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Abstract:

To reach the desired performances, the design of analog circuits requires most often a very careful sizing
and then layout synthesis. To address this task, an original set of analog device layout generators has been
designed to be used in the context of an existing commercia framework. A new formalism has been developed
to define easily new generators and to fit them in accordance to the technologica rules. The set of generators
covers the most common devices: resistors, capacitors, inductors, various transistor shapes, differential pairs and
current sources. In this paper, the context and the objectives of this work are described. The formalism
developed to define a technology and the generators is shown. Finadly, three examples of device layout
generators are presented. This set of generators has been successfully used to design severa circuits.

I. Introduction

During the last few years, the synthesis tools for analog or mixed-signal integrated circuits (ICs) have
achieved alot of significant improvements[1]. There are severa factors increasing this tendency:

- To perform a complete system integration on a chip, the implementation of analog and digital parts on a same
circuit is required. The very competitive market of microelectronics induces the need of methods and tools to
design all parts of the system. A lack of tools for one part means a significant overcost for the final product.

A large variety of mature tools for digital circuit design gives a huge productivity gain without counterpart in
the analog domain where often a circuit design is still based on full custom methods using only some simulation
and analysis tools. Some methods and algorithms used to solve digital problems may often be adapted and
partialy re-used for other applications.

The number of parameters which may influence the performances or more generaly the implemented
function itself is big for analog circuits. The low cost computation power today available simplifies the
development and use of specific algorithms to solve complex problems of analog design in a reasonable time.

The analog layout synthesis addresses two different problems:. the cell layout synthesis which consistsin
the creation of masks from a transistor-level schematic under a set of constraints and the assembly of cells or
macrocells, that is, the placement and routing of the whole analog circuit. This paper is focused on the study of
analog cell synthesis.

Analog cell layout synthesis aims to produce masks under a set of constraints and desired performances.
The result should be as good as a full custom design realized by an expert designer, however with a much shorter
development time. In the following section, the main approaches proposed to reach this objective are presented.



Then, the analog cell layout generator approach is discussed.

A set of novel and efficient cell layout generators has been developed. The layout strategy and the context
of the development are presented. Finally, three examples are described.

I1. Analog layout strategies

The approaches to design analog layout have evolved from nearly digital strategies to anaog
performances oriented strategies. The first approaches developed were based on some analog device generators
and place-and-route tools derived from the existing agorithms implemented for digital circuits [2]. Another
strategy was to develop basic cell generator programs based on a rich device generator library. When only few
changes (orientation, sizing, etc.) have to be realized in the layout, the generation is fast and satisfactory [3]. A
considerable designer effort is generally required to perform the assembly of the generated structures in order to
respect the analog constraints which are not directly included in the synthesis process. A strong interactivity is
then necessary. The migration of arich generator library is also an heavy task.

More recently, various tools have been developed including analog properties into the synthesis of the
layout [4-6]. Generators are also used but only for very basic structures. Complex structures are constructed with
powerful algorithms during the layout synthesis process avoiding a priori choices. Based on a small set of basic
generators, they are sometimes unable to reach some optimized configurations. In some critical applications, the
use of these optimized device layouts is necessary. The goal of these tools is to complete in a fully automated
way the optimized synthesis of an analog circuit from a high level set of constraints and specifications. One
consequence is that interactivity should not be necessary. In fact, some algorithms used (simulated annealing for
example) do not allow human interaction.

All strategies are therefore based on the use of generators, simple or complex depending mostly on the
assembly agorithms. Like some recently described systems, the work presented in this paper uses a set of
generators of medium complexity: optimized shaped transistors, basic active or passive devices[7-8].

I11. Parameterized cells under the Opus-Cadence framework

The set of generators has been developed with the facilities (layout editor and parametrized cells)
proposed in the Opus-Cadence framework. The generators may be defined graphically or writing the
corresponding code using the Cadence development language called Skill [9]. When defined graphically, the
code file may be obtained. In this case, it was preferred to directly write in the development language because of
the high level of parameterization necessary: none of the parameter values is hardcoded. The main
transformations available for parameterized cells (pcells) arer stretch of polygons, repetition, inclusion of
parameterized labels, inclusion of parameterized levels of masks, conditional inclusion of shapes, repetition
along shapes, inheritance of parameters and parameterization of properties. The pcells may be instanciated as
any other cell but the parameters may be specified each time. In the Opus framework, the instanciated version of
apcell remains a dynamic link.

