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ABSTRACT The next step that has been taken in search for a better

A detailed analysis of the transistor chain operation in CMognedeling technique was to replace a part of the transistor chain,
gates is presented. The chain is diminished to a transistor pdiemely those devices which operate always in the linear region,
taking into account the actual operating conditions of thePY @n equivalent resistor. Such models have been presented by

structure. The output waveform is obtained analytically, without>l: [6]- However these techniques are based on simplified
linear approximations of the output voltage and for ramp inputs@PProximations and lead to prohibitively inaccurate results.
It should be mentioned that all previously reported methods

The a-power transistor current model which takes into account

second order effects of submicron devices is used, while previognere second order effects that are present in submicron devices,
inconsistencies in the chain currents are eliminated b@ssume only step inputs and present inconsistency in the chain

introducing a drain-to-source voltage modulation factor. TheCurrents, which is the main error in existing modeling techniques

exact time when the chain starts conducting is efficiently7' . . . .
calculated removing a major source of errors. The calculated M this paper, a different approach is followed, overcoming

output waveform results according to the proposed model are iihe inaccuracies of all previous works. Nonsaturated devices are
excellent agreement with SPICE simulations replaced by an equivalent transistor whose width is calculated

efficiently without leading to inconsistent currents. The method is
presented for non-zero transition time inputs, short channel
1. INTRODUCTION transistor current models and the exact time point when the chain

Since the need for analytical methods which can accuratelyiaris conducting is calculated, eliminating another main source
perform timing simulations of digital integrated circuits is ¢ grrors.

growing as the minimum feature sizes decrease and the number of

transistors per chip increases, modeling of CMOS gates is

becoming important. It has been extensively pointed out, that 2. TRANSISTOR CHA!N OPERATIQN o
simulators such as SPICE which are based on numerical methods, !N order to study the operation of the transistor chain in
are excessively slow for large designs. Motivated by the previousMOS gates, let us consider the circuit of Fig. 1a where the
observations, much research effort has been devoted to téscharging of a load capacitanc€ X through the NMOS
investigation of the behavior of the CMOS inverter and welltransistor chain is examined. Charging through a PMOS chain is
defined expressions for its output response have been obtainédmmetrical. The parasitic capacitances formed by the

[1], [2], [3]. drain/source diffusion areas are also shown. A common ramp
However little has been done on more complicated gates suchput is applied to the gates of all transistors in the chain :

as NAND/NOR gates because of their multinodal circuitry and O o ¢ <0

multiple inputs. Modeling of these gates is intricated mainly by

the operation of the transistor chain through which the output Vy=0220 0st<t (1)

load is discharged (NAND) or charged (NOR). Since the timing B IEL)L) [>T

behavior of such a chain cannot be obtained by solving a

differential equation at each node of the structure, the inhereffthere « is the input transition time. All internal nodes are

properties and operating conditions of the chain have to bgonsidered to be initially discharged. In case the nodes are

exploited. All previous attempts to model the transistor chain cagharged at=0, the output waveform can be obtained by shifting it

be categorized in two main groups : in time according to the charge that was initially stored in all
The most usual one is the replacement of the complete chafpdes [5] and will not be discussed here.

by a single equivalent transistor. As a rule of thumb, the width of In order to take into account second order effects of

the equivalent transistor is calculated by a singidéimes  submicron devices, th@power model [2] has been used for the

transconductance reduction, wherés the number of the devices transistor currents :

in the chain. Although attempts have been made in order to O 0 Vis <Vpy,  cutoff
improve the efficiency of this model incorporating parasitic _ 0 a2 : .
capacitances [4], the single equivalent transistor replacementn ~ [k/(Vc;s _VTN) Vs +Vps <Vp-sar, linear @)
generally fails to reproduce the output waveform of the chain, % k,y(VGS - Vuv)a VissZViy—gar, saturat.

since it does not take into account the actual operating conditions
of the structure.



of the top transistor ceases to increase. THusan be calculated
by setting the saturation current of the top transidty équal to
the current of the bottom transistdd{) which operates in linear
mode :

a ;

k(vop —0=(1+8),) =k (Vo Vo)V, @

The above equation can be solved with very good accuracy using
a second order Taylor series approximation arofyrd V.

