Proceedings of the Design, Automation and Test in Europe Conference ( DATE’98 ), Paris, France, 23 - 26 February, 1998, pp. 2 - 6.

Collapsing the Transistor Chain to an Effective Single Equivalent Transistor

A. Chatzigeorgiou and S. Nikolaidis *

Computer Science Department, * Department of Physics

Aristotle Universityof Thessaloniki,

Thessaloniki 54006, Greece

Abstract

The most common practice to model the transistor chain, as it appears in CMOS gates , is to collapse it to a single equivalent transistor. This method is analyzed and improvements are presented in this paper. Inherent shortcomings are removed and an effective transistor width is calculated taking into account the operating conditions of the structure, resulting in very good agreement with SPICE simulations. The actual time point when the chain starts conducting which influences significantly the accuracy of the model is also extracted. Finally, an algorithm to collapse every possible input pattern to a single input is presented.

1. Introduction

T he development of digital integrated circuits with short design cycles requires accurate and fast timing simulation.

For small designs simulation is possible bymeans of simulators such as SPICE which are based on numerical methods. Unfortunately, these simulators are excessively slowfor the multi - million transistor designs in the submicron era. T he need for analytica l methods which can produce accurate results at short times is obvious and extended research has been conducted, especiallyfor the modelling of the CMOS inverter [1, 2]. More complicated gates such as

NAND/NOR structures are difficult to model because of their multinodal circuitryand multiple inputs.

T he accurate modelling of the transistor chain, whichis a structure of vital importance for CMOS circuits, byan equivalent transistor is examined in this paper.

Conventionally, the transistor chain is mod elled bya single transistor with its width reduced bythe number of the transistors in the chain. In case all transistors in the chain receive the same input, this common input is also applied to the equivalent transistor. Several attempts have been made in order to model the transistor chaintrying to exploit the fact that all transistors inthe chain except for the top one, generallyoperate in linear mode. In [3] the complete chain is modelled considering a long RC chain while in [4, 5] the nonsaturated devices were replaced byan effective resistance. Sakurai and Newton [6] developed their analysis for the CMOS inverter and extension to gates was made bya

delaydegradation factor. In general, all previous works used simplifying assumptions for the operation of the chain, such as step inputs, resistive behaviour, long channel models and negligible bodyeffect. Apart fromthe fact that it is impossible to solve analyticallythe differential equations which describe the operation of the chain, it is often advantageous to model the transistor chainbya single equivalent transistor, since this model can be easilyapplied in the delayand short - circuit power estimation of more complex gates. In addition, when a single equivalent transistor is obtained, the well defined modelling analysis of the inverter can be used in order to determine the propagation delayand power dissipation of CMOS gates, since modelling of parallel transistors can be performed successfullyas in [7].

It should be mentioned that Nabavi - Lishi and Rumin [8] presented a semi - empirical method for collapsing a transistor chain to a single equivalent transistor. T he equivalent width approximation, for practical inputs ends up in the conventional n - times transconductance reduction, where n is the number of transistors inthe chain, resulting in limited accuracy. For slowinputs, a formula is presented inorder to modifythe equivalent width obtained for fast inputs, but the empirical coefficients which are used, make the application of the metho d impossible.

In this paper the width of the single equivalent transistor is calculated taking into account the mode of operation of the transistors in the chain and the time during which the devices operate in each mode. Moreover, the time at whichthe chain starts conducting is obtained overcoming a main source of errors in all existingmodelling techniques. Finally, an input mapping algorithmis presented which leads to a single input signal which effectivelyreplaces all inputs of the chain.

2. Transist or Chain Operation

Let us consider the discharging of an output load bythe transistor chain consisting of NMOS devices illustrated in

Fig. 1, where the parasitic internal node capacitances are also shown. The case of a PMOS charging chain is symmetrical.

Acommon rising input ramp with input rise time

2 , is

applied to all gates. T he a - power model proposed in [2]

Fig. 1: (a) Complete transistor chain, (b) tw o transistor equivalent circuit and (c) single equivalent transistor m odel which takes into account the carrier velocitysaturation effect of short channel devices, is used for the transistor currents of the chain :

( )

( )

9 9 9

N 9 9

9 9

9

9

’

O

*6

71

D

’6

V *6 71

D

*6 71

’

�

�

�

�

�

�

�

�FXWRII�U

HJLRQ

9

a

9 �

�

/ 9

71

6%

= + .