IV. Development strategy

A. Technology Definition

When designing a layout synthesis tool, a major preoccupation is the technology independence. That is,
ideally, atechnology change must not require to modify generator programs. Only the new characteristics of the
technology have to be entered. In practice, for major technology evolutions, a partial rewriting may be necessary.
In this context, the way used to define a technology is essential. A proper technology description without link
with the Opus format was preferred from the following considerations:

with proper rule definition, the generator program is immune with respect to some technology design-kit
aterations and the requirements of other tools;
moreover, arewriting in amore common language is smpler if there is no strong link with the host system.

The technology data are stored in a structure composed of basic parameter values (minimum pitch and
technology name) and lists. The lists group the layers (group Layer) or geometrical rules (groups W dt h,
Space, Overlap and I ntersection) or eectrica characteristics (groups Resi st or and Capacitor). A
group O her is used to described al properties not covered by the previous groups.



A ruleis a set of keywords and an associated value placed in alist. The elements are in order: the group
name, then usually symbolic names of layers and finally the value. That is, for each mask layer leve is defined
one symbolic name or more may be defined. For example, the rules:

" (Layer polyl "poly" )

“(Layer gate "poly" )

define two symbolic names (pol y1 and gat e) corresponding to the layer “poly”. After the symbolic
layers definition, the other rules are described. For instance, the overlap of polysilicon over a contact may be
defined as follows:

“(Overlap pol yl contact 0.30 )

Generally, only one or two symbolic layer names are necessary to characterize a rule. Sometimes,
however, a greater number is required. The use of keywords not related to layers is also possible. For example,
therule:

“(CQ her contact OnCapacitor t )

specifies that the implementation of contacts on the top plate of a capacitor is allowed.

B. Files

Severa kinds of code are distinguished: the core of the program and functions for general use, the
generator code, the technological and generator parameter specifications and some global environment
specifications. Normally, a custom designer only needs to define its own globa environment specifications:
directory paths, program version, and so on. The technology and generator specifications are only modified
when a technology rule change occurs. Most often, it is not necessary to ater the generator specifications even
when entering a new technology if the same symbolic layer names are used.

C. Generator description

A generator is a program which builds shapes from a set of user defined variables and a set of technology
dependent predefined parameters. For example, for aMOS transistor generator, the channel width and length are
user variables and the minimum width and the minimum length are technology dependent parameters. Each
generator is described in a separated file. They are all described with the following organization:

Declaration of the variables: Name and default value.

Definition of loca variables from the values of necessary technological rules (layers, geometrical and
electrical rules).

Computation of some local variables necessary to generate the shapes from the variables and the previous
local variables.

Generation of the shapes.

D. Generator parameters

The code of the generators is entirely defined using variables or parameters. There is no direct reference
to a numerical hard coded value. When a technological parameter is needed, the generator set of rulesis first
examined. All rules may be redefined for a particular generator. If not found, the rule is searched in the
technology rule set. Findly, if not found, a default value is assumed. Some data are only searched in the
generator parameter set, for instance, the layers used.

V. Generators Overview

The development of a generator library is a cumbersome task: While a large variety of generators
including some elaborated structures is suitable to cover the main needs and give a high gain with respect to fully
manual design, complex generators may involve a loss of universaity and flexibility. That is why a lot of
automatic analog synthesis tools often use a very small set of device generators considering that more complex
configurations may be reached through optimization agorithms [4]. Even so, some structures are really difficult
to obtain automatically. That is why a set of generators should contain the basic structures and some others more
elaborated. These are particularly important to optimize some electrical performances or to reduce area.

Today, the set of generators includes:
- folded transistors; - capacitor arrays,



differentia pairs; - inductors;
current sources, - resistors;
- waffle shaped transistors, . contacts.

