituted 0.60 - .. An=15.501

by the constants,s. - An=17
Case C: In the third case, slow input ramps are studied 0.50 1 An=185

(Fig. 2). The NMOS device leaves saturation while the inp
voltage is still a ramp. The output expressions for the regionﬁ%
1, 2, and 3 are the same with those of the previous case.
Region 44 — p < 2 < z5,: The NMOS transistor is sat-
urated and the PMOS transistor is off. The solution of the

040

0.30

CX=Xm(An=185)

differential equation which describes the temporal evolution 00l S |
of the inverter output in this region is given in (12) by ' P

substituting the constanty, with u.3. The normalized time 1< L

value z., is calculated from this equation faf,u; = tsatn = 010 | 1 1 i
(x —n)/(1+6,), which corresponds to the NMOS saturation o L . g 1 _/'p

line (Fig. 2). 077 078 079 080 081 082 083 0.84
Region 5B, < z < 1: The NMOS transistor is in the

linear region and the PMOS transistor is off. Neglecting
the charging current through the coupling capacitance hig- 4. Comparison of PMOS and NMOS device currents in region 5C (Case
approximated solution of the differential equation (3) is

Normalized Time (x)

1 the inverter operation, starting from (3), in both regions is
Uout =
An 2 1 VT -
Aoy o [ Fathl —allw)] Qss)
(20) dr =Cm — A" (‘T - n)uC'Ut - Tuout
A

— P (1 —x—p)?H(l -z — 22
wherey = \/g(a: —N), Y = ﬁ(azsn —n) - erfly] " 2(1+ 61))( 2 7) (22)
anderf[y.,] are the error functions of and ys,, respectively.
Standard ways for the evaluation of the error function can ¢here H(1—x—p) is the Heaviside's step functiodf(1 —z —
found in most mathematical handbooks [32]. p)=0forz>1—-pandH(l—-—z—p)=1forz <1-—p).
Region 6—% > 1: The input ramp has reached its finaln region 5C the PMOS device is poorly conducting, thus
value, the NMOS device is still in the linear region and thigs influence can be neglected. In Fig. 4 is shown that for
PMOS device is off. The differential equation which describes,, = A, = 15.5 the PMOS current is up to 0.06% of the
the operation of the inverter in this region is the same witiMOS current. As in Case C (region 5B) the charging current
those of Case A with different initial conditions. Its analyticathrough the coupling capacitance is neglected and the solution
solution is of the above differential equation is given by (20). In this
case the normalized time valug, is calculated from (16),
QUsn for wous = Usatn = (x — n)/(1 4 6,). The expression for the
S (21) . . .o
14 24— A, (2-1)(1-n) output waveform in region 6 is given by (21).
“1 Typical inverter output waveforms from the above derived
equations, are shown in Fig. 5. The results have been obtained
whereug, = (1 —n)/(1 + é,) and ) is the value of the for an inverter with equal NMOS and PMOS gain factors
normalized output voltage when the input ramp reaches jigs = 3, = 0.5 mAN?, n = p = 0.17 and §, =
final value.u,; is calculated ifz = 1 is set in (20). 6, = 0.2, operating atVpp = 5 V with an output load
Case D: In this case, very slow input ramps are studiedf 0.5 pF. In order to give output waveforms for several
The PMOS device is turned off when the NMOS device igalues of A,,.,(An. = 8.Vbp7/CL) in the same diagram,
in its linear region. After region 3 the inverter enters directlthe normalized output voltage is plotted as a function of the
to region 5C where the NMOS device is in its linear regionormalized time(x = ¢/7). The output waveforms produced
and the PMOS device is saturated. The output waveforfinom long-channel level 3 SPICE simulations are added for
expressions for the regions 1, 2 and 3 are the same with thesenparison. It can be observed that the analytical waveforms
of the previous case. are very close to those produced from SPICE simulations. The
Regions 5C and 5B, < < 1: The NMOS device is output waveforms ford,, < 2 correspond to Case A, the
in its linear region for both regions. In region §B—p < z < output waveforms foR < 4,, < 5 to Case B, the output
1), the PMOS device is off, while in region 5C, < < waveforms for5 < A,, < 14 to Case C and those for
1 — p) is saturated. The differential equation which describes,,, > 14 to Case D.

