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Analysis and Future Trend of Short-Circuit Power

Koichi Nose Student Member, IEEEBNd Takayasu Sakurdviember, IEEE

Abstract—A closed-form expression for short-circuit power
dissipation of CMOS gates is presented which takes short-channel
effects into consideration. The calculation results show good
agreement with the SPICE simulation results over wide range
of load capacitance and channel length. The change in the
short-circuit power, Ps, caused by the scaling in relation to the
charging and discharging power,Pp, is discussed and it is shown
that basically power ratio, Ps/(Pp + Ps), will not change with
scaling if Vra/Vpp is kept constant. This paper also handles
the short-circuit power of series-connected MOSFET structures
which appear in NAND and other complex gates.

Index Terms—tow-power design, power modeling and estima-
tion, simulation, VLSI.

LIST OF PARAMETERS USED

@ Velocity saturation index.
an Velocity saturation index of NMOS.
ap Velocity saturation index of PMOS.

ANNJ Effective velocity saturation index d¥ series-con-
nected NMOS structure witlith NMOS gate from
output as an input.

apnJ Effective velocity saturation index @¥ series-con-
nected PMOS structure witlith PMOS gate from

output as an input.
/31, Beta ratiO(IIDOP/IDON)
Cin Input node capacitance
Cout Output load capacitance
Ca Gate capacitance of inverter
np Power ratio(=Ps/(Pp + Ps)).
f Frequency.
FO Fanout(:COUT/CIN).
fo Transistor drivability ratio of succeeding gates.
Ip Drain current.
Ipy Drain current of NMOS.
Ipp Drain current of PMOS.

Ipon Saturated drain current of NMOS afgsy =
Vosy = Vop.

Ipop Saturated drain current of PMOS 8tasp| =
[Vbs p| = Vop.

Ipony v Saturated drain current of NMOS of previous gat

stage.

Ipopn  Saturated drain current of PMOS of previous ga

stage.
Ly NMOS channel length.
Lp PMOS channel length.

Pp Dynamic power dissipation per switching
(=CourVpp/2).

Ps Short-circuit power dissipation per switching.

t Time.

tr Transition time of input voltage.

™ =CourVpp/Ipon, transition time of output
voltage.

Vbp Supply voltage.

Vpo Drain saturated voltage &t:s » = Vpp.

Vbor Drain saturated voltage of PMOS ®ts p = Vpp.

Vbs Drain-source voltage.

Vas Gate-source voltage.

Vasp Gate-source voltage of PMOS.
Vour Output voltage.

Vi Threshold voltage.

Vra N Threshold voltage of NMOS.
Vrarpr Threshold voltage of PMOS.

Vpop Normalized drain saturated voltage of PMOS at
Vasr = Voo(=Vbor/Vop).

VOUT Normalized output voltage=Vour/Vnon).

VTN Normalized threshold wvoltage of NMOS
(=Vran~/Vob).

vrp Normalized threshold voltage of PMOS

(=Vrur/Vob).

|. INTRODUCTION

N RECENT YEARS, low-power design of CMOS very large

scale integrated circuits (VLSIs) draws much attention. The
power dissipation of CMOS gates in an active mode consists
of two components. One is a dynamic power compon&pt,
which corresponds to the charging and discharging of the load
capacitance. The other is a short-circuit power compomgént,
Although the first one is well characterized, the short-circuit
power or in other words crowbar current power component has
not been fully studied. As power dissipation becomes the more
serious problem, the more accurate estimation of the power dis-
sipation is needed and in this context, studyingis crucial for
g1e future VLSI designs.