VI. Current Source generator

A current source is one of the most used structures in analog circuits. The use of a generator is
particularly interesting because an optimized shape with large channel widths requires to fold the transistors and
to merge drains and sources. In order to obtain a similar shape from basic transistor generators with a general
synthesis tool, a lot of computational effort is required. The main properties of the implemented MOS current

source generator are the following:

unlimited number of transistors;
possibility to specify a different channel width for each transistor;
possibility to fold the transistors (the folding factor is unique for al transistors of a current source);
possibility to implement or not source, drain or gate connections;
- thelateral contacts may be omitted in order to allow an easier merge with other structures.

Some examples are given below.

A. Example of a current mirror

The transistors have the same channel width and length. The following configuration is assumed:

t ransi st or Nunber 2

f ol dFact or 4 ; (an even nunber)

pol ycont act 2 ;(transistor with a drain-gate connection)

sour ceConnect ed true

dr ai nConnect edtrue

gat eConnect ed true
B iffuson
N 1

I polyslicon
] contact
N o2

Figure 1. Current Mirror layout

B.

Example of a 3-transistors current source

In this example, a current source formed by three transistors of different channel widths is considered.

The first one isimplemented with a connection gate-drain. The configuration used is the following:

transi st or Nunber 3

f ol dFact or 4

pol yCont act 1

transi storWdth (20 32 24);(transistors w dths)
sour ceConnect ed true

dr ai nConnectedtrue
gat eConnect ed true
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Figure 2. 3 transistors current source

VII. Waffle Shaped transistor

The waffle shaped transistor configuration is well suited to implement transistors with a very large

channel width over length ratio while keeping low source, drain and gate resistors. The reduced areas of drain
and source alow low junction capacitors on these terminals. The side capacitance effect is minimized. A typica
waffle-shaped transistor is represented on the figure below: the gate is subdivided in segments distributed
horizontally and vertically forming a grid. Source and drain areas are connected by diagonal metal lines.

I diffuson
N metal 1
HE polysilicon
7 contact

Figure 3. Waffle shaped transistor

A drawback of this structure is that drain and source connections overcross gate introducing parasitic

capacitances. It may be noticed aso that this structure is not well characterized: because of the crossing of gate
segments, the total channel width of the transistor is difficult to evaluate. In this section, are described how to
design the component and the main properties of the devel oped generator.

- W
- L
- Vg

A.

The following notations are used:

total channel width; - hw horizontal external width of source or drain;

channel length; - vw vertical external width of source or drain;

number of horizontal gate segments; - gc  factor to take into account the crossing of gate
number of vertical gate segments; segments (O£ gc£ 1);

distance between two paralel gates; - dd  coefficient to compute distances with diagonal

connections (dd > ./ ).

Distance between gate segments

It is interesting to minimize the distance between gate segments in order to maximize the gate density and

to minimize the source and drain areas. Hence, the parameter dg is computed from the geometric rules of the
technology. In most cases, the diagonal constraint on metal1 determines its value.



hw. dg L

Figure 4. Notations

B. Total width of the transistor

It is assumed in this section that the number of horizontal and vertical gate segments are parameters. The
expression of the total width as afunction of these parameters is deduced.
- For the core of the transistor (without the external channels):

Wore = (vg - 1) x hg x (dg + gc x L) + (hg - 1) x vg x (dg + gc x L)
- For the external channels:

Witern = Vg X (2 X vw + gc x L) + hg x (2 x hw + gc x L)

Wota = Wore + Wixtern

C. Determination of the horizontal and vertical numbers of gate segments

The external channel widths hw and vw admit a lower bound wey; ,. That is determined by the area
necessary to implement a contact on an externa source or drain. In order to determine the horizontal and vertica
numbers of gate segments, the previous equation of W5 substituting hw and vw by we; , is used. A set of
couples (hg, vg) is determined such that:

' W hg, Vg, Wepin, Wep n) £\Mesired
' W hg + 1, Vg, Wepin, Wep n) > \Mesired
' W hg, vg + 1, Wenin, Wey n) > \Mesired

From this set, a specified form factor may be used to choose gate segment numbers. Then, hwand vw are
adjusted to obtain Wesirea = Wotal -

D. Waffle shaped transistor generator
Currently, the implemented waffle shaped transistor generator is defined from the following parameters:
- length Length of the channel;
- hor Fol dFact or (hg) number of horizontal gate segments,
- ver Fol dFact or (vg) number of vertical gate segments,
- lateral HorWdth (hw) horizontal external width of source or drain;
- lateral VerWdth (vw) vertical external width of source or drain.

