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Abstract generate the variety in driving strength easily, still though
the generated cell layout is predictable.
We developed standard cell libraries for three technolo-  In this paper, we describe the cell layout generation that

gies(130, 180 and 350nm) using an automatic layout gen-can cope with phase shift mask and difference between tran-
eration tool that we have developed. The automatic layout sistor pitch and wire pitch. These two issues are not unusual
generation tool is improved so as to cope with phase shiftin VDSM technologies, and hence automatic cell genera-
mask and mismatch between transistor pitch and wire pitch, tor must handle these issues. We also report the developed
which appear commonly in VDSM technologies. The de-standard cell libraries including a plenty of driving strength
veloped libraries are as competitive as manually-designed variation for 130, 180 and 350nm technologies. The func-
libraries in layout density and speed. The libraries are cur- tionalities of there libraries are verified by the measurement
rently public to educational organizations in Japan after we of the fabricated chips. The libraries are widely used in
verified the functionalities of all cells and the speed of basic Japanese educational organizations.
combinational cells on the fabricated chips. This paper is organized as follows. In Section 2, cell lay-
out generation is explained. Section 3 describes the detail
of the developed libraries, and Section 4 explains the library
1 Introduction verification on the fabricated chips. Section 5 concludes the
discussion.

With technology advance, design rules for layout pattern
have been complicated. Life cycle of manufacturing tech- 2 Layout generation system: VARDS
nology, however, is getting shorter, and design time for li-
brary design must be shortened. Although layout generation e have developed a cell layout generation system,
of standard cells has been studied so far, we must continuwhich is called VARDS[1], and improve it for VDSM li-
ously improve layout generation tools to catch up compli- prary generation. VARDS generates cell layouts from grid-
cated deSign rules. ACCOfdingly, manual deSign is still done base Symbo"c |ay0uts[4] managing design rules. Given
in many fabs. process-independent symbolic layouts, design rules in man-
In current SoC/ASIC designs, cell-base design method-yfacturing process, a map file that describes restriction of
ology is widely used. High-quality cell libraries are cru- gate width, for example, VARDS generates physical layouts

cial for designing high-performance circuits. Recently cell- in GDSII or CIF format that satisfy design rules (Fig. 1).
base design with various driving strength cells is discussedThe features of VARDS are:

and it is found that a rich library in driving strength im-

proves circuit performance close to transistor-level opti- 1. process-portable layout generation
mized circuits[1, 2, 3]. Increasing the cell variation de- 2 dense layout

mands automatic cell generation with dense layout density.
Recently surrounding layout pattern affects transistor char-
acteristics due to OPC and layout density variation, and
hence predictable layout generation is crucial, because no 4. to generate phase shift mask
one is sure about the transistor characteristics in a novel lay- 5
out.

We have developed a cell layout generation tool called
VARDS that is based on symbolic layout method [1]. Thanks to symbolic layout based system, the generated
VARDS can tune transistor sizes inside a cell flexibly while cell layouts are predictable when transistor sizes inside a
keeping the benefit of symbolic layout method. VARDS can cell are changed, whereas cell generators whose input files

3. to generate various driving-strength cells easily
(cell height, transistor sizes inside a cell)

to cope with a process whose transistor and wire
pitches are different.
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are SPICE netlists sometimes generate totally different cell
layouts even with small difference in transistor sizes. Also,

VARDS can easily generate the cell layout whose height is
different, and tune transistor sizes inside a cell. Symbolic
layout methods have a good feature of predictable layout
generation. In VDSM technologies, manufacturing vari-

ability based on layout pattern is getting significant. The

predictable cell layout helps to control manufacturing vari-

ability and contributes design for manufacturability.
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The fourth and fifth features are mainly developed and B Hﬂo
implemented to generate cell libraries in VDSM technolo- o| (L
gies of 0.13 and 0.18n. These features are explained in o [

the following sections.
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2.1 Symbolic layout o
(a) graphic view

