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ABSTRACT
The resistive-capacitive behavior of long interconnects which
are driven by CMOS gates is analyzed in this paper. The analysis
is based on the π-model of an RC load and is developed for
submicron devices. Accurate and analytical expressions for the
output voltage waveform, the propagation delay and the short
circuit power dissipation are derived by solving the system of
differential equations which describe the behavior of the circuit.
The effect of the coupling capacitance between input and output
and that of short circuit current are also incorporated in the
proposed model. The calculated propagation delay and short
circuit power dissipation are in very good agreement with SPICE
simulations.

1. INTRODUCTION
As the minimum feature sizes for integrated circuits scale
downwards, the resistive component of the interconnect loads
becomes comparable to the gate output impedance and a single
capacitor is no longer a valid gate load model. More accurate
load models have to be used for taking into account the increased
role of the resistance in the determination of the load behavior
and consequently the propagation delay of the driving CMOS
gates.
Much research effort has been devoted and very powerful
methods have been proposed during the last years for modeling
CMOS gates driving simple capacitive loads [1], [2]. Expressions
for the propagation delay of CMOS gates driving RC loads have
also been derived [3], [4], [5] but they present significantly lower
accuracy mainly because they are based on simplified
assumptions for the transistor operation and use simple models
for the representation of the interconnect loads. Recently, in [6]
an analytical method with emphasis on the short-circuit power
dissipation has been presented for an inverter driving an RC 
load.
In order to find analytical expressions for the propagation
delay and the output waveform shape, an interconnect load may
be modeled in different ways [7]. Such an expression for the
propagation delay of a load modeled simply by a resistor in series
with a capacitor, was derived in [3]. However, the driving
transistor was considered to operate always in linear mode, the

influence of the short circuit current was ignored and the
simplified case of step input was examined, thus resulting in
limited accuracy.
In [4] an effective capacitance in order to replace the RC
output load was calculated by an iteration procedure based on
simplified assumptions for the shape of the output response. The
real
output
waveform
was
approximated
by
the
charging/discharging of the effective capacitance until the time
point where the output voltage becomes equal to VDD/2.
Capturing of the remaining portion of the output response is
achieved by a simple resistive model.
A time varying Thevenin equivalent model was proposed in
[5] for the estimation of the gate delays. The gate was replaced by
an equivalent circuit model composed of a linear voltage source
and a linear resistor where their values were determined by using
empirical factors thus reducing the accuracy, especially for
submicron technologies.
A good approximation for an interconnect load is obtained
with the  model, achieving an accuracy better than 3% in delay
calculations [7]. In this way analytical expressions for the
propagation delay and the output waveform can be found if the
load is replaced by its  equivalent and the corresponding system
equations are solved. This is the method followed in this paper in
order to capture with higher accuracy the performance of CMOS
gates driving RC interconnect loads.

2. TRANSIENT RESPONSE ANALYSIS

A circuit composed of an inverter driving an equivalent model is considered, where the gate-to-drain coupling
capacitance, Cm, is taken into account (Fig. 1). The α-power law
model [1], which considers the velocity saturation effect of short
channel devices, is used for the transistor current representation :

0
VGS ≤ VTO : cutoff region

a/ 2
I D = kl (VGS − VTO ) VDS VDS < VD − SAT : linear region (1)
a

VDS ≥ VD − SAT : saturation region
 k s (VGS − VTO )
where VD-SAT is the drain saturation voltage [1], kl , ks are the
transconductance parameters, a is the velocity saturation index
and VTO is the zero bias threshold voltage.

This expression describes the small overshoot of the output
waveform due to the coupling capacitance Cm. Generally for the
case of driving long interconnection lines, since Cm<<Cd the
overshoot value is almost negligible and Vout can be considered
equal to VDD without significant error in this region. This region
extends until time t 1 =

VTO τ
V DD

Vin=VTO.
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Region 2 (t1<t<τ). The nMOS device operates in saturation and
the input signal is still in transition. Equation (3) becomes :
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A rising ramp input with transition time 2 is applied to the
transistor gates. The case for a falling ramp is symmetrical. The
differential equations that describe the operation of the circuit in
Fig. 1 are obtained by applying the Kirchhoff’s voltage law in the
loop of the  subcircuit :

dV L
dt

(2)

and Kirchhoff’s current law in the transistors drain node using eq.
(2) :

in + id + i L − im − i p = 0 ⇒
ip
dV
i
dV L
d 2V L
+ C2
− C3 in + n −
=0
2
dt
C1 C1
dt
dt
where :