Veendrick [1] first reported an expression 8¢ but it did not

{ake in account thé’s dependence on load capacitanCgyrr,

although Ps is a strong function ofCoyr. In [2], Ps depen-
dence orCoy was first introduced but it neglected the short-
channel effects of’s. The authors of [3] and [4] then introduced
the short-channel effects s through the use af-power law
MOS model [5], but their expressions diverge to infinity when
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bility when the load capacitance is small. One more drawback
i$ that the expressions include the solution of quadratic or cubic
equations so that the expressions are complicated.
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Target inverter where

Ioopiloonin IDOP!II:y
1
flo) = - P S (2R )
any + 2 2(04N+3) ay +4 2
;}; Cin ;7—7 cou‘r=F°‘c|N;7_7 (2)

The detailed derivation of («) can be found in Appendix. The
expression for a charging case of the load capacitance can be
obtained by exchangingy and P suffixes.

This formula, however, suffers from the above-mentioned
problem that thePs diverges to infinity whenCoyr = 0.
Output voltage On the other hand’s expression folCoyr = 0 case, which
Time means that the input rump is slower than the output transition,

has been obtaingdPs (¢t > 7)) as follows [5]:

Short-circuit current

Ps (tT > TN)
Fig. 1. Voltage waveform of CMOS inverter operation. 1 1 (1 v v )ap+1
—VUrN —Vrp

ap—i-].zo‘_P (1—UTP)O‘P

®3)

= Vpotripor

In this paper, a closed-form expression is presented which

resolves the above-mentioned problems and the future tren(’-j%?wow’ (1) and (3) are combined by taking a harmonic average

the two quantities to build the general formufds, which
overs both of the slow and fast input case. The resultant ex-
pression forPs is free from the above-mentioned divergence
problem

the Ps /(Pp + Ps) is discussed, which answers a long-standin
guestion if thePs is getting more and more serious or not i
the future. The answer is that basical®/(Pp + Ps) will

not change with scaling i¥ty/Vpp is kept constant, which
will be discussed in detail in Section V. This paper also handles 1

the short-circuit power of series-connected MOSFET structures Ps = L + L : )

which appear iNAND and other complex gates, which will be Psltr<rn) & Ls(tr>7v)

discussed in detail in Section IV. Substituting (1) into (4), the short-circuit power dissipation is
Section Il describes the derivation of the basic formula for thabtained as follows:

short-circuit power dissipation usirngpower law model [5]. In 1

Section lll, the calculated results using the formula are com- Ps = vporCourglvr,e) | hlvr.o) ®)

pared with SPICE simulation results to show the validity of the 2IpopIponts Voptripop

formula. In Section IV, the short-circuit power of series-corvvhere

nected MOSFET is derived by introducing effectivefor se-

ries-connected MOSFETS. In Section V, the future direction of an+1 (1= vpn)2V (1 — vpp)*e/?

th . B . . glvr, @) = ap/24an+2 (6)
e short-circuit power dissipation is discussed. Section VI in- fla) (1 —wvpy —vpp)or/2tant

troduces the simpler and approximated which will be useful for o (1 —vrp)>r

the easier estimation. Section VIl is dedicated to conclusions. (vr, @) =277 (ap +1) (1 — vy — vpp)ortL ™

This formula expresses thHé; in terms ofé and can be used
to estimate the short-circuit power when input transition time
Fig. 1 shows the typical input and output voltage wavefornis given. In discussing the scaling characteristics of the short-
of a CMOS inverter discharging the load capacitance. Althouglfrcuit power dissipation, however, it is better to eliminate
discharging case is described here, the charging case carbpeeplacing:; with a function of the saturated drain current of
treated similarlyz is a transient time of the input voltagk, the previous gate stagépon v, Iporn, and the input node
is the time when the input voltage reaches the threshold voltaggpacitanceCy [5].
of NMOS, andt, is the time when the input voltage reaches Since the input voltage is the output voltage of another CMOS
the threshold voltage of PMOS. The short-circuit current flowsgic gate, the transient time;, can be expressed as follows
betweer¥, andt;. WhenCoyr is sufficiently large, it can be [5]:
assumed that NMOS operates in the saturated region and PMOS