From these parameters, the total width of the transistor channel is computed.

E. Parasitic capacitors

The total area and perimeter of source and drain are calculated from the parameters described in the
previous section. Two cases are distinguished:

- The number of horizontal gate segments and the number of vertical ones are odd. In this case, the total
area of the source is equa to the total area of the drain: Asource = Adrain-

- In al other cases, the drain areais related with the source area by the formula:
Asource = Adgrain - 4 X hw x vw + 2 x (hw + vw) x dg
Also, the total area of source and drain is given by the formula:



Asource + Adrain = (hg - 1) x (vg - 1) x dgz
+ 4 x hw X vw
+2xdg x{ (hg - 1) x hw+ (vg - 1) xvw }
The parasitic capacitors of the source and drain (or the parasitic diodes) may be deduced from these
formulas and the electrical parameters of the technology.

The waffle shaped transistor is particularly efficient to reduce the fringe capacitor effect on the source and
the drain. The length of the source or drain perimeter depends on the parity of the number of gate segments
horizontally and vertically.

If either the horizontal gate segment number is odd or the vertical gate segment is odd, the perimeters of the
source and of the drain are equa: Psource = Parain-
- otherwise:

I:’drain = Psource - 4 x (hW+ VVV) + 2 % dg x {(hg - 1) + (Vg - 1)}

VIII. Square capacitor array

Switched capacitor circuits are composed of operational amplifiers, switches and arrays of capacitors. In
order to obtain the best precision on the capacitor ratios, arrays of identical square capacitors are used. One
difficulty when designing a generator of capacitor array is that the exact structure strongly depends on the
technology rules. It is important to exploit all of the technological possibilities to optimize the performances.
However, the possibilities may vary from a technology to another. For example, the use of contacts on the top
plate of the capacitor is not authorized in all technologies. The defined generator includes severa different
structures in order to cover alarge set of configurations. The generator is tolerant to technology migration.

In the designed generator, the parameters are;

- the value of a unit capacitor (an element of the capacitor array);

- thetotal value of the capacitor;

- the number of columns of unit capacitorsin the array.

Adjusting the value and then the dimensions of the unit capacitor, a compromise may be established between
area and precision. The implemented total capacitor is a multiple of the unit capacitor. The number of columnsin
the array defines the form factor of the array.

The dimensions of the unit capacitor are obtained by the formula:

-2C, +,/4C +CC,

L= Py where C;, is the fringe capacitor, C, the capacitor per area and C the desired

vaue.

Actualy, the generator is formed by a set of sub-blocks. The basic structure is shown on the figure 6. Each sub-
block of the generator is composed of the repetition, when necessary, of a smaller generator. For example, the
sub-block | is composed of the repetition horizontally and vertically of the unit capacitor which is produced by a
generator. Hence, five different generators are used to synthesize the capacitor array.

A E B

A, B, C, D: Corne cells
K J E, F: horizontal sdecdls

G, H: vertical sdecdls
I, J: unit capacitor cells
K:void cells

G | H

D F C

Figure 6. Structure of the capacitor array generator

Some topological options are:

- to connect or not on the top of the capacitors;
- to use contacts on the top plate of the capacitors;



- to implement a unique bottom plate for the array or a different square bottom plate for each unit capacitor.

IX. Conclusion

A set of layout generators for basic devices has been presented. Written in the Skill language the Opus
framework, they are easily adaptable for compatible CMOS technologies by redefining a parameter file. They
have been used to design the layout of various analog integrated circuits in a double-polysilicon, double-metal
CMOS technology (Operational Transconductance Amplifier, Temperature Transducer, Current Multiplier and
Switched-Current Sigma Delta Modulator) [10-14]. The use of the generators reduces the time required to layout
a circuit and alows to experiment rapidly various configurations in order to obtain the best performances.
Taking advantage of the formalism defined, new generators may be created easily. Currently, the generators are
being rewritten in C language. Future works are the extension of the use of the generators to the synthesis of
predefined analog circuits (sigma-delta switched-current structures) and the development of atool to synthesize
cell masks from a sized netlist description. This tool will take into account analog characteristics (sensibilities,
voltages, currents) to optimize the layout.
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