The approach of previous works is based on the assumption
that there is a uniform distribution of the source voltage of the top
transistor among the drain/source nodes of the rest transistors in
the chain operating in linear mode. However, this is not a valid
assumption as the gate-to-source voltage and the threshold
voltage of each transistor in the chain are different and

(&) o)
Fig. 1. (a) Complete transistor chain and (b) two-transistor,

consequently they would not be able to drive the same current if
they had equal drain-to-source voltages. For example, equating
) ) ) the currents through the two closer to ground transistors (for the
where V),_g,p is the drain saturation voltagk, , ks are the  same transistor width) fov,,;=Vpp and setting the saméss for
transconductance parameters which depend on the width to lengélach transistor gives :

ratio of a transistora is the carrier velocity saturation index and 7, =7, [

equivalent chain

Voy is the threshold voltage which is approximated by its first i w (5)
order Taylor series approximation aroundVsg=1V, k (VDD -0 ) Vs =k (VDD -6- (1+ o )VI) Vs
Viy =6 + 0. which results in(1+ o) )Vl =0 whereV, is the drain voltage of

The topmost transistor in the chaM, (1) operates initially in
saturation since its drain-to-source voltaygg is higher than

the drain-to-source saturation voltayf.§a7). As the output load chain constant, the reduction Vas and the increase iy of a

capacitance discharges and the internal node voltages risgangistor closer to the output is compensated by an increase in its
transistorM,.; will enter t.he linear mode.of operation when Vps Considering a gradual increment\&fs by a constant factor
Vpbs=Vp.sar All other transistors of the chain operate always iny, 1) calleddrain-to-source voltage modulation factas we
linear mode, since after timgwhen the chain starts conducting 416 moying closer to the output, results in very good agreement
theirVps never exceeds the drain saturation voltage [6]. with SPICE simulations. This means that for two adjacent
From the time point when the input reaches its final value transistors it isV —vIV where the index shows the
and until the time pointt, when the topmost transistor exits o () D%y
saturation (in casé, > 7), all node voltages remain constant. That POSition of the transistor in the chain (Fig. 1a). In this way,

. . . .eguation (5) can be rewritten as :

is because if the node voltages were decreasing, the saturatloﬂ ®) 5 a

current of the topmost transistor would _increase, thus increasing/ Vop = 9)“ Vs, = ki (VDD -6-(1+ 5)V051) vVps, (6)

the node voltages. On the other hand, if the node voltages were ] ] o
increasing the current of the topmost transistor would decreadB order to solve the above equation, a first order approximation
thus decreasing the node voltages. Consequently, all nod¥ the Vg term inside the parenthesis in the right hand side of

voltages remain at their initial potential at timeand this state  oq (6) is used. Considering the part of the transistor chain which
which is known as the “plateau” state [5] is apparent for fasg,ntains the nonsaturated devices as a voltage divider, that term

inputs or large output loads (Fig. 2a). During the plateau state al| :
parasitic currents at the internal nodes are eliminated since thePS can be set equal ), /n (for the case that all transistors

voltages remain constant. In this way the currents of alhave the same width) and eq. (6) can be solvedriesulting in :

the bottom transistor. This is an invalid expression, because
alwaysd>0. Trying to keep the current of each transistor in the

transistors in the chain are equal. 0 f?

In order to calculate the plateau voltage of the chain, let us 0 Vop —8 0
consider the circuit of Fig. 1a and assume that the same ramp V=1 0 (7)
input is applied to all transistors. Although the analysis here g/oo -6-(1+6 )(Vp/”)g

refers to fast input ramps where the plateau state appears, t&%nsequently

derived results are also valid for slow inputs. A first el )
approximation is used for the widthMj, of the equivalent Vp _(1+V+"'+V )D/DS]' Equating the current that flows

transistorMe, in Fig. 1b, which replaces all the nonsaturatedthrough the equivalent transistdflg in Fig. 1b) with the current

the plateau voltage of the chain is

transistors and is given by : through the closest to the ground transistor of the chdinir(
1 1 1 1 Fig. 1a), the final width of the equivalent transistor is obtained:
—— Tt (3) W,
Wey Wi W, w, W, = 1 ®)

4y 4y

The plateau voltage at the source of the top transigfor, o . . .
which is used in the mathematical analysis.