Uout =
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. r T T ] Case D: In the case of very slow input ramps the condition

L1 . : )
uouy = 0.5 can occur in three possible regions. Fior <
1.0 Apo < 18 occurs in region 5B or in region 5C. In this case
ook Ba=pp=osmav' | the normalized time valug, ; is given by (26). For,,, > 18,
' ke 0;72 : tous = 0.5 OCCUrS in region 3 andy_; is calculated from (16)
L : n=0p=0. _ -
0.8 =0 for uey, = 0.5
% 07+ Inpln r""""":rr rrrrrrrrrrrrr - 9 + I k
% I e« « SPICE Tos = z\fcos{ } - (27)
> 06 N i —— Analytical 3 3
e _ ‘ B
S o5t Ano=3 where
T{S - ,,/'
E o4l k2 — 3k R
2 04 Q= L 3, 6 =cos ! =
031 9 Ve
Ok1koy — 27ks — 2k3
02 r R= 1h2 - 3 1
= Ano=7 54
0-1VArm:/17 / 7 k :3[an_(1_p)BP]
L | L ! ' Bp - Bn
0 1 2 3 4 5 e p)2B, —n%B, + cp)
Normalized Time (x) 2= B, — B,
Fig. 5. Inverter output waveforms derived from the proposed analytical n — ugz +1°Bn — (1 — p)ng —05
method and from SPICE simulations. 3= B, - B,
B _ A, ;™
lll. PROPAGATION DELAY TU6(146,)" TP 6(1+6,)
' 9 is . . .
_The fall propagation delay at the 50% voltage level 1S is equal to 0 or 4 ifA4,, > A, or A, < A, respectively.
written as When A4,, = A, andé,, = 6,, x¢.; becomes the solution of
toun = tos — — = TosT — — (23) a simple quadratic equation.
2 2 By substitutingzo ; from one of the equations (24), (25),

where o 5 is the normalized time value whem... = 0.5. (26), and (27) in (23) the fall propagation delay of the

Thus, for the evaluation of the propagation delay, the normahverter for all the cases of input ramps can be evaluated

ized time valuero ; must be determined for the four cases onalytically. The error which is introduced in the evaluation

input ramps. of the propagation delay due to the approximation in the
Cases A and BiIn the cases of very fast and fast incalculation ofzg 5 in regions 5B and 5C [see (26)] is up to

put ramps the output voltage reaches the 50% voltage legebos.

(uow = 0.5) when the inverter operates in region 6. The |n Fig. 6, the fall propagation delay of the inverter is plotted

normalized time value 5 is calculated from (14) fot... = as a function ofA,,. The results have been produced for an
0.5 inverter with equal NMOS and PMOS device gain factors
Infdug, — 1] Bn = Bp =05 mAN?, n = p = 017 and §, = 6, =

P05 =TT T T —n) (24) 0.2, operating atVpp = 5 V, with an output load of 0.5

Case C: In the case of slow input ramps the conditio F, and input rise tme from 0.2 n&dy, = 1) to 4 ns .
: . . : Ano = 20). Results using the approaches for the evaluation
Uou, = 0.5 OCCUrS in region 6 when < A, < 8 or in region

= of the propagation delay presented in [10], [14] and [17], are

5B when8 < Ay, < 14. In the first case the normalized tlmealso given. It can be observed, that the presented analytical

valuezo ; is calculated from (21) fotiou, = 0.5 method for the evaluation of the inverter propagation delay
gn[W} gives results closer to those derived from long-channel level
Tos=1+—— 2" 4 (25) 3 SPICE simulations (indicated with diamonds) than the other

An(1=n) methods.

