1 AN EFFECTIVE SINGLE EQUIVALENT TRANSISTOR

A. Chatzigeorgiou, S. Nikolaidis 1

Computer Science Department, 1 Department of Physics

Aristotle University of Thessaloniki

Thessaloniki 54006, Greece

Short title : Collapsing the transistor chain to a single transistor

ABSTRACT

A method for collapsing the transistor chain of CMOS gates to a single equivalent

transistor is introduced. The width of the equivalent transistor is calculated taking into

account

the operating conditions of each transistor in

the structure, resulting in very

good agreement with SPICE simulations. Second order effects such as carrier velocity saturation in submicron devices, bodyeffect and coupling capacitance are considered and ramp inputs are used.

The actual time point when the chain starts conducting which

1. INTRODUCTION

The development of digital integrated circuits with short design cycles requires

accurate and fast timing simulation. Unfortunately, simulators such as SPICE are excessivelyslow for large designs . The need for analytical methods which can produce accurate results at short times is obvious and extended research has been conducted,

IEE Proceedings - Circuits, Devices and Systems, vol. 145, issue 5, October 1998, pp. 347-353.

especiallyfor the modelling of the CMOS inverter [1 ] , [ 2 ] , [3

]. More complicated gates

such as NAND/NOR structures are difficult to model, mainlybecause of the multinodal circuitry and multiple inputs of the transistor chain.

Conventionally, the transistor chain is modelled bya single transistor with reduced transconductance according to the number of the transistors in the chain. Several attempts have also been made in order to model the transistor chain trying to exploit the fact that all transistors in the chain except for the top one, operate always in linear mode [4]-[8]. All previous works used simplifying assumptions for the operation of the chain, such as step inputs, resistive behaviour , long channel models and negligible bodyeffect, thus resulting in insufficient accuracy. However, it is often advantageous to model the transistor chain bya single equivalent transistor, since this model can be easilyapplied in the analysis of more complex gates. In addition, since modelling of parallel transistors can be performed with good accuracyas in [9], the well defined modelling analysis of the inverter can be used.

Nabavi-Lishi and Rumin [10] presented a semi-empirical method for collapsing a transistor chain to a single equivalent transistor following the conventional (

n +1)-times

transconductance reduction for an ( n +1) transistor chain, resulting in limited accuracy.

In [9] and [10] a wayof collapsing multiple inputs to a single one is described, but the

extracted waveform leads to large errors, especiallywhen transition times and starting

points of some signals differ significantly.

Some of the secondaryeffects which are present in the operation of the transistor

chain have been mentioned in [11], [12], where a chain collapsing technique based on a

nonlinear macromodel is proposed, but it extracts parameters from dc analyses and

applies them on transient phenomena. Moreover, a simplified theoretical analysis is

used for the validation of the proposed effective transconductance model.

V

=

,

V

ô

,

,

t

ô

t ô

DD

0 0

0

×

£

< £

>

ì í

ï î

ï

t

V

t

DD

(1)

where ô is the input rise time.

The

a

-power model proposed in [3] which takes into account the carrier velocity

saturation effect of short channel devices, is used for the transistor currents

:

( )

( )

I

GS

TN

a

DS

s GS TN a

GS TN

D

SAT

D SAT

= -

-

ì í

ï î

ï

£

<

³

-

-

0

2

region

V

: linear region

V

: saturat ion region

DS

DS

(2) where V

D-S

AT

is the drain saturation voltage, k

l

, k

W

L l l

= ), a is the

velocitysaturation index and V

TN

is the threshold voltage which is expressed byits first order Taylor series approximation around V

SB

=1V with very good accuracy as :

( ) ( )

~

V V

+ V V

è

1 TN

V 1

SB SB

SB

SB

=

¢

× - = +

=

=

1 (3)

4

The above model is much more accurate than

Shockley’s square law conventional model for short-channel devices, since their actual drain current in the saturation region does not show square law dependence on gate-to-source voltage and the drain saturation voltage is shifted compared to that predicted by

Shockley’s model. Both discrepancies

originate from the velocitysaturation effect which is captured bythe introduced velocity

saturation index

á

( á

<2)

.

During the evolution of the load discharging, the topmost transistor in the chain

(

M

1

) operates initiallyin saturation and then enters the linear region when its

V

DS

=V

D-SAT

. All other transistors in the chain operate in linear region without ever leaving this region [5].

For the time interval during which the topmost transistor is in

saturation and the input is rising, its current and consequentlythe voltages at the

internal nodes are increasing. When the input reaches

constant. Thus, the parasitic currents are eliminated and the same current flows through all transistors in the chain. This time period which is known as the "plateau" state [4], is apparent for fast inputs (Fig. 2). An input is considered fast (slow) when the top transistor exits saturation after (before) the input reaches V

DD

.