occurs at the end of the input ramfy€Vpp) where the current
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Fig. 2: Regions of operation for (a) fast and (b) slow input ramps

The accuracy of the proposed width for the equivalent By solving Vg — Vry =0 for each transistor in the chain,
transistor is validated by comparison between the output
responses of the complete chain and the two transistor chain
model, as shown in Fig. 3 for an HP @rb technology. Also, a given by the recursive expression :

the time at which thé-th transistor starts conductinga() is

comparison with the output response, when the equivalent Cy v

transistor width is calculated in the conventional way described 0+ (1+5 ) = bD t,

by eqg. 3 and when the nonsaturated devices are replaced by a p— CM,_] +Coyp T (10)
s

resistor [5] is also presented in Fig. 4. The superiority of the
proposed method is obvious. Consequently, the multinodal
analysis problem is now diminished to a two node-analysis
which decreases the complexity of the solution significantly.

i

Vo

where the index corresponds to the position of the transistor in
the chain and starts countinigzY) from the bottom transistor.
(tSO =0 ). From the above expression, the time at which the

3. OUTPUT WAVEFORM ANALYSIS chain starts conducting, =1, can be easily obtained.

Because of coupling capacitancBy] between transistor It has been observed by SPICE simulations that the voltage
gates and the drain/source nodes, drain voltages tend to follow(y, y 4t the source of the top transistor is almost linear between
the input ramp until all lower transistors start conducting. Until time t, and timer. According to the abovay, will have a value

the tim_e point where the transistor below a no_de_ starts Vs at timet; andV, at timer. Thus, V), for the time intervat;-t
conducting, the voltage waveform of that node, as it is isolated ] _
can be expressed a¥[t] = \, + mL,

between two cut-off transistors, is derived by equating the

current due to the coupling capacitance of the ndde ,, to the V‘,7 -V, V,7 -V,
M whereV,, =V - f{pand m=——.
charging current of the parasitic node capacital@ge: [ 51 -4
/ =/ 0 Although the slope oY), was calculated for fast inputs, it
Cay — 76 can be found exactly in the same way for slower inputs [8].
av, —dv, av, CM, (9) _ T_hg dif_ferential equqtions that de_scrib_e the operation of the
v ——=C,—0; [t] = —V,n[t] circuit in Fig. 1b are derived by applying Kirchhoff's current law

' dt dt Cy, +C at nodes 2 and 1:

After the time at which all transistors below thtéh node L= aoc AV _ O 1
start to conduct t ) and until the time at which the complete "G = " Du, L gt = Pw (11)
chain starts to conducty), this node is subject to two opposite - . 0= dVue _ | iC % (12)
trends. One tends to pull the voltage of the node high and is due 'Pw, ~ Dwme ~ Cn L ~ Dug TN

to the coupling capacitance between input and the node and isyherev, is the voltage at the intermediate node @qds the
intense for fast inputs and high coupling to node capacitance |ymped capacitance of all diffusion capacitances of the internal
ratio. Th_e other tends to pull its voltage doyvn becausz_a of the nodes in the chain. Each node capacitaBgg,, is calculated as
discharging currents through all lower transistors and is more g function of "base" area and "sidewall” periphery [9].

intense for nodes closer to the ground. For simplicity, here, the  The above differential equations are solved resulting in the

two trends are considered to be counterweighted which gives expressions for the output voltage waveform for each operating
good results in most practical cases. Therefore, the voltage ofregion of the transistors in the chain.

each node after the time where all the lower transistors start Ty cases, fast and slow input ramps are considered. For the

conducting and until time,, is considered to be constant and {55t (slow) case, the intermediate node voltegeattains its
equal to the node voltage at the beginning of this time interval.  maximum value when (before) the input ramp reavhgs
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Fig. 4: Comparison between the output waveform of the

and two transistor chain, for a=3, b=4, ¢c=5, d=6 transistors in the complete chain and the two transistor chain model usiny the

chain

A. Fast input ramps

Region 1.The top transistoM, is cut off. This region extends
from time t=0 until t=t; when transistoM, starts conducting
and enters saturation. The output voltage remaing gt (Fig.