Duringthe evolution of the load discharging, the topmost

transistor in the chain ( M

n+ 1

) operates initiallyin saturation

and then enters the linear region whenits V

DS

=V

D - SAT

. All

other transistors in the chain operate in the linear region

without ever leaving this region [5]. Because the voltage at

the intermediate nodes rises, the current of the nonsaturated

devices increases and there will be a time point where the

current of the bottomtransistors will be equal to the current

of the topmost transistor. T he circuit remains at this

^plateau~ state until the topmost transistor exits saturation[5]

and duringthis time the voltage at all drain/source nodes

remains constant. The plateau voltage is apparent for fast

inputs (Fig. 2). An input is considered fast (slow) when the

voltage at the source of the top transistor attains its maximum

value when (before) the input reaches V

DD

.

In order to cal culate the plateau voltage the nonsaturated

devices are replaced byan equivalent transistor (

E

HT

) whose width is approximated by:

� � � �

:

HT

�

�

Q

� (2 )

T he two - transistor equivalent circuit is shown in Fig. 1b.

Whena fast input is applied, the plateau voltage at the source of the top transistor occurs at the end of the input ramp at time t =

2 . Equating the currents of the saturated top transistor

( M u

) and the bottom transistor ( 0

E HT

) which operates in

0 . 0 0 . 4 0 . 8 1 . 2 1 . 6 2 . 0

T i m e ( n s )

0

2

4

6

Voltage

V M

V i n

V o u t t t 1 2

Fig. 2: Output and intermediate node voltages of a transistor chain for a fast input ramp linear mode in the two - transistor equivalent chain for

V in

=V

DD

results in :

( )

( ) ( )

N

’’

S

D

O ’’

72

D

S

EHT

- - + = -

�

�

�

(3)

Solving the above equation using a second order Taylor series approximation gives the value of the plateau voltage with very good accuracy.

In the following analysis the voltage at the source of the top transistor inthe chain, V

M

, is considered linear for the interval between time point t

1

, where the chain starts conducting, and time

2 (fast inputs) where the input reaches its final value or time t

2

(slowinputs) where the top transistor exits saturation. T his observation is based onSPICE simulations and leads to highlyaccurate results. Since time t

1 and V

M

[ t

1

] is known (see next section) and for fast inputs the plateau voltage occurs at time 2 the slope of V

M

is also known. For slowinputs it has beenobserved that the slope remains the same and can be calculated as i f the input were fast, i.e. byassumingthat at time 2 , V

M

reaches the plateau voltage. In order to calculate the time point ( t

2

), the output voltage expression has to be found bysolving the following differential equation resultingfromthe application of

Kirchhoffs´s current lawat the output node :

( ) ( )

GW

N 9 9

/

RXW

V

LQ

0

D = - - - +

� �

/

� (4)

T ime t

2

is obtained byequatingthe drain saturation voltage with the actual drain - to - source voltage of transistor

M n+ 1

( 9 9 9

’

6$7

*6

71

- =

� for each one is satisfied and the transistor starts conducting, is also different. Let us consider a five transistor chain which receives a common ramp input

Fig. 3: Simplified representation of intermediate node voltages at time t =0 and assume that all internal nodes are initially discharged . Coupling capacitance between the input terminal and the drain/source nodes forces all internal node voltages to followthe input ramp until all transistors belowthe node start conducting. Fromthis point on, the node voltage is subject to two opposite trends. One is due to the coupling capacitance and tends to raise the node voltage and the other is due to the current flowing to ground which tends to pull the node voltage down. The systembehaviour is modelled assuming that the two trends are counterbala nced, thus leading in a constant node voltage until the time point where all transistors above the node start to conduct, when the no de voltage is pulled high again (Fig. 3) . T he slope of the node voltages until the transistors belowthe i - th node start conducting at time W

V

L

can be found byequating the current through the coupling capacitance (

,

&

& L

: , ,

& &

0 L L

= Þ

[ ] [ ] &

G9 G9

GW

&

G9

GW

9 W

&

& &

9 W

0

LQ L

L

L

L

0

0 L

LQ L

L

L

-

= Þ =

+

(5)

T he bottomtransistor M

1 in the chain starts conducting at

time W

9 V

’’

�

=

×

�

2 when its input reaches the threshold voltage.

Fromthis time on and until all transistors further up start conducting at t=t

1

, the voltage at the drain of transistor M

1 remains constant at

[ ]

9

W

&

& &

9

W

V

0

0

’’

V

�

�

�

�

=

+ 2

. The time at

which the i - th transistor starts conductingcan be calculated

recursivelybysolving

[ ] [ ]

9 W 9 W

*6 V

71 V

L L L L

- =

� � , leading to :

( )

W

&

& &

9

W

9 V

0

0

L

L

L

L

= ×

+ +

+

-

-

- -

2

�

/

2

� �

�

� �

(6) where i corresponds to the positionof the transistor in the chain ( W

V

�

� = ). T he time at which the chain turns onis

calculated using the above expressionas W W

V

Q � �

=

+

.

