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Abstract

In this paper an accurate, analytical model for the
evaluation of the CMOS inverter delay in the sub-micron
regime, is presented. A detailed analysis of the inverter
operation is provided which results to accurate
expressions describing the output waveform. These
analytical expressions are valid for all the inverter
operation regions and input waveform slopes. They take
into account the influences of the short-circuit current
during switching, and the gate-to-drain coupling
capacitance. The presented model shows clearly the
influence of the inverter design characteristics, the load
capacitance, and the slope of the input waveform driving
the inverter on the propagation delay. The results are in
excellent agreement with SPICE simulations.

1. Introduction

Much effort has to be devoted for the extraction of
accurate, analytical expressions for timing models of basic
circuits, which can be incorporated in switch and logic
simulators optimizing the design verification procedure.
Using transistor level simulators with continuous-time
modeling of the devices, like SPICE, is very expensive in
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delay including the effect of the input waveform slope,
was presented in [4] and [5]. In these the influence of the
short-circuit current was neglected. These works are based
on the Shichman-Hodges square-law MOS model [6] that
ignores the carriers velocity saturation effect which
becomes prominent in short-channel devices. In [7], the
differential equation describing the discharge of the load
capacitor was solved for a rising input ramp considering
the current through both transistors and the gate-to-drain
coupling capacitance. However, numerical and fitting
methods are used, resulting in a semi-analytical model
which is still based on the square-law MOS model.
Nabavi-Lishi and Rumin [8] presented a method for the
calculation of the CMOS inverter delay. They use a linear
approximation of the output waveform based on empirical
factors produced from SPICE simulations. Moreover, the
method is based on an approximated version of the SPICE
level-3 MOS model where the velocity saturation effect is
neglected.

Sakurai and Newton [9],[10] presented closed-form
delay expressions for the CMOS inverter, based on-the
power @-power in [10]) law MOS model which includes
the carriers velocity saturation effect. However, these
models requires the extraction of the empirical velocity
saturation index o or n) from the static device

terms of CPU time. Hence, much of past research has characteristics for each transistor width. For the derivation

addressed the development of delay models for CMOS
circuits. The emphasis of this paper is on the analytical
evaluation of the propagation delay in a CMOS inverter.
Analytical expressions of the output waveform are derived
from the differential equation describing the temporal
evolution of the inverter output. It is important to model
accurately the CMOS inverter operation, since several fast
methods for reducing a CMOS gate to an equivalent
inverter have been proposed [1],[2].

The first closed-form delay expression based on the
output response which was obtained directly from the
differential equation describing the CMOS inverter
operation, was derived in [3] for a step input. Analytical
expressions for the output waveform and the propagation

of the output expression in [9] the short-circuit current is
neglected and the delay expression is valid only for fast
input ramps. In order to approximate the CMOS inverter
by a NMOS circuit in [10], a fictitious input ramp is used
which is clamped to ground for ramp voltages less than
the switching voltage. An extension in the delay
expression of [9] for the case of very lightly loaded
inverter and/or slow input signals is presented in [11]. A
table of coefficients produced from SPICE simulations is
used, but still for negligible short-circuit current. The
delay model presented in [12] uses thgpower MOS
model taking into account the short-circuit current of the
CMOS inverter, but the output voltage and the currents
through the transistors are assumed to be piecewise linear.



In this paper, analytical expressions for the CMOS
inverter output response to an input voltage ramp which

overcome the weaknesses of previous works are derived.
Based on these expressions, accurate, analytical formulae

for the evaluation of the propagation delay for all the

cases of input ramps are produced. The derived timing
model takes into account the influences of the current
through both transistors and the gate-to-drain coupling
capacitance. It avoids numerical methods and empirical
approaches based on pre-simulation data. A simple MOS
model [13] which considers the carriers velocity

saturation effects of short-channel devices has been
chosen.