factor, then-times transconductance reduction and replacement
by a resistor, for a 6 transistor chain

wherek,, k, specify the linear region transconductances for the
upper and bottom transistors respectively. Since the above
system cannot be solved analyticaly, in eq. (15), in the term

2a). This is also validated by SPICE simulations: no overshoot is that is powered ta/2, is replaced by its average valug?2.
observed because of the very small gate-to-drain coupling Solving eq. (15) foly, substituting the resulting expression in

capacitance of a transistor in cut-off.
Region 2. The upper transistor is saturated and the bottom
operates in linear mode. This region extends from timentil

t=r when the input reaches its final value. Since the system of

differential equations that describes the operation of the circuit
cannot be solved analyticallyy, is considered to be linear.

SubstitutingVy [t] =V, + mCtinto eq. (11) and solving the
resulting equation gives :

k.
Vour =1+ (a1 ﬂWzymgﬂ%
L 1

where q;=(Vpp/t )-(1+6 )m, q=0 + (1+9)V, and ¢=Vpp.
Region 3.The input ramp has reach¥gp, the top transistor is

0
—-tg (13)
O

2
y
eq. (16), and setting;, = &, D/DD 9—(1+ 5) 7"% and

results in a second order differential

G = iﬁb(VDD - Vro)a
equation which has the solution :
PP ARR
Vou Dozl 2™ 17)
Cy Iy CL (£,
L &1

andc; is calculated by equating the above equation=for with
Voulto] which is obtained from the previous region.

where p, = ——+C, +Cy,p;= 5

in saturation and the bottom in the linear mode of operation. The g s|ow input ramps

limit of this region is timet, when the top transistor exits

For slow input ramps the analysis can be performed in the

saturation and until that time, the intermediate node remains atsame way, except for region §<t<r) since the top transistor

the plateau voltage. Sintg=V,, differential eq. (11) gives :

Vou =¢y == |Vpp —0-(1+0) Vp] @ (19

ks
CL

Vi —9—(1+5)V,,]” o

k
wherec, =V, - +C_L
The limit of this region is computed by solving

VD—SAT!\{tZ] :Vou[tz]—V for the upper transistor, where

Vo- SATV\[t] K (VGS VTN)

Region 4.Both transistors operate in linear mode. The system of
differential equations becomes :

CL ddoul — _k]u(VDD -6- (1+ o) ) VM)‘/’ 2([/014/ - VM) (15)

dv, v,

dotm = kyy (VDD V/O)

according to [2].

-C, v, +Cy (16)

exits saturation before the input reach@g (Fig. 2b). For this
time interval the input has to be approximated by its average
value and the analysis can proceed as in region 4 for fast inputs.

Whether an input ramp is slow or fast can be determined by
solving VD—SATN[tZ] = Vou[tz] - V,V[ tz] in the second region.

If the top transistor exits saturation before the input reaches its
final value {<r), the input is slow, otherwise it should be
considered fast.

The previous analysis was based on the assumption that
normalized inputs, i.e. inputs which have the same starting point
and transition time are applied to the transistors of the chain. In
case non-normalized inputs are applied, an input mapping
algorithm [8] can be employed in order to map every possible
input pattern to a set of normalized inputs.

4. RESULTS AND DELAY CALCULATION

The calculated output waveforms of the two transistor
equivalent chain, match very well the SPICE simulation results



calculated output waveform and delay results present very small
errors compared to SPICE simulation values.

- [ ] SPICE

Calculation
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5. CONCLUSION 05| 45| 4751 7.85p 5.79 5.897 7.168 1.4f7

A detailed analysis for the operation of the transistor chain in 9 4.200| 18.20p 5.794 16.887 7.665 21.204
CMOS gates was introduced. All nonsaturated devices in the| 1 12 0.979 20.53B 5.534 21.B7 6.902 19.316
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efficiently calculated taking into account the operating |5, W,=9 || 1.996| 6.347 1.160 4.344 3.0B9 0.938
conditions of the structure. The exact time when the transistor|5=0.7

chain starts conducting is obtained and analytical expressions for—1 “Tw, =1d 2.072| 3.78¢ 4.032 6.642 5.000 5.980
the output response to non-zero transition time inputs are|;—q 1 “ lf
extracted using short channel transistor current models which
take into account second order effects of submicron devices. The