Il. SHORT-CIRCUIT POWER DISSIPATION FORMULA

operates in the linear region betwegrand#;. With these as- tr :M <@ + Ypor 1 10“’””)
sumptions, an expression for short-circuit power when the input Iporv \0.8 0.8 ¢
is very fast,Ps (t7 < 7v), can be derived as follows: :?IN Voo F(vpor). ®)
DoPrIN
Ps(tr < 7n) = 2Mt% Substituting (8) into (5), the short-circuit power dissipation
vpopCout without usingty is readily obtained as follows:
(1 — vpy —vpp)*r/2ToNt? f(a) ) ,
(1 —vrn)*¥ (1 —vrp)®r/2 ay +1 Ps=- f}(vggp)VDDCINfO ©)
1) %FO& + h(vr, ) fo
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SPICE simulation Formula

\ i 1010
15 N 7 Co=7.9[fF]
S o Tech. A — 101
2 (Laare=0-5um) 3
o &
o 10 « — - Tech.B £ 10
. 3
] & (Loare=0.51um) o
H 3 103
a C=10[pF] £
5 s \ 1__,‘-’ Formula SPICE
g * o 1014
[ & -=-- o V,=0.05V
5 — 0 Vp=0.25V
& 10
0 1 N 2 3 ) 2 10-15 10-14 10-13 10-12 10-11 10-10
- Input and output capacitance : C,=Cq\r [F]
Fanout : FO=C,,{/C},
Fig. 2. Short-circuit power dependence on fanout. Fig. 3. Short-circuit power dependence on the input and output node
capacitance.
TABLE |
SPICE LEVEL3 MOS RARAMETER 15
SETS.
Tech. A
Tech. A Tech. B —
% C|N=1°[PF]
= ) = 10
Vruw (Vas=0) [V 053 0.57 5 SPICE simulation
Ve (Ves=0) [V] 0.61 0.56 3
]
Loo(Wy=10pm) [mA] 092 18 % 5 Verumu formula (ref.3)
€
Voo 0.5 0.5 S u-_.__}___
1.38 1.6 @ 2 b
o ’ ’ This work
P 13 16 0 1 2 3 4 5
Fanout : FO
0.9 Ypop 10vpop Fig. 4. Comparison between this work and previously published formula.
k(v =+ In 10
(woor) =55+ "0 e (19) _ .
an +1 (1 —vpy)*N (1 — vpp)er/2 present formula and the previously published Vemuru formula
glvr, ) = F(o) (1= vry — vpp)or/2ran+? (11) jn [3]- The Vemuru formula deviates from the simulation results

when the fanout is very small and when the fanout is greater than
(12) three. On the other hand, the proposed formula reproduces the
simulation results well.
The dependence dfs on Ipon, Ipopr anda is also com-

(1 — UTp)aP
(1 —wvry —vpp)*rtt
1 1
FO — Cour fo— Lpor g, = foor g5

h(UT, Oc) = 2¢P (Oép + 1)

Cix Ipory’ 7" Ipon pared between SPICE simulation and the present expression.
Fig. 5 shows the short-circuit power dependence on PMOS

Il. COMPARISON BETWEEN CALCULATED AND SPICE and NMOS drivability ratio,s3,.. Again the present formula
SIMULATION RESULTS reproduces the simulation results well. Fig. 6 shows the depen-