2. Inverter switching response analysis

The derivations presented in the following are for a
rising input ramp: Vi, =Vpp dt/1) for 0 < t < 7,
Vip =0 fort<0and \j, = \bp for t=1, wheret is the
input rise time. The analysis for a falling input is
symmetric, and similar results are obtained by appropriate
substitutions in the derived equations. The differential
equation, which describes the discharge of the load
capacitance Cfor the CMOS inverter (Fig.1) taking into
account the gate-drain capacitive couplingy)Cis
derived from the application of the Kirchoff's current law
to the output node
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For the input noted above, the equation (1) becomes
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The output load consists of the inverter drain junction

capacitances, the gate capacitances of fanout gates, and

the interconnect capacitance. The equivalent gate-to-drain
capacitance fz is the sum of the gate-to-drain overlap
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Fig.1: The CMOS inverter

determined by the process technology. In the cutoff region
of the transistor there is no conducting channel, and in the
saturation region the channel does not extend to the drain.
Therefore, the gate-to-drain capacitance due to the
channel charge is equal to zero. In the linear region the
distributed gate-to-channel capacitance may be viewed as
being shared equally between the source and the drain.

Thus in this case ng_channd:% C oW L,

where Gy is the gate-oxide capacitance per unit area, and
L is the effective length of the transistor.

Depending on the region of operation the drain current
of the devices is given by the following equations of the
used MOS model [13]

Ip =0, Vas <V, Cutoff,  (3)

2 ]
V
Ip :% Ves=Vru)Vos ~ —=0 ()
1+ Vo Vps 2§

Vps <Vpsar, Linear,

wheref is the device gain factor, andYis the device
threshold voltage. ¥ is the voltage which specifies the
effects of carriers velocity saturation and is extracted from
the device static characteristicspdr is the device
saturation voltage and is given by

_ -1
Vpsar =Vo \/1 +2Vg (VGS_V TH) Vo
In the following, normalized voltages with respect gV
i.e. Un = Vin/ Vpp, Uout= Vout!/ Voo, N = Voun / Voo,

capacitance and a part of the gate-to-channel capacitancep =|Vrypl/ Vpp, Von = Von/ Vop, Vop = Vop/ Voo, and

of the transistors [14]. The overlap capacitance is voltage
independent, and is given by

Cyd-overlap= W C gdo

where W is the effective width of the transistogq&is
the gate-to-drain overlap capacitance per micron which is

the variable x = tv/are used.

Since the input ramp will reach its final value with
the NMOS device either in saturation or in the linear
region, two main cases of input ramps must be considered,
in order to give a complete analysis of the output
waveform. Forfastinput ramps, the NMOS device is still
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Fig.2: Operation regions of the inverter

saturated while foslow input ramps the NMOS is in its
linear region, when the input voltage ramp reaches its
final value.

Case A - Fast input ramps:
In the following, we analyze each region of the inverter
operation for the case of fast input ramps (Fig.2).

Region 1,0 <x<n:

The NMOS transistor is off, and the PMOS transistor is in
the linear region. The first term of the right part in
equation (2) (for 0< t < 1) corresponds to the charging
current through the gate-to-drain coupling capacitance
(Cv).- This causes the major influence on the output
voltage waveform in this region. Part of the charge from
the input which injected through this capacitance causes
an overshoot at the early part 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 discharging the load
capacitance towards the supply voltage. The differential

equation (2) using the current equations (3), (5) becomes awhere A, :M

non-linear Riccati equation [15] which cannot be solved
analytically, if a particular solution is not known.
However, the quadratic term of the PMOS current can be
neglected because the charge contributed by this term is
negligible due to the small values of the drain-source
voltage of the PMOS device in this region [7]. Also, in
order to give a solution of the differential equation, an
average value ofgyt i.e. u=1+ (Gyn/ 2) is used at the
denominator of the PMOS current expression. After that,
the solution of equation (2) is

uom:1+%\/§ & (erf [ya]- erflygl),  (6)
1

A

P
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Y1:\/§(X+p‘l): Yo :\/%(p—l),

and erf [y], erf [yo] are the error functions ofyy vy
respectively. Standard ways of evaluating the error
function can be found in any mathematical handbook.

Region 2, € X < Xsatp

The NMOS device is saturated and the PMOS device is in
the linear region. During the output voltage overshoot the
PMOS device still operates in a reversed linear mode.
Note, that the right limit of this region (Fig.2) is the
normalized time value g4;p where the PMOS device
enters saturation, i.e.pM- Vout = Vosate. It is determined

by the PMOS saturation condition

- a -
usatp_l_ Vopa/l"' ZVg;)(l_ Xsatp~ [)_ g'

where W4ap is the normalized output voltage value when

PMOS device saturates. As in region 1 we neglect the
quadratic current term of the PMOS device. Also, instead
of upytat the denominator of the PMOS current expression
we use an average value of the normalized output voltage

(U) i-e. Uy =(upy + Usay) /2. Usagp IS the value of the

_ BpVopT

where G, = = =
! PTcL+Cy

normalized output voltage at the end of region 2, if
negligible PMOS current is assumed and is calculated
below by equation (10)4 is the value of the normalized
output voltage at the beginning of region 2 and is
calculated from equation (6) for x = n. After the above
approximations, the solution of the equation (2) is

2
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Y2 =4/Go/2 (x+p-1), y,=4Gy/2(n+p-1).

