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Abstract

In this paper we present a local strategy for sizing CMOS
circuits. We show how the explicit definition of delays can
be used to define delay / area optimal sizing rules. Examples
arc given for sizing irregular inverter arrays, NAND gates
and adder cells, starting from an initial electrical netlist and
ending with the fully automatically generated layout. Direct
comparisons of speed / arca performances arc given for a
linear matrix style layout implementation.

Introduction

High performance circuit design necessitates the
mapping of functional specifications into a technology,
following predefined perfrmance objectives such as high
speed, low power and minimum area. Transistor sizing is
one basic technique used to produce designs which meet the
performance goals. This is usually carried out using a circuit
simulator and critical path analysis tools to adjust iterative
transistor sizes to the specifications ; in this case, optimal
solutions are not guaranteed [1].

Global mathematical optimization techniques [2,3] can
be used to solve this sizing problem, but the extent of the
optimization space and the accuracy of the models involved
in evaluating delays quickly limit their effectiveness.
However, combined with accurate initial solutions, they can
be used efficiently at the final stage of any optimal sizing
problem {4].

In fact, the lack of an accurate initial estimation of
transistor sizes imposes an impractical global strategy
giving rise to serious convergence problems in the treatment
of the divergence branches of arrays with irregular loading.
It has been generally recognized that for an implementation
which is nearly optimal with respect to delays, the silicon

area required for speed improvement quickly becomes
intolerable. It is then of prime importance to define a sizing
methodology allowing an efficient trade between delay and
area. Moreover, the electrical power available in a switching
device being proportional to the width of the corresponding
transistor, any minimum area solution guarantees minimum
power dissipation for fixed delay constraints. As a result,
delays and transistor widths are the parameters to be
dctermined in any optimal sizing problem.

We recently showed [ 5] that the accurate modelization of
delays in CMOS structures can be obtained through closed
form equations, allowing the explicit formulation of delays
with clear evidence of technological, structural and
environmental parameters. As an attempt to find an accurate
initial estimation for the optimal sizing of a CMOS data path,
we propose in this paper a local strategy allowing the
backward processing of data paths using sizing criteria
defined from the explicit formulation of delays.

Delay Modeling

It has been shown [6,7,8] that real delay evaluation of
general ANDORI can be obtained from a linear combination
of the driving (i-1) and the controlled (i) structure’s step
responses. For example,
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where A B, are linearization coefficients, o is an input slope
effect correcting term, tHps, tLys are the fall, rise step
responses of general ANDORI, which can be written in
reduced units as follows:
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where: - K’ is a slowly varying technological
coefficieut, and Tgr, the elementary fall time characteristic
of the technology as defined in [7],

~ Y, XN, Xp, Xo represent respectively the
output load, the N and P transistor gate capacitances, the gatc
(X16) and the parasitic capacitances of serial array
transistors, normalized with respect to a reference
capacitance which can be the minimum capacitance
available in the technology or any capacitance used as a
reference for delay evaluation ( note that with this definition
XN.Xp and Xo depend only on the width of the
corresponding transistors), .

- nrepresents the number of serial transistors in
the array under consideration.

In these equations, the first term on the right hand side
represents the step response associated with the switching
device with the full load lumped to its output node; it directly
gives the step response of the inverter for n = 1; the second
term is a propagation term characteristic of the serial array
structure, the complete equation allowing the direct
evaluation of NAND and NOR gates.

Asshown, itisonly when real delay isconsidcred (equ.1)
that the convexity of the sizing problem of inverters is
guaranteed, allowing direct optimization of the structure. As
a result, a minimum optimization cell must always be
considered in the individual sizing of gates. Such a cell,
consisting of the gate under consideration and its driving
inverter, is illustrated in fig.1; the size of the driving inverter
defines the reference capacitance used in equation (2) as a
unit of fan out measurement.

XN E XN
Xp=k.XN Xp L 2 _L ’
Y = CL/Chin I
fig.1: minimum optimization cell
1/ is the driving inverter used as a refcrence

2/ is the gate under study
3/ represents the total active load included in Y.

Sizing Strategy
Using equations (1) and (2), it is then possibie to evaluate
delays on any data path. Depending on the initial data file
two steps have to be considered:

— initial solution sizing. This can be donec
directly after the technology mapping of a logical synthests
solution; it allows a first cstimation of the performance of the
data path concerned and can be of great interest regarding
performance driven synthesis.,

~ post layout sizing applicd to an clectrical
description extracted from a layout implementation. This
step allows a real cvaluation of performances, taking into
account layout style and full loading environment.

Initial solution sizing

Letusconsider an irrcgular array of inverters, as shownin
fig.2. Optimal sizing of the transistors in this array can be
dircctly obtained by cancelling the derivative of the rise and
fall delay equations, cvaluated on the complete array with
respect to the transistor sizcs.