. dence on the MOSFET channel lengthy and L p. Sincea is
The calculation results by the proposed formula agree W%ﬁanged when the channel length is changed, Fig. 6 indicates

with the SPICE simulation results as shown in Fig. 2. Two cong. - -
letely diff t MOS model i i dt ht e validity of the short-circuit power dependencefr and
pletely differen model parameter sets are used to ShOW o "o o formiia

the validity of the formula. The MOS parameter sets are listed”
in Table I. ACMOS inverter chain shown in Fig. 1 is used for the
comparison. In order to confirm the validity of the proposed for-
mulas when the typical load capacitance (fF order) is used, the
short-circuit power dependence on the load capacitafige ( Sofar, the short-circuit power of only a CMOS inverter is con-
andCour) is calculated. Fig. 3 shows the result. FO is set todidered. In this section, however, the more complicated struc-
andCry andCour changes from 7.9 fF (the gate capacitance éfire, series-connected MOSFET structure, SCMS, which ap-
the inverter(C¢;) to 10 pF. It is seen that the proposed formulagears inNAND/NOR gates (see Fig. 7) is investigated. Here, in
are in good accordance with the SPICE simulation. order to handle the SCMS, the idea in [6] is employed. In [6], in
In Fig. 4, the SPICE simulation results for the dependenceder to derive the delay of the SCMS, thieseries-connected
of Ps on FO are compared with the calculation results by tHdOSFET is replaced by a single MOSFET structure, SMS (see

IV. SHORT-CIRCUIT POWER DISSIPATION OF
SERIESCONNECTED MOSFET SRUCTURE
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10
W/L =2.7/0.5
Tech. A 'nop
s -
2
5 '“" 10pF
ES
o
-5
'§ . 50ns —r7ut
o
I
‘g 50ns
]
SPICE simulation p
| " L|
0 1 2 3 4 = lzl;o.s xN
Inop/loon * By SCMS SMS

Fig. 5. Short-circuit power dependence 8n

Fig. 8. ApproximateN series-connected MOSFETs (SCMS) with single
SPICE Formula MOSFET structure (SMS).

5
\ J Tech. A x10%
— 0 —— 4
;& 4 N=X_ , Lp=0.5[um] Ipgp=coOnst
g s Lp=x, , Ly=0.5[um]
2 = 3 Formul
= ) ormula
£ 2 z
o b a
T — 71 =
o - 2
7
0, =1.68 ) )
o| (Change x, only target inverter) SPICE simulation
05 1 1.5 2 1< ., . @ . @
Channel length : x, [um] 1 2 3 4 S 6

Number of series MOSFETs : N

Fig. 6. Short-circuit power dependence on channel length. Fig. 9. 1/Ipynx dependence on number of series MOSFETS.

L 27105 XN 4.
=2.7/05 '°| ""1 The calculated po v is shown in Fig. 9 which shows good
J=1 agreement with the simulation results. On the other hand,
‘I ;);"’PF ] « is not so easy to approximate. In this paper, a method
J=2 J=2_4 to calculateaypyys formula is proposed using simulated
—I ' CY]\T(p)ll, CY]\T(p)Ql, anda]\r(p)QQ. CY]\T(p)]\fJ iS eﬁective VelOCity
| | J=1.<-_| saturation index ofV series-connected N(P)MOS structure

with Jth N(P)MOS gate from output as an input.
Scrutinizing the SPICE simulation results, the following em-

J=N _| _|

F >
wiL wiL ;]/;7 10 pirical formulas can be used for the case/of 1 andJ = N:
=2/05x N =2/0.5
N-series NAND N-series NOR AU = AN11GN21
R (an11 — ano) B + ana
Fig. 7. N series-connected model structure (SCMS). @ e In2
apyi = ri1 f’QJJ\L (15)
_ niv
Fig. 8). A method has been proposed to extract effective param- (@riy ag 3\1311&]2\,; ara
eters,/ponn (effectivelpgn of the SMS), Vg, anda for the ANNN = (« —ona) (N —1) +a
SMS. This paper follows the proposed method in [6] to extract N alf‘fapﬂ N2z
Iponn, andVp, for the SMS but the method to extract the ef- apyy = — . (16)
fective « is modified. (@pin = apa) Ty +ar