For the evaluation ofg 5 in the case where the output voltage The fall propagation delay as given by (23), for the case
reaches the 50% level in region 5B a linear approximation of equal device gain factors and the case of double PMOS
the output voltage is used in the vicinity of the 50% voltagdevice gain factor, is plotted as a function 4f,, in Fig. 7.
level, since the expression of the output waveform in regidfor relatively fast input rampg4,,, < 6) the delay is slightly
5B (20) cannot be solved analytically. Then shorter for wide PMOS devices than for narrow ones and
0.5 — [(zen — 1) /(1 + 6,)] higher for slower input ramps. This is_ due to the charging
p (26) current through the gate-to-drain coupling capacitance, which
) causes a voltage overshoot at the early part of the output
whered = ®eue| - — —Aulzmon)” s the slope of the waveform. Initially, the PMOS device helps to discharge

dx 2(146,,) . H
output waveform. the load capacitance toward supply voltage. Then it causes

0.5 = Tsn
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ne— e Fig. 7. Fall propagation delay of the CMOS inverter f§ = 3, and

Bp = 28,.

Fig. 6. Inverter fall propagation delay derived from the proposed method,
previous models and SPICE simulations.

Vout

Ramp approximation

an additional delay in the discharge of the load capacitance N of Vout
through the NMOS device. For fast input ramps the output \'
voltage overshoot is high and the first effect dominates the
second, resulting in a reduction of the propagation delay. On
the contrary, for slower input rampsi,, > 6) the output
voltage overshoot is lower and the reaction in the discharge
of the output node caused by the PMOS device current is —
dominant. This results in an increase of the propagation delay.
Corresponding results for the rising output propagation delay

are obtained fop,, = 2/, as, in this case, the NMOS transistor

is the short-circuiting transistor.

IV. EFFECTIVE TRANSITION TIME 0

In real CMOS datapaths, the input signal of a gate is n(F)_t 6 Determination of the effecti out ransition 6
a ramp but the output waveform of the preceding gate. Iff- - Petermnation ofihe efiective output transition ime.
order for the derived ramp delay model to be applicable to .
real circuits, an approximation of the real input waveform by Cases A and B:in the cases of very fast and fast input
a ramp waveform is needed, to obtain an effective transitié@mMpPs the derivative value of.,; at zo; is evaluated by
time. According to [10], a good approximation for the evalugdsing (14)
tion of the effective output transition time, ) of the inverter, Qq Ap (1 — n)en (@0.5—zen)(1-n)
is achieved when the output waveform slope is approximated s=- [1 4 eAn(zos—2en)(1-n)]2 (29)
by 70% of its derivative at the point which corresponds to the o
half supply voltage level (Fig. 8)r,, can be used as the Wherézos is given by (24).

for the succeeding inverter in the circuit. The effective output C@S€ C: In the case of slow input ramps the condition
transition time may then be written as uout = 0.5 can occur in region 6 or in region 5B. In the
first case(5 < Ay, < 8) the derivative value 0fi,,; at zg 5

T = d‘VDD - (28) s evaluated by using (21)
’ fout 0.7
0715 = ’ 2en gy (2tsn — 1)) An (1 — n)etn(@os—DA=)
s = —
wheres = %4 | is the derivative value of the output [up) + (2usn — u[l])GA”(mo.s—l)(l—n)]2
waveform at the pointzg ;. Thus, in order to evaluate the (30)