C1 = C L + Cd + Cm , C2 =

RC L ( C d + C m )
C1

(3)

C
, C3 = m
C1

In order for the above differential equation to be solved
analytically, the parasitic current through the pMOS transistor is
initially considered negligible. At the end of the analysis its
influence on the output response will be determined.
Two main cases for input ramps are considered : for fast
(slow) inputs the nMOS device is in saturation (in the linear
region) when the input voltage reaches its final value. In order to
obtain the output voltage expression analytically, four regions of
operation are considered.
Fast input ramps
Region 1 (0<t<t1). The nMOS transistor is cut-off and
differential equation (3) becomes :

dV L
d 2V L
+ C2
− C4 = 0
dt
dt 2
with

initial

conditions

V L ( 0) = V DD ,

(4)

dV L
(0) = 0  and
dt

C 4 = C 3V DD / τ . The output waveform expression is given by :
V L ( t ) = V DD
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which can not be solved analytically. In order to obtain an
analytical expression for the output waveform in this region, the
current term is approximated by a second order Taylor series at
t=2/2 where Vin=VDD/2 with excellent accuracy (error < 1.5%) as

Fig. 1 Inverter driving the π-model of an RC load

Vd = V L + V R ⇒ Vd = V L + RC L

G 9/

in
= A0 + A1 t + A2 t 2 . The differential equation is solved
C1
resulting in the following expression for the output waveform :

V L (t ) = C[1] + C5 t + C 6 t + C7 t + C[2]e
2
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C 6 = C2 A2 −

A1
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and C[1], C[2] are the integration constants.
Region 3 (τ<t<t2). The input has reached its final value and the
nMOS transistor is still in saturation. Equation (3) becomes :

dV L
d 2V L k s
+ C2
+
(V DD − VTO ) a = 0
2
dt
C
dt
1

(8)

resulting in:

V L (t ) = C[3] − K1 t + C[4] e
where

k
a
K1 = s (V DD − VTO )
C1

−

t
C2



(9)

and C[3], C[4] are the

integration constants.
This region extends until time t2 when the nMOS transistor exits
saturation. The time point t2 is calculated by the equation:

Vd (t 2 ) = V L (t 2 ) + C L R

dV L
(t 2 ) = V D− SATN (t 2 )
dt

(10)

which can be solved without any approximation. 9 '− 6$71 is the
drain saturation voltage of the nMOS device.
Region 4 (t>t2). The nMOS transistor operates in linear mode and
the solution of equation (3) becomes :

V L (t ) = C[5] e
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(5)
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Slow input ramps
The operating conditions of the structure in regions 1 and 2 are
the same as for fast inputs, however region 2 extends from time t1
to time t2, where t2<τ.
Region 3 (t2<t<τ). The nMOS transistor operates in linear mode
while the input is still a ramp. The differential equation
describing the output evolution in this region is given by:
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which can not be solved analytically. For this reason, Vin is
replaced by its average value
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valid approximation since for most of the practical cases the
duration of this region is very small and thus Vin takes values very
close to that average value.
According to this, the solution of eq. (3) is:
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Region 4 is solved exacty as for fast inputs.
A comparison of the output response, VL, calculated by the
proposed method with that derived by SPICE simulations for fast
and slow inputs is given in Fig. 2 for an HP 0.5 m technology,
Wn=30 m and Wp=50 m. The accuracy of the proposed analysis
is obvious.

0

In the above analysis, the current through the pMOS
transistor, called short circuit current, was considered negligible.
Generally, this is a valid assumption because the capacitive load
in long interconnection lines is large enough so that the output
voltage doesn’t change significantly until the time the pMOS
transistor becomes off. This means that the drain-to-source
voltage of the pMOS transistor remains small and its current also
takes small values. Consequently, ignoring the short-circuit
current, in order to simplify the mathematical analysis, does not
have any significant effect on the accuracy of the presented
analysis. However, a method for taking into account its influence
in the estimation of the propagation delay of gates driving long
interconnections is presented.
The short-circuit current through the pMOS transistor exists
in the interval [tov, tp] where tov is the time where the voltage
overshoot at the output of the inverter ceases. That is because
during the voltage overshoot, the pMOS current is flowing
towards VDD and thus no current path exists between VDD and
ground. Time tov can be calculated by setting the voltage
expression for the inverter output, Vd, in region 2 equal to VDD. tp
is the time when the pMOS transistor turns off (when
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Fig. 2 Output waveform comparison between simulated and
calculated values for (a) slow (2=0.5 ns, R=400 , Cd=CL=1.5pF)
and (b) fast (2=0.5 ns, R=100 , Cd=CL=5 pF) cases.
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). The existence of the pMOS current results