As is shown in [6],Vpo of the SMS is unchanged from theA comparison of the calculatees with the simulation results is
Vpo of one MOSFET inthe SCMS, arghq - is calculated from shown in Fig. 10(a) and (b).
Ipon1 andIpoxz as follows: Fig. 11 shows the short-circuit power comparison of the
Iponidpone (14) SCMS between the calculation and simulation. The calculation
(Ipon1 — Ipon2)(N — 1)+ Ipona results can be favorably compared with the simulation. Once

Iponn =
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SPICE simulation  Formula =
15 / _ ~ o \
© NAND (N-series NMOJ) 215 -
— — + NOR (N-series PMOS % SPICE simulation
N J=1 - o
3 3
€ 0
©
a1 Formula °
1 J=1
b
1 2 3 4 5 6
Number of series MOSFETs : N
1 2 3 4 5 6 @
Number of series MOSFETs : N
2
(@)
SPICE simulation  Formula %
14 - 5
o NAND (N-series NMOS) g
o
\ — — + NOR (N-series PMOS) 5
[
N=J °
Positive input ramp 5
21 51
g Formula

1 2 3 4 5 6
Number of series MOSFETs : N

(b)

1 2 3 4 5 6 Fig. 11. Short-circuit power dependence on number of series MOSFETSs (a)
Number of series MOSFETs : N N-seriesNaND (b) N-seriesNoR.
(b)
Fig. 10. oy, dependence on number of series MOSFETs/(a}x 1 (b) ~ 0.13 V=0.22V
J = N. I:.I"‘.: Formula ‘VTH=0'35V
_ & V,=0.52V
annyg andapy ;s are obtained, the generdl and J can be q
obtained using the following formula: & 01
(anyy —any1)(J —1) ]
ONNJ = ONN1 T+ c
(N - 1) g o :
(OCPNN _ Oéle)(J _ 1) S ° /oy - SPICE simulation
aApNJ = PN 17 [1] 1 bl
PNJ = QPN (N—-1) (@7) 05 1 2 3 4 5
Supply voltage : V,,[V]
V. THE CHANGE OF THE SHORT-CIRCUIT POWER DISSIPATION  Fig. 12. Power ratio dependence on supply voltage.
WITH SCALING
. . SPICE simulation Formula
Now, let us consider the power ratigz = Ps/(Pp+Fs), to 0.25 <
investigate the impact of the short-circuit power. It is straightfor- = ° Vpo=3.3V
. . . . o b
ward to obtain the.power ratig- knowing thatPD_ls expressed n,;n 02t o © — — v, =15V
asCoutV3p /2. Figs 12 and 13 show comparisonsrgf be- o $o— oy v
tween calculation and simulation. The dependeneg-adn the % oo™
threshold voltage and the supply voltage is well reproduced over &
a wide range o¥’rz andVpp by the present formula. It is seen 8 o041
from the figures thatPs/(Pp + Ps) is about 10% for a typ- 8 g ~ 5
ical design. This means that the contribution of the short-circuit 2 AN
power to the total active power is about 10%. < N < ~ ~
. . . P 3. m—
Cannp be changed over time?s is a fu_nctlon ofa, f_anout, 0 o1 o5 0.7
Vru/Vop andIpoour/Ipoin as shown in the following for- Threshold voltage : Vo, [V]
mula:
P, 1 Fig. 13. Power ratio dependence on threshold voltage.
nr

T Po+Ps  w rg(vr,a) (FO\? h(vr,a) FO '
m (%) Pt W(vpor) fo T 1 The fanout and poour/Ipon are essentially unchanged if
(18) the design style is unchanged even if the device is shraurid.
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0.25 0.2
’?n -
%a 0.2 Vy V=0.1 Fanout =1
3 N &
%_‘b N N Vi/Vpp=0.15 s
% S
~
f \ ~ Viy/Vpp=0.2 g 01
8 0.1 ~ ~ (e
E ™~ 3
= ~ n.
(1]
H
° -
a
0
1 15 2
Velocity saturation index : o (oy=0p) 0 0.1 0.2 0.3

VTHIVDD
Fig. 14. Power ratio dependence @n

Fig. 16. Power ratio dependence %/ Voo .