effective output transition time this derivative value must b&herez 5 is given by (25). When,,; = 0.5 occurs in region
determined for all the cases of input ramps. 5B (8 < Ay, < 14), the derivative value Ofi, at zg 5 IS
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T T T T TABLE |
PROPAGATION DELAY RESULTS FOR ACMOS INVERTER CHAIN
20 Propagation Delay (nsec)
o 18f 4 Analytical SPICE
% Inverter #] 0.7657 0.8016
= 16F . Inverter #2 09115 0.9390
"E‘ Inverter #3 1.0329 1.0591
g 141 1 Inverter #4 0.7132 0.7441
k> Chain 3.4233 3.5438
E; 121 .
g n R B from SPICE simulations (indicated with diamonds) than the
3 IR 'S,f:s(ied other methods. Note, that in the expression presented in [14],
| 4] | the output transition time remains constant with increasing
08 L [17] ; values of input transition time. This approach is valid only for
‘ ‘ fast input rampg A,, < 5). This is explained considering that
0'60 2 4 6 8 10 1 4 6 18 for fast input ramps the discharging current (current through
the NMOS transistor) takes its maximum value very early
Ano = fn Voo T and the PMOS transistor is poorly conducting. As the input
Cu transition time (and consequently,,,) increases the rate of the
Fig. 9. Inverter output transition time derived from the proposed methotilcrease of the discharging current is reduced. In addition the
previous models, and SPICE simulations. reaction of the PMOS current also increases slowing down
the output transition.
calculated by using (20) In th(_e following, _the pr_opaga_tion del_ay evaluat_ion _for the
CMOS inverter chain of Fig. 10 is examined. The first inverter
1-— 2y0,5ey3-sD (the one outside the box) is only used for the derivation of
5= (14 68,)e2%.s D2 (31) 2 real input waveform to the inverter chain. The inverters
of the chain have different loads and drives. In the delay
whereyo 5 = \/g(gyo'5 —n),D=—1 — @(erf[yo's] — evaluation the effective output transition time of each inverter
Ysne?en is calculated by using (28) and is used as input transition time

erf[yen]) andzo 5 is given by (26). for the succeeding inverter in the chain. The results derived

u Cas;e (5) glzatzeof:ii? ?rf1 Vreegiosrl;WS'gplgéa;%S ;heF%inimo?rom the analytical model and those produced from SPICE
out — . y . . . . .
A, < 18 the output voltage reaches the 50% level when tr%mulauons are presented in Table I. The propagation delay of

; . ! . : . h inverter and th | del f the chain are given. Th
inverter operates in region 5B or in region 5C. In this case tﬁgc erter and the total delay of the chain are give ©

L . reemen ween the simulation and the calculation is ver
derivative value of:.; atzo 5 is given by (31). Fod,,, > 18, agreement between the simulation and the calculation is very

I i 0,
uowy = 0.5 occurs in region 3 and the derivative valuewQf;; good. The error in the total delay is 3.4%.
at x¢.5 is evaluated by using (16)

A, 9
S =Cp — (xos—n) +
2( )

A V. CMOS SHORT-CIRCUIT POWER DISSIPATION
L4 )(1 — 205 —p)* In a CMOS inverter, short-circuit power is dissipated when

2(1+ & a direct path from power supply to ground occurs. For a falling
(32) output transition, due to the charging current through the input-

where zo 5 is given by (27). to-output coupling capacitand€”,; ), an overshqot occurs z?\t
Finally, by substituting the derivative value af.; at o s the early part of the Qutput voltage waveform (Fig. 11). During

in (28) the effective output transition time of the inverter"® Overshoot there is no current from power supply to ground

for all the cases of input ramps, is evaluated. The effectif§CaUS&ou: is higher thanVpp. Thus, as it can be seen in

transition time for a falling output waveform is plotted as &'9- 11 (shaded region), short-circuit power is dissipated from

function of A,, in Fig. 9. The results have been obtaineEhe end of _the_output voltage overshdot = 1) unt|l_the_

for an inverter with equal NMOS and PMOS device gaiff MOS device is turned offz = 1 — p). The short-circuit

factors 3, = f, = 0.5 MAN2, n = p = 0.7 and POWer dissipation is given by

b = = 0.2, operating atVpp = 5 V, with an output _

load ofp0.5 pF, and input rise time from 0.2 (d,, = 1) Fso = (Bsor + Bscn)/f. (33)

to 4 ns(A,, = 20). Results using the approaches for thé&scr and Escr are the short-circuit energy dissipation per

evaluation of the output transition time presented in [14] arfdlling and rising output transition, respectively apids the

[17], are also given. It can be observed, that the presentaitching frequency. In the following, the short-circuit power

analytical method for the evaluation of the CMOS invertatissipation for all the cases of input ramps is evaluated. The

output transition time gives results closer to those producedmplete analysis for a falling output transition and final

146,
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Br=fr=0.5mAV’

Step 1nput

Fig. 10. Example of a CMOS inverter chain.