in a decrease of the discharging current and thus in an increase of
the propagation delay. It acts like an amount of charge Qe initially
stored in the output node and which has to be removed through
the nMOS transistor. Consequently, the equivalent charge can be
calculated by integrating the current of the pMOS device from
time tov to time tp. Considering that the pMOS transistor operates
for half of the interval [tov, tp] in linear mode and that the current
waveform is symmetrical around the middle of this interval [6],
Qe can be calculated as :
W
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The pMOS drain-to-source voltage ( 9G − 9'' ) derived in the
previous section is used in this integral.
In this way, the increase in the propagation delay is found as
the time needed to remove the equivalent charge Qe. An average
value for the discharging current, Idis, should be used. However, it
can be approximated by the nMOS transistor current at time tp/2,
Idis=in[tp/2],which is known from the previous analysis. Thus, the
time needed to discharge this extra charge which causes the
additional propagation delay can be calculated as
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4. ESTIMATION OF SHORT-CIRCUIT
POWER DISSIPATION
The short-circuit power which is dissipated during the output
switching is due to the current is (Fig. 1), which is drawn from
VDD towards the source of the pMOS transistor. Current is can be
found by applying Kirchhoff's current law at the source of the
pMOS transistor :
(15)
L V = L S − L &*6
where

L

*6
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is the current through the gate-to-

source coupling capacitance.

Energy starts being dissipated at time ts when is starts flowing
towards the source of the pMOS transistor. Time ts can be
calculated by setting LV =  using the linear region expression for
the pMOS current. The pMOS transistor starts its operation in
linear mode and then enters saturation at approximately

[4]

W VDW =

[5]

W RY + W S


[6], where ip and consequently is reach their

maximum value. Assuming that the pMOS current and
consequently is is symmetrical around tsat, the dissipated energy
due to the short-circuit current is given by :
W VDW
(16)
( VF =⋅9 '' L V GW
WV
Consequently, the short circuit power dissipation for a
symmetrical driver and for a system clock frequency f, is :
(17)
3VF =DI( 6&

[6]
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where α is the switching activity of the output node.
The logic stages following a large RC load will dissipate
significant amounts of short-circuit power due to the degraded
waveform which they receive as input. Connecting the 20% and
80% point of the output waveform, an effective ramp input for
the following stages is obtained which can be used in the
corresponding formulas [1] for the calculation of the short circuit
power dissipation in these stages.
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Fig. 3 Comparison between propagation delays measured with
SPICE and calculated values using the proposed method for
several output capacitances and two different resistance values.
The input transition time is 0.5 ns
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Since the output waveform expression for each of the regions
of operation is known, propagation delay can be calculated as the
time from the half-VDD point of the input to the half-VDD point of
the output. Using this definition, the propagation delay has been
calculated for several output loads (Fig. 3). It has been observed
that in all cases the calculated values are in very good agreement
with the delay derived by SPICE simulations. The error was less
than 3.5 % while in [3] the error in propagation delay that has
been mentioned, for many cases exceeded 40 %. It has also been
found that the effect of the input slope on the propagation delay
is significant, proving that delay models which consider step
input are inadequate.
A comparison between the short-circuit energy dissipation
per output transition calculated using the proposed method and
the energy which is measured by SPICE is given in Fig. 4. The
calculated energy dissipation is very close to that computed by
SPICE and it should be mentioned that it is always overestimated
which is required since design specifications should always be
met.



S P IC E sim u la tio n

5 

5 



63,&(
5 

&DOF 

5 







5 

5 










&DSDFLWDQFH S)

Fig. 4 Comparison between simulated and calculated values for
short-circuit energy dissipation, for several capacitances and
resistance values ( ). The input transition time is 0.5 ns.