The above equations (6), (7) give waveforms very close to
those derived from SPICE simulations (as shown in the
section 4), which indicates the validity of the above
approximations. In order to continue the analysis for the
next region the calculation of the valuegy Usarp IS
required. As mentioned above, these values satisfy the
PMOS saturation condition

Uout = 1= Vop §/1+ 2Vgp(1- %= ) - g

®)
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Fig.3: Evaluation of the normalized time Xsatp

They can be found by solving the system of equations (7)
and (8). Due to the error functions of equation (7), the
system cannot be solved analytically. Hence, in the
following an efficient method for the calculation afayp
Usatp is used (Fig.3).

The analytical solution of the differential equation
(2), if negligible PMOS current is assumed in region 2, is

)

where 4, = Un— Cmn is the integration constant, which
is inserted to ensure continuity with respect to region 1.
By equating (8) and (9) the normalized time vallgy

in which the inverter leaves region 2, with the assumption
of negligible PMOS current, is derived. After the
substitution of %ap in equation (9), the value of the
normalized voltage'sap, is derived,

2

x-n)°,

AnVon
Ugyt = Ugpt+ Cpy X— —(

' AnVon (. 2
Usatp = U121 CmX satg™ T(Xsatp_ n) . (10)

Region 3, psx<lp
Both transistors are saturated. The analytical solution of
equation (2) in this region is

Ugyt = Upz* CpyX— w(x_ n)2
i

where the integration constant which is inserted to ensure
continuity with respect to region 2, is given by

Anv

A,V

- —p2 P (1-x- (12)

on

2
U23 = Usatg™ € mX satp (Xsatp_ n)

. ApVop
2
Region 4,1-psx< 1
The NMOS transistor is saturated and the PMOS

transistor is off. The analytical solution of the differential
equation (2) is

(1_ Xsatp™~ p)2 :

A,V
Ugyt = U3+t Cpy X — n2 on (X_ n)2. (13)

As mentioned above for very fast input ramps the inverter
does not pass from the region 3, because the PMOS
device is not saturated. In this case the integration
constant pg is substituted by the following constanj u

A
Upg = Upgp) — Cm(1- @+—”;/ on(1-p-n)?,

where .y is the value of the normalized output voltage
in which the PMOS device is turned off. It is calculated
from equation (7) for x =-p.

Region 5A,1 < X < Xsatn

The input ramp has reached its final value with the NMOS
device still in saturation and the PMOS device aoffiis

The next step of our method is to determine the tangent of the normalized time value where thgV= Vpsar. In this

the output waveform expressed by (7), at the point which
corresponds to'¥atp(Fig.3). This tangent is expressed by
the equation

Ugyt = axt+ b, (12)

dugyt

wherea= Ix |t and b= ugy X=Xsatp ~ aXsatp-

By equating (8) and (11),sxpbecomes the root of a
simple quadratic equation. Then by substitutiggxin
(7) the normalized output voltageatpis evaluated. The
error which is introduced in the calculation g due to
the above method is up to 0.5%.

In the special case of very fast input ramps (Fig.2),
the PMOS device is turned off after its linear region,

without enters saturation. This occurs because the output

voltage overshoot finishes when the PMOS is already off.

Hence, the inverter does not enter in region 3, and the

calculation of Xapand WatpiS Not required.

region, the analytical solution of the differential equation
(2) (for t> 1) becomes

AnVon 2
Ugyt = U2z *+ Cpyy _T(l_ n)

—Apv on(l_ n)(x_])v (14)
where the constantlis substituted by 4 for very fast
input ramps.