In order to calculate the plateau voltage the nonsaturated devices are replaced byan

equivalent transistor (

M

b

1

2

W b

eq

n

= + + +

W W W

ô . The small voltage overshoot which occurs due to coupling capacitances, does not have anysignificant effect. Equating the currents of

the saturated top transistor ( M

u

) and the bottom transistor ( M b eq

) which operates in linear mode for V

in

=V

DD results in :

( )

( ) ( )

P

W

L

V V P

W

L

V V V

s

u

DD

l

b

DD

TO a

p eq - - + = -

è

ä 1

2

/

(5)

The value of the plateau voltage is obtained with verygood accuracy, using a second

order Taylor series approximation for the left-hand side of the equation around V

p

=

considered linear for the interval between time

t

1

, where the chain starts conducting and

time

ô (fast inputs) or time t

2

(slow inputs) where the top transistor exits saturation.

This observation is based on SPICE simulations and leads to highlyaccurate results.

Time points t

1

, t

2

are calculated in Appendices A and B respectively. Since time t

1 and

V

M

[ t

1

] are known (see Appendix A) and for fast inputs the plateau voltage occurs at

time ô , the slope of V

M is also known. For slow inputs the slope of V

M can be calculated

in a similar way. Although for slow inputs the plateau voltage is not present, it has been

found that if in a chain which receives a slow input the output load is increased, the

slope of V

M

remains almost the same (Fig. 3). Therefore, considering a sufficiently larger load capacitance, the input would become fast, V p

would occur at time t=ô and would be calculated as previouslyby eq. (5). Since the slope remains unchanged, the calculated slope is valid for the initial load as well. The independence of V p

on the load capacitance which is required in order for the previous proposition to be valid, is obvious from eq. (5).

3. EFFECTIVE WIDTH OF THE EQUIVALENT TRANSISTOR

In the following analysis all internal nodes of the chain are considered to be

discharged at time

output waveform should be

appropriately shifted, since the trapped charges in the

internal nodes cause an additional delay in the output response [ 4 ]. It is obvious that a single equivalent transistor 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 that transistor is the bottleneck for the current

eq

) of

the single equivalent transistor (

M eq

) the currents through transistor M

n+

( ) ( ) ( )

I I

P

W

L

V P

W

L

V V

M M

in

a

s

eq in

TO a

n

eq +

= Þ - - + = - +

1

1

1

ä

V

M

(6)

yielding corresponding

W

eq

values. For the time interval [ t

, W eq

plotted against time has the form of Fig. 4. An

average value of W

eq should be calculated from eq. ( 6 ) as the integral of its expression

from time t

1 to t

2 over t

2

- t

1

.

However, for simplicity,

W

eq can be calculated at time

t t t

=

+

1

2

2

with a

maximum error 5 %. This value of W

eq will be referred to as W oltage

V i n

M o u t

t 1 2

V

V

p l a t e a u

t

Fig. 2: Output and intermediate node voltages of a transistor chain for a fast input ramp

0 1 2 3 4 5

T i m e ( n s )

0

1

2

3

4

5

Voltage

i n V

V ( C = 1 0 0 f F ) M L

V ( C = 3 0 0 f F ) M L

Fig. 3: Intermediate node voltage waveforms for the same input ramp and different

output loads

T i m e

0 . 0

0 . 4

0 . 8

1 . 2

1 . 6

2 . 0

W sat(m icrons)

t 1 t 2

Fig. 4: Single transistor equivalent width for the saturation region

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

N o n - l i n e a r W e q

Fig. 5: Output waveform comparison between the complete chain and the nonlinear

equivalent transistor for a six transistor chain and ô =3ns

0 1 2 3

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 + 1 ) r e d u c t i o n

W / ( n + 1 ) w i t h o u t t 1

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

T i m e ( n s )

0

2

4

6

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 + 1 ) r e d u c t i o n

W / ( n + 1 ) w i t h o u t t 1 ror(%)atVD/2

P r o p o s e d W e q

W / ( n + 1 ) r e d u c t i o n

W / ( n + 1 ) 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 W e q

W / ( n + 1 ) r e d u c t i o n

W / ( n + 1 ) w i t h o u t t 1

(a) (b)

Fig. 7: Percentage error at V

DD

/2 between actual output response and the single

equivalent transistor output response for different approaches and for (a) four transistor

chain, C

L

=50 fF and (b) six transistor chain, C

L

=100 fF.

0 1 2 3

T i m e ( n s )

0

2

4

6

OutputVoltage

0 1 2 3 4

T i m e ( n s )

0

2

4

6

0 1 2 3

T i m e ( n s )

0

2

4

6

Fig. 8: Actual set of inputs (left column) and normalized equivalent one together with

the corresponding output waveform for each case. The dots correspond to the actual set

of inputs. The starting point and the transition time of each input ramp is given in ns.

Fig. 9: Simplified representation of intermediate node voltages for a 5-transistor chain

0 1 2 3 4 5

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

0 . 0

0 . 4

0 . 8

1 . 2

1 . 6 t1(ns)

A c t u a l

C a l c u l a t e d

Fig. 10: Comparison between calculated and actual conduction start time point ( t

1

) for

a 4 - transistor chain

25