N N
Io IY' .IYH IY; IYM IY

Fig.2: Ex. of irregular array of inverters (thereis no
correlation with the Yi passive Joad and Xn(i+1)
active ones).

Thisdirectly gives the internal configuration ratio of each
inverter cell, which depends only on the dissymmetry of the
N and P transistors. For symmetricat threshold voltages
(Vin=Vip) we get: Xp/XN = UN/ip as generally recognized
for the optimal intcrnal sizing ratio, where pN and pp
represent the mobility of N and P transistors respectively.
Total delays ty;. and t j; are cqual for the value of this
internal ratio.

The external configuration ratio which depends on the
real load of each inverter is then obtained from:

(l+ﬂ) Xv (i) - Y, + (1 +%’;‘) . Xy (i+l)
B Xy (i-1) Xy ()

3
The solution of this cquation dcfincs the sizing of transistors,
allowing absolutc minimum dclay for the structure under
consideration. This equation also reflects the full extent of
the complexity of the global sizing problem.
Equation (3) represents a system of dependent equations
(XN() ~ XN(i+1) . Xn(i-1) ) whose complexity is equal to
the number of elements to be sized; it has to be solved
through successive iterations from initial solutions [2]. In
this case, major difficulties occur in solving divergence
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branches, due to the capacitive loading effects of path
interactions.

Asanaltemative, we propose alocal solution of equation
(3)allowing the backward processing of the array (including
divergence branches) from the last inverter to the input. In
order to do this, it must be noted that cquation (3) defincs the
optimal sizing corresponding to the minimum propagation
delay of the structure ; the reduced values XN(i) ~ XNGi+1).
XN(i-1), represent the area to be paid in order to rcach this
minimum. The optimization of each cell with its real load,
but with respect to the minimum configuration of fig.1,

gives:
— /' X% © @

1+%
where: XN(0) represents the reduced width of the driving
inverter of fig.1 and

Yi is the'real load evaluated on the array, including
passive and active capacitances.
Note that equation (4) gives the sizing conditions of each of
the array’s inverters corresponding to the optimal delay
defined through the minimum cell of fig.1. This constitutes a
local solution, because each X(i) is not determined with
respect to the unknown XN(i-1) driving inverter but with
respect to areference one, XN(0), identical for all cells. So, if
XnN(0) is minimum, this local solution corresponds 10 a
sizing for optimal delay and minimum area ( or dynamic
power), and allows an accurate initial estimation of the size
of the array processed from the end point to the input. Sizing
all branches in the same way solves the divergence problem
encountered in the system of equation (3).

Xy () =

The resulting minimum delays ty; and t; 3 associated
with cach cell arc casily obtained from cquation (2) as
follows:

th bn I Y
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The above equation clearly shows the influence of the size of
the driving inverter in defining the real effective load.

As an example of the application of these results, the first
table 1 compares the sizing solutions of an inverier armay,
obtained by MARPLE [3] using mathematical optimization
mecthods, to the values we obtained directly by itcrations
from local solutions. As shown, equation (4) allows a fast
sizing solution of inverter arrays with a power area
implementation smaller than (3], at the expense of a weak
delay penalty. The second table.1 illustrates the application
of this sizing methodology to NAND gates; here 100, a local
sizing solution allows a minimum area/power
implementation without any significant increase of dclays.
Thisillustrates the well known result: near global minimum,
delay improvement is highly expensive in area. All these

results are compared with the valucs of absolute minimum
obtained from the Rosenbrock’s minimization algorithm

[14].
Wn(0) Wi(1) Wn(2 W@
Wr(0) We(1) W2 We(3)
Wn(0)= 24tm CL= lpFI
Wp(0) = Sitm
Mathcmatical with the
amay optimization [3] formulation absolute
of 4 local | global | minimum [14]
inverters | MARPLE case case case
(cqu.d) | (equ.3)
WnG) | We) | WnG) | WaG) | WnG) | WeG)
m) | (um) | (um) | (m) | Qam) | (um)
invl 5 7 34 6 7 11.5
inv2 12 15 6 18.5 23 26.5
inv3 34 48 18 55 54 89.5
T form. 0.81 ns 0.96ns | 0.86ns 0.82 ns
Ty form. 0.96ns 0.96ns | 0.86ns 0.82 ns
T, ELDO 0.8 ns 0.95ns | 0.85ns 0.8ns
Tus ELDO 0.95ns 095ns | 0.85ns 0.8ns
Lwe
125 105 285 220
(pm)
Wn(0)= 10um
Wp(0)= 10ftm
0
0
Math. Opt. with the absolute
NAND MARPLE casc | formulation (6) | mini (14]
m=1 WnG) | Wel) | WNG) | W) | WaG) | We()
m=4 | (um) | (wm) | (m) | (um) {@m | ()
1 22 9 14.5 15 15 16.5
2 24 9 14.5 15 15 16.5
4 22 9 145 15 15 16.5
4 20 9 145 15 15 16.5
Tig, form 0.4 ns 052ns o 051 ns
T form. 09 ns 0.53 ns 0.5ns
Tin ELDO 0.55ns 0.6ns 0.6ns
T ELDO 08ns 0.45ns 0.45 ns
(zl"::; 145 140 145