Region 6,X = Xsatn
The NMOS device enters in its linear region and the
PMOS is off. The solution of the equation (2) is

_ 1+ 2\/6%(1_ n) J 2(1_ n) ~ Yout E

XTXeain = T ) (1 1) = U
Oy . O
1 ppploun o (15)
An(l_n) Humaxn



where upan=Vv On'é/u 2v‘c}r(1— n - ]5. Xsatnis calculated

from equation (14) for a4t= Umaxn-

Case B - Slow input ramps:

In the second case, slow input ramps are studied. The

NMOS device leaves saturation while the input voltage is
still a ramp. This occurs if the value of the normalized
output voltage when the input ramp reaches its final value
is lower than phaxn(Fig.2). The output expressions for the
regions 1, 2, 3 and 4 are the same with those of the
previous case. The normalized timega is calculated
from equation (13) for

Uoyt = vonD 1+ 2v_oln(x— n) - 15,

which corresponds to the NMOS saturation line (Fig.2). In
the case of slower input ramps the inverter doesn’t enter in
region 4. This occurs in the case where the PMOS
transistor is turned off when the NMOS transistor is
already in the linear region. In this casgis calculated
from equation (12).

Region 5B, Xsatns X< 1:

The NMOS transistor is in the linear region and the
PMOS transistor is either off, or so poorly conducting that
its influence can be neglected. Neglecting the charging
current through the gate-to-drain coupling capacitance and
using at the denominator of the NMOS current an average
value for the output voltage dain/ 2), an approximated
solution of (2) is

_ 1
Ugyt = €7 E >
Djsatn eysatn
A D_l
T O
- " (erflyal - erl Ysad )7 (16)
4|2+ UggrV o B
A
where  y3= |——"——(x-n),
2 + usatnv on
A
Ysatn = —n_l (Xsatn_ n) , and
2+ UsatnV on

0

Region 6,x > 1

The input ramp has reached its final value, the NMOS
device is still in the linear region, and the PMOS device is
off. The output waveform is expressed as

— g -1
Ugatn =V ong/l"' 2v or(X satn’ n)

1+ 2vgh(1-n) |, B(1-n) - ugy D

E
Anl-n) ER(n)-ug
1 Lu,, O
- fnl—l OUtﬂ, 17
An(l-n) Hug H e

where ) is the value of the normalized output voltage
when the input ramp has its final value. It is calculated if
we set x = 1 in equation (16)

3. Propagation delay analysis

The fall propagation delay at the 50% voltage level
may be written as

(18)

where ¥ s is the normalized time value whegyt= 0.5.
Thus, for the evaluation of the propagation delay, the
normalized time value ¢ must be determined for both
cases of input ramps. A critical parameter in order to find
in which region occurs the 50% level of the output voltage
(Uout = 0.5), is the maximum drain saturation voltage of
the NMOS device (Waxn - see Fig.2). Hence, it is
necessary to consider two possibilities in the delay
calculation: ghaxn< 0.5 and phaxn= 0.5 where

Umaxn = V 0n§/1+ 2va{1-n) - %

Umaxns 05.

In the case of fast input ramps the output voltage reaches
the 50% level, when the inverter operates in region 5A if
Uy 2 0.5 and in region 4 ifjy < 0.5. yy is the value of

the normalized output voltage when the input ramp
reaches its final value, and is calculated from equation
(13) for x = 1. When gut= 0.5 occurs in region 5Apx is
calculated from equation (14)

n+l U3+ Cy —05
+ .
2 AV on(1-n)

In the case whereg = 0.5 occurs in region 4,0% is
calculated from equation (13)

Xo5 = (19)

Avoih+cpy+ c2m+ AV or(Zc m+ 2u23—])
A nV on

For slow input ramps the conditio= 0.5 occurs in

region 4 if g1, = 0.5 and in region 3 ifjuy < 0.5. yi.pis

the value of the normalized output voltage when the

PMOS device enters the cutoff region. In the first case the

normalized time valueg is given by equation (20), and

in the second one is calculated from equation (12)

X05 :é%mhlmz - 2EKF,

Xo5 = .(20)

(21)



where D=ApVop(P~1)=A v o = C m,
E=2(Apvon+A o . and

2
K= (1— A+ A oP-D +Ay 0,;12) .

Umaxn= 0.5:
For fast input rampsgyt= 0.50ccurs in region 6, andx
is calculated from (15)

1+ 2vgh(1-n)
An(t-n)

1 o5 U
- fn .
An(l_n) Qumaxng
In the case of slow input ramps the output voltage reaches
the 50% level, when the inverter operates in region 6 if
U 2 0.5. If Yy < 0.5 there are two possibilities for the
region in which gyt = 0.5. Either yain= 0.5 the output

voltage reaches the 50% level in region 5B, Lk 0.5
in region 3. In region 6¢% is calculated from (17)