4. Effective Width of the Equivalent

Transistor

In the following analysis all internal nodes of the chain are considered to be discharged at time t= 0. In case some of the nodes are initiallycharged, the output waveformshould be shifted properly, since the charge s in the internal nodes cause an additional d elayin the output response [ 4 ].

It is obvious, that a single equivalent transistor (Fig. 1c) which receives the commoninput that is applied to all transistors in the chain, will have the same output response with the complete chain, if it successfullymanages to reproduce the combined behaviour of the nonsaturated devices with the dual operation of the top transistor, in saturation and the linear region.

For the time interval where the top transistor in the chain is saturated, the current through this transistor is the bottleneck for the current that flows through the chain[5].

T herefore, in order to obtain the width( W eq

) of the single equivalent transistor ( M eq

) the currents through transistor

M n+ 1

of the complete chain and transistor M eq

should be set equal :

, ,

0 0 Q

HT +

= Þ

�

( )

( ) ( )

3

Q

LQ

D

V

HT

LQ

72

D + - - + = -

�

�

� �

/

W W W = +

�

�

�

� . T his value of W

eq will be

referred to as W

sat since it corresponds to the saturation

region of the top transistor in the chain.

On the other hand, when all transistors in the chain

operate in the linear region , the chain can be considered as a

voltage divider with uniformdistribution of the output

voltage among all drain/source nodes. T hus, the width of the

equivalent transistor can be calculated as

:

:

Q

OLQ

=

+ �

for non - tapered chains.

Since the transistor width f or each operating condition is known, the transistor chain can be modelled bya single equivalent transistor whose widthfromtime t

1

to time t

2

is

W sat

and for the rest of the time equal to W lin

. But since the aim was to provide an equivalent width that would be useful for the complete regionof operation inorder to simplifythe overall analysis, the above two width values should be efficientlymerged into one. T his can be accomplished by calculating the fraction of charge ( Q sat

) that is discharged to gro und during the time interval in whichthe top transistor in the chainoperates in saturation over the total charge

( Q total

=C

L

V

DD

) that is stored initiallyin the output load and has to be discharged. The current through the top transistor in the chain ( M n+ 1

) can be integrated fromtime t

1

to time t

2

in order to obtain the charge Q sat

:

( )

( )

4

�

� (8)

1 . 0 1 . 5 2 . 0 2 . 5 3 . 0

T i m e ( n s )

0

2

4

6

OutputVoltage

C o m p l e t e c h a i n

P r o p o s e d W e q

W / n r e d u c t i o n

W / n w i t h o u t t 1

0 2 4 6 8 1 0

I n p u t t r a n s i t i o n t i m e ( n s )

0

1 0

2 0

3 0

4 0

5 0

Eror(%)atVD/2

P r o p o s e d r e d u c t i o n

W / n r e d u c t i o n

W / n w i t h o u t t 1

(a) (b)

Fig.4: (a) Output w aveforms of the complete chain, the proposed single equivalent transistor, the conventional methodandthe latter w ithout t

1

correction, for a six transistor chain and

2 =3ns. (b) Percentage error at V

DD

/2 betw een actual output response andthe single equivalent transistor output response for different approaches

T he above integral will be split into two, in case the top transistor exits saturation after the input has reached its final value (fast inputs). Asaturation coefficient c sat

can nowbe calculated as :

F

4

4 VDW

VDW

WRWDO

= (9)

Consequently, the fractionof charge that is discharged through the chain duringthe time where all transistors operate in linear mode over the total charge is c lin

= 1 - c sat

.

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 :

: F : F :

HT VDW VDW OLQ OLQ

= × + ×

(10)

It should be noted that when the input is fast and the number of transistors in the chain is large, the conventional single equivalent transistor whose width ( :

HT

’’

should be considered V

DD

for the following steps.

0 1 2 3

Ti m e (ns)

0

2

4

6

OutputVoltage

0 1 2 3 4

Ti m e (ns)

0

2

4

6

0 1 2 3

Ti m e (ns)

0

2

4

6

Fig. 5: Actual set of inputs (left column) and normalized equivalent one (righ t column) together w ith the corresponding output w aveformof a chain for each case. The dots correspond to the actual set of inputs .