Vpp scaling
] 100 C=1[pF]
M St
et W THLEDDTY SN _
Fanout =1 10~ = V=0
—- V.=0.1
"’ g K~ =
9*; & =~ V;=0.2
3 g ==
© -1 T T/ ==7 V;=0.3
'?L Vau/Vpp=0.1 :Y'w S~ ™
& 04 & 10_3\
5 S~
£ —— Eqt =~ V=04
o N N ’ Eq.19
2 Vriy/Vpp=0.2 1 1 1.5 2
2 o=0l\=0lp
- - T ViVop=03 @)
o1 2 5§ 4 5 10° I 20% error bar Cw=1IpF]
Supply voltage : Vy, [V] Voo=1V]
V;=0
Fig. 15. Power ratio dependence Bpp scaling. g V,=0.1
] V=0.2
=z
not a strong function of a device scaling (see Fig. 14). Equa- ¥ Vy=0.3
tion (18) shows that i¥ty /Vpp is constanty» remains con- @ 402 S . P
stant even though thépp is scaled. In order to confirm the va- ~|
lidity of this result,n> dependence olpp scaling is shown in — —Eq3
Fig. 15. Considering the tendency théat; /Vpp will be slightly 10% Fa20
increasing to keep the standby power in a tolerant level when the 1 a:&imp 2

supply voltage is decreased as device miniaturization proceeds,

the importance of the short-circuit power will not be increased ®)
(see Fig. 16) Fig. 17. Comparison between (1) and (3) and simple formula (19) and (20):
) ) (@) (1) and (19); (b) (3) and (20).

VI. SIMPLIFIED FORMULA FOR SHORT-CIRCUIT POWER . . . )
As is seen from Fig. 17, the relative error of the expression

If the precision is of importance in estimating the short-Citcompared with the (1) and (3) is less than 20% in the range of
cuit power, (9) is to be used but if the dependence on varioys< 4. < 0.4 and1 < o < 2. Whenvy > 0.5, the short-cir-
parameters is of interest, the simpler expression is of use. In tgigt current does not flow at all. It is easily seen from these for-
section, the simpler but less accurate formula is presented s@ias that the short-circuit power monotonically increases as
to give insight in the parametric dependence of the short-circgiécreases, as fanout decreases and as the ratio of the threshold

power. . voltage overVpp decreases.

First,vpo can be fixed at 0.5 5 andvr p are both set equal
to v anday andap are both set tar without much degrada- VIl. CONCLUSION
tion in accuracy. Then, the following expressions are obtained:

A simple and closed-form formula for the short-circuit power
2 . . . . .
_ s Jfo dissipation is derived which correctly reproduces the depen-
Ps(tr <7v) = 3 203 CinVbp FOgS. (19) dence on various parameters such as the threshold voltage, the
(0.5 — vp)3/? ) supply voltage, beta ratio, transition time of input voltage, load
10 23r+2a CINVDp fo- (20)  capacitance, and input capacitance. The formula includes the

10 (0.5 — vg)?

Ps(tT > TN) =
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short-channel effects through a velocity saturation indexof ~ which should be solved with the initial conditiovipyr = Vbp.

the a-power law MOSFET model. The formula can be used t8olving the above differential equation, we have

estimate the short-circuit power dissipation with more accuracy a1

than the previously published formulas. vour(t) =1— 1 (t — trvgy)* )
By rewriting the formula using fanout and by eliminating the ™w(an +1) (tr — trvrn)*y

transition time of the input voltage, the scaling characteristiﬁ:ﬁthiS condition whert; < 7, PMOS is in the linear region

of the short-circuit power is discussed. If the ratid&fy /Vbp From (AL), (A2), and (A3), the PMOS drain curretyp, is
is constant, the ratio of the short-circuit power vs. the dynam&%lculated'as ' ’ '

power will remain constant even though thgp, is scaled.
It has been shown that the formula is effective not only for Ipop <|VGSP| — VTP)‘“’/2