0 2(1-n)-a5 O
nQ a
E2(1- 1) = UmaxnE]

X05 = Xsatnt

(22)

1+ 2vgh(1-n)
An(d-n)

02(1-n)- 058
ng 0
2(1-n)-uy g

Oosd

o1 505 %

A n(l—n) HU[]_]
and in region 3 xs is given by equation (21). Since, the

expression of the output waveform in region 5B cannot be

solved analytically, it can be approximated by a ramp in
the vicinity of the 50% level, in this region. Then

Xg5 =1+

(23)

(24)

x=xsat 18 the output waveform slope in

region 5B and is calculated using equation (16).

In real CMOS datapaths, the input signal of a gate is
not a ramp, but the output waveform of the preceding
gate. In order the derived ramp delay model to be
applicable to inverter chains, the real input waveform
must be approximated by a ramp waveform to obtain an
effective transition time. Some efficient approximations
for the evaluation of the effective output transition time of
the inverter can be found in [4], [9].

4. Results and discussion

In Fig.4 some typical output waveforms, produced
from the above expressions, are shown. A sub-micron
CMOS process technology of @rh, has been used to
validate the accuracy of the presented inverter output

PMOS saturation line
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Fig.4: Inverter output waveforms

Parameter NMOS PMOS
L (um) 0.5 0.5
W (um) 3 6.45
Vo (Volts) 0.5 1
V»O (Volts) 0.657 0.921
Cox (fF/um?) 3.56 3.56
Cgdo (fF/um) 0.305 0.240

Table 1: Model parameters used in calculations

waveform expressions. The model parameters and the
dimensions of both transistors, are listed in Table 1. The
transistor widths have been selected in order to achieve
equal drain currents atg¥ = Vps = Vpp. The output
waveforms produced by SPICE simulations are added for
comparison. A supply voltage of 5Volts, and an output
load of 0.2pF, were used. It can be observed, that the
analytical waveforms are very close to those produced by
SPICE simulations. In order to give output waveforms for
several input rise times in the same diagram, the
normalized output voltage is plotted as a function of the
normalized time (x =t ). The output waveforms for
input times 0.2ns and 0.5ns correspond to case A, while
those for input times 0.8ns and 1.5ns to case B. As we can
see, the slope of the output waveforms in case A is smaller
than the input slope, while in case B is greater than the
input slope.

In Fig.5 the inverter propagation delay for a rising
input ramp, is plotted as a function ofe& (fn Voo 7)/C..
Since, Ang is a single lumped parameter which takes into
account the input waveform slope, the drivability of the
switching transistor and the load capacitance, determines
the relation between the input and the output waveform.
The results for Ao< 15 correspond to fast inputs (case A)
compared to the output waveforms, and those fgrAL5



sub-micron devices, has been presented. In order to
achieve that, analytical expressions of the inverter output
ramp response, for all the cases of input ramps, have been
derived. These expressions take into account the
i influences of the short-circuit current and the gate-to-drain

coupling capacitance, in all operation regions, without

using empirical approaches based on pre-simulation

results.
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Fig.5: Inverter propagation delay

correspond to slow inputs (case B). Results using the [5]
approaches for the evaluation of the propagation delay
presented in [4],[8],[9] and [12], are also given. It can be
observed, that the presented model gives results closer to[6]
those derived from SPICE simulations than the other
methods. The error is less than 3.5%. This occurs because
our model includes the influences of the short-circuit
current, and the gate-to-drain coupling capacitance on the
expressions of the inverter output waveform. Another
advantage of the previous analysis is the use of a simple
MOS model which takes into account the velocity
saturation effects of short-channel devices, without need
of parameters extraction when the transistor width is
changed.

The presented timing model can be used for more
complex CMOS gates, since several fast methods [1],[2]
have been proposed for reducing a CMOS gate to an [10]
equivalent inverter. The most critical issue in gate
modeling is the reduction of serial connected MOSFETS,
in order to reduce the drivability of the serial array to the [11]
drivability of an equivalent MOSFET. Using reduction
techniques the propagation delay of a gate can be
computed quickly and accurately using the timing model [12]
of the CMOS inverter and without the complications
associated with trying to generalize the inverter model to
complex gates.

[7]

(8]

(9]

(13]

5. Conclusion [14]

In this paper an accurate, analytical method for the [15]
evaluation of the CMOS inverter propagation delay for
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