Tables.1: Sizing solutions for an array of invegjers and a 4 input
NAND gate; comparisons are given between the values obtained
from thc MARPLE's mathematical optimization method, the
explicit solution and the absolute minimum. For the inverter array
we compare, local and global sizing methods, for illustration

purposes. The technological minimum length is 2)im.
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The generalization of these results to ANDORI allows
the definition of general local sizing rules by :

YTH . (1+04 (m-1))

Jl+r / 1406 'lz—

©

Y.TH . (1407 (n,-1))
;;l+— 1+09J’T——)

where nj, n; respectively represent the number of serial
transistors in a P and N array.

For any structurc, these cquations allow a fast initial
estimation of transistor size corresponding (0 a minimum
arca/power implemcentation for a ncarly optimal delay.

Post layout sizing

This is achieved on an electrical file extracted from the
layout implementation of the structure under study. This file
includes rot only the technological mapping and the
interconnecting of the initial sizing file, but also the layout
and interconnection parasitics, characteristic of the design
style.

In order to do this, the inclusion of parasitic capacitances
can easily be done on equations (6) by adding :

— the parasitic of the parallel network to the load Y,

- the reduced value of the serial array’s parasitic capaci

tance characteristic to Xy, Xp,
as shown in figure 3 which illustrates the different terms
involved in the post layout sizing.

Table 2 illustrates, for various loading conditions, the
difference obtained in area and speed for a 6 input NAND
gate using minimum size transitors, initial sizing defincd
directly from the electrical netlist using equations (6) and
post layout sizing defined from the netlist extracted from the
corresponding layout. Figure 3 illustrates the different terms
involved in that calculation. Two delays values are given in
the initial sizing solution :

— the delay t; without parasitic capacitance calculated

from the sizing solution obtained
before layout,
- the delay tp which takes the extracted parasitic capaci
tances into account.

For each solution we give the total area of the cell, the delays
and the amount of parasitic capacitances. As expected, the
table illustrates that minimum size implementation gives the
minimum areacell at the expense of delays. The initial sizing
solution improves ( ¢ ). The increase in delays due to the
inclusion of parasitic capacitances ( tp ) highlights the

necessity to perform post layout evaluation.
However it appears possible, using post layowt sizing
(rcal configuration cvaluation), 10 minimize dclays with a
rcasonable incrcase in arca. Notc the advantage in
considering the  delay valuc as an idcal limiting value ( no
parasitic cffect ) for performance oricnted implementaton.
1

L

STGN T

I 1 1l

cp.mrz‘ c,,NI CparNIc,,a,Nle I

Fig.3 : cxtracted 6 input NAND gatc representation.

load CL = S0fF
with formulation | absolute min [14]
cycles initial post initial post NAND
sizing layout | sizing layout min
sizing sizing
10.5 20.5 11 20.5 3
Wy (pm) 9 17 9 17 3
Wp(um)
arca with
SOLO 5050 6400 5050 6400 4300
2000
(ns) t tp t tp t; tp
Ty ELDO | 0.6 13| 11 |06 130101 |12 27
TwELDO |05 09| 09 |05 09/ 09 |06 14

table.2: Comparison of the different sizing solutions for
arca and delay of a 6 input NAND gate.

t, . delay without parasitic capacitance

t, : delay with the extracted parasitic capacitances

Application

For illustration purposes we applied this local sizing
strategy to a static adder ccll, as given by the electrical
scheme and layout of fig. 4.

Asexpected, the correct sizing of transistors can improve the
speed of the structure at the expense of a significantincrease

in power consumption (EW), cven if the total area increasc
is much smaller. The important result is that if the initial
inclusion of parasitic results in an important modification of
the structure's performances, correct sizing cnsures almost

- conservative speed characteristics. Table 3 compares for the

adder cell of fig. 4 the differcnce in performance between
minimum size implementation, initial sizing and post layout
sizing.
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As part of a cell compiler, PRINT [10], under
development is an automatic procedure (P.SIZE) allowing
the direct sizing of transistors from a layout cxtracted
clectrical description file.
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