(A6)

CMOS inverters but also for the more complex CMOS gates Ipp =2
such asNors andNANDS. This is achieved by using effective Ipop
single MOS structure approximation. X Vosp — —5—Vis p- (A7)
It is shown that the short-circuit power monotonically in-
creases a& decreases, as fanout decreases and as the rati®ioice the output capacitance is relatively large, the output
the threshold voltage ovarpp decreases. In order to designvoltage moves very slowly. Therd/ps p is small when the
low-power, high-speed CMOS VLSIs, a low threshold voltag®put is changing and with this assumption, the second term of
is sometimes used to achieve sufficient drivability in a iy, (A7) can be ignored. The second term of (A6) becomsgsp,
regime. In this case, the effect of the short-circuit power disgA7) can be solved in terms df, . From these formulas, the
pation will increase and become an important part (up to 20%hort-circuit power dissipatior}s, is shown as
of the total power dissipation of CMOS VLSIs.

Voor \ Voo — Vrp

Ps(ty < 7n)

APPENDIX _ h
In the a-power law model, the drain curre, is given as to
follows [6]: — 2Vpndpoptr
. UDOPTN(OéN—i-l)(l —UTN)“N(l —UTp)“P/Q
0, (cutoff region t . ar/2 ;o an+l
Vs \ Vbs . . X 1— — —wupp — —urN dt
Ip =X Ip, <2 ~ ) v (linear region (A1) to tr tr ‘ '
ps/ VDs
I, (saturated region (A8)
o t1 ap/2 an+1
Vas — Vrn / <1_i_ ) <i_ )
A RACERERAENIY vrp VTN dt
Ipo =1Ipo <VDD — VTH) (A2) t tr tr
_ a/2 l—vrp—vrn N
Vo = Vo <7VGS VTH) . (A3) = / {1 —vry —vrp) —x} /2
Vbp — Vru 0 )
X 2Nt de (A9)

Whena = 2, this model becomes the Shockley model.

In this Appendix, the CMOS inverter shown in Fig. 1 is usewherexz = (t/t7) — vry. Now, the Taylor transformation is
for the derivation of the short-circuit power dissipation. Fig. applied for the integrand
shows the input and output voltage waveform discharging the

load capacitance. Whettg- is the transient time of the input {(1 —vry —vpp) —x}*r/?

voltage,t, is the time when input voltage reach at the threshold =mor/? Oép/2map/2_1$

voltage of NMOS, and, is the time when input voltage reach at 1 ap (a_p B 1) M/ L (A10)
the threshold voltage of PMOS. The short-circuit current flows 2 2 2

betweery, and,. Then, the O%‘tp“t voltage is governed by the .\ o _ 1 _ vrn —vrp. Then the integration can be carried
following differential equation:

out as follows:

dVq
Covr—a = Ipp — Ipn- (A4) bR/ 2N +2 { 1 e
dt T
an +2 2(CMN+3)
Whentr < 7, however, it can be assumed thalr < Ipy. 1 ap (a_p _ 1) .
When the transient time of the input is slower than it can be 2-2(any +4) \ 2
assumed that NMOS is in the saturated region betwgamd (A11)

t1. Then, (A4) can be rewritten as
Let us concentrate on the quantity in the parenthesis. When the

dVour _ Ipon <VGS ~ — Vru N)aN (A5) third term is multiplied by 4, a good appropriation can be ob-

Cour

dt Viop — Viea & tained which fits well with SPICE simulation and this accounts
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for the higher terms than the fourth. Hence, the quantity in t
parenthesis can be approximatedfas), which is defined as

1 ap ap ap
fle) = {aN—i-Z "~ 2(an +3) " ay +4 (7 - 1>}
(A12)
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