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ABSTRACT

A method for modeling complex CMOS gates by the reduction of
each gate to an effective equivalent inverter is introduced. The
conducting and parasitic behavior of parallel and serially connected

transistors is accurately analyzed and an equivalent transistor is
extracted for each case, taking into account the actual operating
conditions of each device in the structure. The accuracy of the
method is validated by the results for two submicron technologies
and its efficiency as a technique that can improve existing timing

simulators is demonstrated.

1. INTRODUCTION

As the size of integrated circuits is increasing continuously, the
demand for fast and accurate simulation is also growing. CAD tools
which are based on numerical methods for timing and power
analysis such as SPICE are prohibitively slow for large designs and
consequently analytical methods that can provide the same level of
accuracy at much lower time are required. Extensive research has
been conducted on the modeling of the CMOS inverter leading to
efficient analytical expressions for its performance [1], [2], [3].

However little has been done on more complicated gates such as
NAND/NOR gates mainly because of the intrinsic difficulties in the
analysis of multinodal circuits. All previous works on the modeling
of CMOS gates can be divided in two main categories : The first one
aims at the solution of the differential equations that describe the
operation of a gate and are based on the fact that within a transistor
chain some transistors operate always in the linear region [4].
However, simplifying assumptions were used, such as transistor
replacement by resistors, long channel transistor current models,
negligible body effect and step inputs resulting in limited accuracy.
The second attempt [5] seeks an equivalent inverter for each gate
that will have the same output response with that of the complete
gate. Unfortunately, the different modes of operation of the
transistors within a transistor chain have not been captured
accurately by the single equivalent transistor. It should be noted that
in commercial or university dynamic timing simulators, transistor
chains are treated by merging the serially connected transistors in
the conventional way (i.e. the transconductance of the equivalent
transistor is reduced by the number of the transistors in the chain)
leading in errors up to 100 % [6].

In this paper a method for modeling NAND/NOR CMOS gates by
an effective equivalent inverter which is calculated taking into
account the different modes of operation of the transistors in the
gate, is introduced. Serial and parallel combinations of transistors
are analyzed for both operating conditions, conducting and short-
circuiting behavior. More complex gates are treated by collapsing
them to an equivalent NAND/NOR gate structure [6]. The proposed
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model incorporates short-channel effects, the influence of body
effect and is developed for non-zero transition time inputs.

2. MODELING OF SERIAL AND PARALLEL
TRANSISTOR STRUCTURES

Since CMOS gates consist of parallel and serially connected
transistors, each of these structures has to be modeled accordingly.
In order to analyze the operation of the transistor chain in a NAND
gate when it is conducting, let us consider the circuit in Fig. la
assuming that an input ramp with transition time 7 is applied to the
gates of all transistors in the chain. In case the applied ramps to a
gate are not normalized, that is when they have different starting
points and transition times, an input mapping algorithm such as the
one mentioned in [7] should be employed. The influence of the
pMOS transistors will be considered later on in the analysis.

The a-power law model proposed in [1], is used for the transistor
currents :

0 Vos < Vpw - cutoff
a"ZV
Ip=3k(Vas =Viw)" Vos
a
k.v(VGS - VTN )
The above model takes into account the carrier velocity saturation
effect of short-channel devices. Vp g4y is the drain saturation

voltage, &, , k, are the transconductance parameters, a is the carrier
velocity saturation index and V7 is the threshold voltage expressed

Vps<Vp_sar - linear M

Vps2 Vp_sar - saturation

by its first order Taylor series approximation as V’I‘N =0+dVg,

where Vg is the source-to-substrate voltage.
The topmost transistor in the chain, (M,), begins its operation in
saturation and enters the linear region when Vpg = Vp_g47y while

all other transistors operate always in the linear region. When the
input reaches Vpp and until transistor M,, exits saturation, its current
and therefore the internal node voltages remain constant. During this
time interval which is known as the "plateau" state [4], the parasitic
currents are eliminated and consequently the same current flows
through all transistors in the chain. The plateau state is apparent only
for fast input transitions. Fast and slow inputs are determined
according to the position of time point #,, when the top transistor in
the chain exits saturation : in case #,<t, the input is slow, otherwise it
should be considered fast. The plateau voltage, which is the voltage
of the source node of the topmost transistor in the chain during the
plateau state, can be calculated according to [8].