T ime t m

occurs when the last ending input ramp reaches V

DD

/ 2. Incase two or more inputs end at the same time, t m

is measured on the one that starts last.

Step 2. T he m ramp inputs that remain fromstep 1 have to be transformed to equal ramps so that the algorithmcan proceed. T he starting point of these equal ramps ( t

0

) is taken as t

0

=max( t

1,

t

2

, ..., t n + 1

) where t

1,

t

2

, ..., t n+ 1

are the starting point of all input ramps in the chain. T his is reasonable since the chain does not conduct current before the starting point of the last changing input. Inorder to take into account the slope as well the time during which an input is in transition after time t

0

, the transition time ( T eq

) of the equal ramps is takenas :

[ ]

( )

7

9

W

9

W W

P

’’ L

P

H

L

=

- é

ë ê

ê ù

û ú

ú

-

= å

�

�

W

H

L

is the time point at which eachof the m input ramps reaches V

DD

. Obviously, because of step

1, W W

H

L

>

�

for all of the m inputs.

Step 3. T he input pattern which is nowapplied to the chain, consists of equal ramp inputs and V

DD

inputs. T hese canbe mapped to normalized inputs using the weight coefficients which correspond to the transistor positions in the chain which receive a ramp input. T hus, the transition time of the normalized inputs which are applied to the chainat t=t

0

is :

7 F 7 HII

ZHLJKW HT

= × (12)

T he same ramp input (normalized input) is finallyapplied to

the single equivalent transistor.

In Fig. 5, a comparison of the output responses of a five

transistor chain to the actual and normalized input patterns

is presented, which shows the accuracyand efficiencyof the

presented algorithm. The above algorithmpresented very

good matchbetween the output response of the complete

chain and the single equivalent transi stor for a wide range of

input transitiontimes and relative distances in time of their

starting points.

6. Conclusion

T he widely used method for collapsing a transistor chain

to a single equivalent transistor that canbe used for the

modelling of CMOS gates, has been analyzed and improved.

Its width has beenefficientlycalculated taking into account

the regions of operation of the structure. Several parameters

such as the time when the chain starts conducting, short

channel current models, bodyeffect and the input transition

time have been incorporated inthe model. In addition, an

efficient and accurate algorithm has been proposed in order

to obtain a single equivalent input fromeverypossible input

patternto a chain. T he proposed model extracts the output

waveform of a chain with verygood accuracycompared to

SPICE simulations.

References

[1] L. Bisdounis, S. Nikolaidis and O. Koufopavlou , " Analytical

Transient Response and P ropagation DelayEvaluation of the

CMOS Inverter for Short - channel Devices ", to appear in IEEE

J. Solid - State Circuits .

[2] T. Sakurai and A. R. Newton, "Alpha - P ower LawMOSFET

Model and its Applications to CMOS Inverter Delayand Other

Formulas", IEEE J. Solid - State Circuits, vol. 25, no. 2, pp.

584 - 594, April 1990.

[3] M. Shoji, "FET Scalingin Domino CMOS Gates", IEEE J. o f

Solid - State Circuits, vol. SC - 20, no. 5, pp. 1067 - 1071,

October 1985.

[4] S. M. Kang and H. Y. Chen, "AGlobal DelayModel for

Domino CMOS Circuits with Application to Transistor

Sizing", Int. J. Circuit Theoryand Appl icat., vol. 18, pp. 289 -

306, 1990.

[5] B. S. Cherkauer and E. G. Friedman, "Channel Width

Tapering ofSeriallyConnected MOSFET’s with Emphasis on

P ower Dissipation", IEEE Trans. o n VeryLarge Scale of

Integration (V LSI) Systems, vol. 2, no.1, pp. 100 - 114, March

1994.

[6] T. Sakurai and A. R. Newton, "DelayAnalysis ofSeries -

Connected MOSFET Circuits", IEEE J. o f Solid - State

Circuits, vol. 26, no. 2, pp. 122 - 131, February1991.

[7] Y. - H. Jun, K. Jun and S. - B. P ark, "An Accurate and Efficient

DelayTime Modeling for M OS Logic Circuits Using

P olynomial Approximation", IEEE Trans. o n Computer - Aided

Design ofIntegrated Circuits and Systems, vol. 8, no. 9, pp.

1027 - 1032, September 1989.

[8] A. Nabavi - Lishi and N. C. Rumin, "Inverter Models ofCMOS

Gates for SupplyCurrent and DelayEvaluation", IEEE Trans.

On Computer - Aided Design ofIntegrated Circuits and

Systems, vol. 13, no. 10, pp. 1271 - 1279, October 1994.