The end of the output voltage overshoot occurs in region 2
due to the fact that the discharge of the output node, which is
1 initially charged atVpp, does not start in region 1 since the
~ NMOS device is off. Thusg; must be calculated by (11) for
Input ramp uouy = 1. Since this equation cannot be solved analytically, a
method similar with that used for the calculationagf, (Case
B—region 3) is used. Equation (17) fat,,, = 1 gives the
normalized time valuéz} ) in which the end of the overshoot
Output response occurs, if negligible PMOS current is assumed. The tangent
— of the output waveform expressed by (11) at the point which
corresponds ta, is given by

Normalized Voltage

Uout = MT + ¢ (37)

n X1 1-p X

Fig. 11. Region in which short-circuit energy is dissipatedvhere
(#1 <@ < 1-p).
_ duout
closed-form expressions for the short-circuit energy dissipation = e
during a rising output transition, are given. and
Case A: In this case, the PMOS device is turned off before
the end of the overshoot at the output voltage waveform q=1+u—ma) — Z gr(zh —
(Fig. 2). Thus, there is no short-circuit power dissipation.
Cases B and C:In both cases of input ramps, the NMOS
device is still saturated when the input voltage ramp reachBg settingu,.. = 1 in (37) an accurate approximation fog
the valueVpp — |Vrp|, i.e.,& = 1—p. The short-circuit energy is derived
dissipation during a falling output transition is given by
1-p P (38)
ESCF = VDD /Isc dt = VDD/ Ip’/' dx. (34) m

1

:—Zkgk ;

r= k=1

The application of the Kirchoff's current law at the inverteff he error which is introduced in the calculation of due to
output node (2) gives the above approximation is up to 0.2%. The analysis in order

to evaluate the short-circuit energy dissipation during a rising

2
= M(w —n)? - CuVop output transition is symmetrical and results to the following
2(1+ 65) T formula
C Cr)Vpp duoy
+( L+TJ\4) DD th. (35) By
- . . . . Escr= 2P _[Bp(l—n—=z1)(p+n—a1—1)
By substitutingZ,, in (34) the integration yields 6(1+6p)
Fser = 2980 1301 o b p— 2 — 1) o G
SCE T B(1 o,y N TP TR TR TN — VBp(CL + Car)upi—n). (39)
+(1—=p)® —2f] = VipCu(l —p— 1) . , , . . :
+VEs(Cr + Car)up—py — 1) 36) 7 is now the input fall time;; is the normalized time value

in which the end of the output voltage undershoot occurs and
where z; is the normalized time value in which the end ofi;_,, is the value of the normalized output voltage when the
the output voltage overshoot occutsg; _,, is the value of the NMOS device is turned off. By substitutingscr and Escr
normalized output voltage when the PMOS device is turndéebm (36) and (39) in (33), the short-circuit power dissipation
off and is calculated from (16) far = 1 — p. for the cases of fast and slow input ramps, is evaluated.
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Case D: In this case, the NMOS device is entered in its N A S S

linear region, before the input voltage ramp reaches the value 35+ | Pa=Pp—O05sman’] =
Vbn — |Vire|. Thus, the short-circuit energy dissipation during 1 a“:j;:f’g; J/
the falling output transition is given by ) =‘(’).5pé / _
ooy 1-p J/
Escr = Vpp /Ip dt = Vpp / I7 dz +/ I,7 dz 25 e e o SPICE J/ ]
1 zs ; Proposed : 7
P 40 Escr + Escr % 20l S [24] ; // |
(40) C. Vio L ———- 0], [21]§ /

where z;, is the normalized time value in which the PMOS
device is entering the saturation region. Using (35) for the
PMOS current in the first integral and the current equation of
the PMOS device in saturation (8) in the second integral, the
short-circuit energy dissipation is given by