In addition, the source voltage of the top transistor in the chain,
Vi, is considered linear between time #, where the chain starts
conducting and time t (fast inputs) or time #, (slow inputs) where the
top transistor exits saturation [8]. Since time ¢, and Vj[¢,] can be
estimated and for fast inputs the plateau voltage occurs at time z, the
slope of V), can also be obtained [8].
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Fig. 1: a) Complete transistor chain, b) single equivalent
transistor

It is obvious that a single equivalent transistor will have the same
output response with the complete chain, if it successfully manages
to reproduce the combined behavior of the nonsaturated devices
with the dual operation of the topmost transistor, in saturation and
the linear region. While the top transistor is saturated, the current

——through that transistor is the bottleneck for—the—current that is

flowing through the chain. Thus, in order to obtain the width (W,,)
of the —single equivalent transistor (M,,) (Fig. 1b) the currents
through transistor M, of the complete chain and transistor M,, are set
equal :

@

W,
n a eq a
T(Vm ~0-(+0) vy )" = P, T(Vm ~Vro)

The above equation can be solved for several values of ¢ yielding
corresponding W,, values. In order to find an average effective
value for W,,, time point ¢, has to be calculated. The output voltage
expression can be obtained by solving the following differential

equation at the output node:

v,
€Lt = =1, =~V -
Time ¢, is calculated by equating the drain saturation voltage to
the actual drain-to-source voltage of transistor M,,:

Vo-sarv[t2]= Vou[t2] = Vad[12] @

Howevér, in a real CMOS gate the effect of the short-circuit
current must also be taken into account. Therefore, the next step is
to incorporate in the analysis the short-circuit current of a parallel
pMOS transistor structure whose influence on the estimation of ¢,
has been neglected. This parasitic current acts as an additional
charge, resulting in an extension of the saturation region and thus
affecting the effective value of W,, in this region. In order to obtain
higher accuracy in the estimation of #,, the expression of the pMOS
current should be inserted in eq. (3), increasing the mathematical
complexity of the proposed method.

However, for simplicity, ¢, is calculated by eqgs. (3), (4) and the
effective value of W,, is selected in such a way, so that the errors
which are introduced by the underestimation of the bound of the
saturation region be compensated. A very good approximation for
W, which is valid for a wide range of input slopes and load
capacitances, is to calculate its value from eq. (2) at ¢ = ¢, for fast

Py

0 - (1+8)Vy )’ 3)

inputs and at f = (tl +33 ¢, )/ 4 for slow inputs. The calculated
value of W, in this region of operation will be referred to as W,

When all transistors operate in the linear region, the transistor
chain can be considered as a voltage divider with a uniform
distribution of the output voltage among all drain/source nodes.
According to this, the width of the equivalent transistor for this

region can be calculated as W), = W/n, in case of non-tapered

transistor chains.

Consequently the chain can be modeled by a single equivalent
transistor whose width from time ¢, to time ¢, is W, and for the rest
of the time equal to W;,,. However, since the aim was to provide an
equivalent width, the above two width values should be efficiently
merged into one. This can be accomplished by calculating the
fraction of charge (Q,,) that is discharged to ground during the time
in which the top transistor in the chain operates in saturation over
the total charge (Q~C.Vpp) that is stored initially in the output
load. Qg is calculated as: QO - Olt2] = CiVipp - CrVoult2]
and the saturation coefficient ¢, can be defined as

Coat ~ O/ rorar - Thus—tho—eorrespending eecficient=when ol —

transistors operate in linear mode, is equal to cj,=1-c,,.
Since the calculated coefficients act as the "weight" of each mode

of operation on the overall output voltage temporal evolution, the
width of the single equivalent transistor can be calculated as :

I/Veq =Csar stat +Clip u/lin (%)

The parallel transistor structure is less complicated than the serial
one, since if an equal transistor width is assumed (as in the case of a
NAND/NOR gate) and the same input ramp is applied to the gates
of all transistors, the currents flowing through each transistor will be
identical. Consequently, the parallel transistor structure can be
replaced by a single transistor with its width multiplied by the
number of the transistors.

According to the above, the output evolution of a NAND/NOR
gate can be accurately captured by an equivalent inverter whose
transistors  (conducting and  short-circuiting) replace the
corresponding blocks of the gate.

An important issue in the modeling of CMOS gates is the accurate
estimation of the time point when a gate starts conducting. This time
point, which can be calculated according to [9], should be used
when performing the transient analysis of the equivalent inverter so
that the output charging/discharging begins at this point.

3. PARASITIC BEHAVIOR OF
THE TRANSISTOR CHAIN

With the term parasitic behavior of the transistor chain during
output switching of a CMOS gate, we refer to its parasitic effect on
the output voltage evolution. The parasitic behavior results in a
short-circuit current which reduces the rate of charging/discharging
of the output load and increases the propagation delay.

Let us consider a NAND gate where all pMOS transistors have
been replaced by an equivalent one. The parasitic behavior of the
nMOS transistor chain will be modeled by an equivalent transistor.
Consequently, in the case of charging output, the NAND gate
diminishes to an equivalent inverter. A falling ramp input with
transition time 7 is considered to be applied to the gates of all
transistors.

First, because the output voltage is small while the Vg of the
nMOS devices is large, all these transistors start their operation in
linear mode. As the output voltage rises, the voltages at the internal
nodes of the chain are also increasing. All nMOS transistors have
almost equal Vpg (voltage divider) while the top is biased by the
smallest Vgs. This means that this transistor at some time point will
enter saturation and after this time, the current in the chain will
decrease keeping all other devices in linear mode.
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Fig. 2: Output waveform comparison between the complete
gate and the equivalent inverter with and without the
equivalent coupling capacitance (L=0.5 pm).