3. VDT
Escr = % [371(,1’51) - -Tl)(n — Tsp — -Tl) + -Tgp - .T:f]
n
- VDQDCJW(‘/ESP - .’L'l) + V]%D(CL + C]\l)(usp - 1) Ano= Bn Vot
B, VELT o
S e ale RSt @ B ;
6(1 - 61“) Fig. 12. Short-circuit energy dissipation percentage of the capacitive energy

. . . . dissipation, derived from SPICE simulations and from analytical expressions.
ugp IS the normalized output voltage value in which the PMOS

device is entering the saturation region ands given by (38). . .
Similarly, the short-circuit energy dissipation during a risin@utput waveform. Also, a quite accurate method is used for the

output transition is determination of the time where the short-circuiting transistor
BVE s changes from the linear region to the saturation. The models

Escr = - 222 [3p(2sn — 21)(p — Ten — 71) for the evaluation of the short-circuit dissipation presented

6(1 + &) in [14] and [20] give inaccurate results, because zero load

+ 23, — 2} = VBpCm(zen — 1) capacitance is assumed. For example, in an inverter with

) l—zy—n identical input and output transition timést,, = 5.9), the

+ Vin(CrL 4+ Cur) <T) short-circuit energy dissipation in one switching cycle which
B VE T " is evaluated using (36) and (39) is about 9.5% of the value as

+ 6("17_:2)(1 — Zan — 1) (42) calculated in [14], and 8.5% of the value as calculated in [20].

The validity of the proposed approach has been also examined
wherer is now the input fall timeg; is the normalized time for the case of the inverter chain. In the example shown in
value in which the end of the output voltage undershoot occufiy. 10 the discrepancy between the analytical calculated value
and z,, is the normalized time value in which the NMOSand that produced from SPICE measurements is about 7.5%.
device is entering the saturation region.

In Fig. 12, the short-circuit energy dissipation percentage VI. CONCLUSION
of the capacitive energy dissipation in one switching cycle, is . .
plotted as a function ofl,,,. The results have been derived for N thiS paper an accurate analytical method for the eval-

an inverter with equal PMOS and NMOS device gain factoRtion of the propagation delay and the short-circuit power
Bn =By =05 MAN?, n =p =017 andé, = 6, = 0.2, dissipation in a CMOS inverter, has been presented. In order to

operating a¥pp = 5 Volts, with an output load of 0.5 pF andachieve that, analytical expressions of the inverter output ramp
input rise time from 0.2 n:sA — 1) 10 4 NS(Ap, = 20) AS response for all the cases of input ramps, have been derived.

can be observed in Fig. 12, the percentage of the short—circ-ﬂ_lﬂes_e expressions take into account_the influ_ences of th_e short-
energy dissipation increases when the input waveform is siGifcUit current and the gate-to-drain coupling capacitance.
compared with the output waveform (high values 4f.). In addmon_, the effective transition time of the_lnverter is
Hence, the contribution of the short-circuit current to the tot&aluated in order to make the ramp model applicable to real
energy increases when the input transition time is increasglfFuit applications.
and the capacitive load is reduced. SPICE measurements have
been obtained by using the powermeter subcircuit proposed
in [33] and [34]. Also, results using the approaches for the1] J. Rubinstein, P. Penfield, and M. A. Horowitz, “Signal delayR&
evaluation of the short-circuit energy dissipation presented in tree networks,1EEE Trans. Computer-Aided Desigvol. CAD-2, pp.
[10], [21] and [24] are givgn. The proposed gpproaoh giveﬁ] ?olz_étlst(;rﬁgu%gigswnch level timing verifier for digital MOS VLSI,”
results closer to those derived from SPICE simulations than [EEE Trans. Computer-Aided Desigaol. CAD-4, pp. 336-349, July
the other methods. This occurs because our model includ%? %\9%5- Den o o .

. . . . C. g and Y. C. Shiaw, “Generic linear RC delay modeling for
the influences of the short-circuit current and the gate-to- digital CMOS circuits,” IEEE Trans. Computer-Aided Desigwol. 9,

drain coupling capacitance on the expression of the inverter pp. 367-376, Apr. 1990.
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