A significant amount of parasitic current is also flowing through
the coupling capacitances between the gates of the nMOS transistors
and the corresponding drain/source diffusion areas. In order to
perform an accurate modeling of the gate when the chain behaves
parasitically, an equivalent capacitance has to be inserted between
the input terminal and the output node of the corresponding nMOS
transistor in the equivalent inverter. Although the dual operation of
the topmost transistor is also present during the parasitic operation
of the chain, conventional estimation of the width of the equivalent

transistor as W, =W/n has been found to give sufficiently

accurate results if the effect of the parasitic capacitances is modeled

properly.
The output load will start being charged through the pMOS

transistor by a current of the form [, =k, (Vg — [V “If we
s K GS P

ignore the parasitic contribution of the nMOS transistor currents, the
rate of the output voltage increase during [#,, £s4/] is given by :

dv, av,, It
C, .—d_‘;“’ =I,(t) = ———d‘;“‘ = ——C( ) =1°(r) (6)
L

where 7, =|VTP| ©/Vpp is the time when the pMOS transistor

starts conducting and ¢y, is the time when the top transistor in the
nMOS transistor chain enters saturation and is approximated by

Viop = V-
_DD__"TN .7 is the time when the

(tn +tp)/2, where ¢, = v
DD
nMOS transistors cease to conduct.
Since the whole chain acts as voltage divider during [7,, t,] the
slope of each internal node voltage is found assuming a uniform
distribution of the output voltage slope.

The current that the coupling capacitance at each node, C M, > is

drawing during time interval [ £ > ., lisequalto:

v, -V, W
1,=CM‘M=CM‘_-(I ! +sJ %)

dt n

where 7 is the number of the transistors in the chain, s=Vp,/7,

K 44

and the slope of the voltage waveform at the internal node i.

n
By summing the currents through all coupling capacitances and
equating the sum with the current that must flow through the

equivalent coupling capacitance, C,, is obtained:
q M,

[ - \
1,=Cy,, I +5) ®

M

]
—_

1

A constant value for C,, can be obtained if an average value, c,,
eq

bv integrating the nMOS current /. over

............... , by integrating the pMOS current J; over

[t,, tsa ]- This value corresponds to the average slope of the output

voltage waveform until ;.

By symmetry, when the node voltages are decreasing during
[ t 1 tha cama clana fwith annncite cion) i valid fae tha
l&:a’, l" J, wuiv  oaiil DI\J}J\/ \Wllll U}J}IUDIL\/ Dlsll} 1 vaiiu 1ivi e

voltage waveforms at the internal nodes. Thus, the equivalent
coupling capacitance for the two time intervals can be written as :

n-c, +(2n-1)-s

(n-1-(s-c,/2
CM,q =CM % > [tsal’ tn] (10)

The improvement that is gained by inserting this coupling
capacitance to the equivalent inverter model of a gate is significant
as shown in Fig. 2 which is a comparison of the output response of a
4-input NAND gate and that of the corresponding equivalent
inverter with and without the calculated coupling capacitance, when
the transistor chain acts parasitically.

The parasitic behavior of a parallel transistor structure is modeled
accurately by a single equivalent transistor whose width is equal to
that of a single transistor multiplied by the number of the transistors,
since the effect of the coupling capacitances is captured by the
increased coupling capacitance of the equivalent transistor.

4. RESULTS

The output waveform of a 4-input NAND gate for two submicron
technologies (0.5 pm HP and 0.35 ym HP) and C;=0.1 pF is
compared to that of the proposed equivalent inverter for several
input transition times and is shown in Fig. 3 (a) and (c). As it can be
observed, the proposed method presents very good accuracy for
both submicron technologies. In Fig. 3 (e), (f) the output waveform
of a 4-input NAND gate is compared to that of an equivalent
inverter whose width is calculated according to the proposed
method and in the conventional way (where the transconductance of
the equivalent transistor for the transistor chain is reduced by the
number of transistors in the chain) for two technologies (0.5 um and
0.35 pm) and for several input transition times. The superiority of
the proposed method compared to the conventional equivalent
inverter is obvious.

In Fig. 3 (b) and (d), output waveform results from a widely used
dynamic timing simulator, ILLIADS2 [10], are also shown and
compared to the actual output waveform of the NAND gate which is
obtained using SPICE. In the same plots the output waveform of an
equivalent inverter whose transistor widths are calculated according
to the proposed method and which is simulated using ILLIADS?2 is
also shown. It is clear that the improvement that is gained when the
proposed additional step is added in order to calculate more
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efficiently the width of the equivalent transistor that replaces
serially connected transistors is significant.
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Fig. 3: (a) and (c): Output waveform comparison between the complete gate and the equivalent inverter for several technologies
and input transition times, (b) and (d): Illiads2 improvement using the proposed equivalent inverter, (¢) and (f): Output
waveform derived according to the proposed method and in the conventional way.
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