2.1.1 Symbolic object and symbolic design rule @BEGIN AOI2L

BOUNDARY  0.50,0.00 4.50,9.00

Symbolic layouts are created by placing symbolic objects NWELL 10.50,10.00 5.50.5.00

on virtual grid under a virtual design rule called symbolic PMOS2 1.50,7.00 1.00
design rule. We hereafter call this virtual grid as a cell NMOS2 1.50,2.00 1.00
grid. A symbolic object is a symbolized layout primitive, POLY 1.50,P_TOP 1.50,N_TOP
which has geometric information such as attributes and size nggg g'gg';'gg i'gg
of layer, figure type and so on. The cell grid is a grid defined POLY 250,p TOP  2.50,N_TOP
such that it corresponds to the pitch on the physical layout. PMOS?2 3.50,7.00 1.00

A symbolic design rule consists of a spacing rule be- NMOS2 3.50,2.00 1.00
tween symbolic objects and a region where a symbolic ob- POLY 3.50,P_TOP 3.50.N_TOP
N s ) PDCONT 1.00,P_BOTTOM 1.00,P_TOP
ject is allowed to place. VARDS calculates grid spacings M1W 1.00,0.50 1.00,N_BOTTOM
which meet a spacing rule between symbolic objects, and NDCONT 1.00,N_BOTTOM 1.00,N_TOP
selects the largest spacing as a pitch of the physical lay- PDCONT ~ 2.00,p_BOTTOM 2.00,p_TOP

NDCONT 2.00,N_BOTTOM 2.00,N_TOP

out. It is common for BR tools to perform routing based MIW 3.00.8.50 3.00P_BOTTOM

on a routing grid defined by interconnect pitches. Thus the .
height and the width of standard cell layout should be mul- @END

tiple of the routing pitches.
P 9P (b) description

2.1.2 Cell layout
) . ) Figure 2. An example of symbolic layout :
A cell layout generated by VARDS is a one-dimensional  aQ|21

transistor placement style. Each cell layout has two tran-
sistor regions, which are a p-transistor region and an n-
transistor region. A p-transistor region is upper in a cell

layout, and an n-transistor region is lower. Power line and

n-well contacts are placed at the top of a cell layout, ground
Design Rule U translation from line and p-well contacts are placed at the bottom.

Design Rule E> fg?ﬁ;sl'iz;ﬂ’:;;ut Fig. 2 shows an example of a symbolic layout. Fig. 2 (a)

is a graphical view and Fig. 2 (b) is a part of the descrip-
tion of the symbolic layout. The numbers in Fig. 2 (b) ex-

(GDSI/CIF) press the placement coordinate. There are coordinates rep-

resented not by numbers but by labels in Fig. 2 (b). These
Figure 1. Overview of cell layout generation are hierarchical grids. A hierarchical virtual grid on transis-
system (VARDS). tor is especially called MOSGRID. A transistor has three

coordinates, TOP, MIDDLE, and BOTTOM. MOSGRID
will be explained in the next section.
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(a) Conventional system without MOS grid phase shift
mask i180¢ 0 %180
Symbolic Layout Symbolic Layout Physical Layout

. MOSondmappno | | Process Mapping T - Figure 4. Layout examples with phase shift
— — @ mask. In the right example, phase shift mask

o can not be applied.

(b) Proposed system with MOS grid

Figure 3. Translation into physical layout.

2.2 Tunability in transistor widths inside a cell S
| shift mask

Conventional symbolic layout methods can not assign
transistor widths flexibly. VARDS introduce a hierarchical
grid system in order to tune transistor width flexibly while
keeping the features of predictable and fast layout genera-
tion. Figure 5. Phase shift mask and poly intercon-

Symbolic layout methods generate layouts according to  nect.
the cell grid, and the cell grid usually corresponds to the
minimum transistor pitch. In the upper case of Fig. 3, the
transistor width is decided by the grid pitch convention-
aIIy Extending transistor widths can be done by increasing mask is placed at the center of gate poly, and the phase is
the grid pitch in transistor region. However, when reduc- changed alternately. Generally, there are layout patterns that
ing transistor widths, the simple decrease of the grld pitCh phase shift mask can not apply, and hence we must design
causes a design rule violation. It is impossible to reduce symbolic layouts that phase shift mask can be placed. In the

|

transistor widths while keeping the cell height. right example of Fig. 4, phase shift mask can not apply the
VARDS then introduces a virtual grid that is hierarchi- part of the horizontal interconnection.
cally defined over the ordinal cell grid of symbolic layout, In the cells such that a set of PMOS and NMOS is con-

which enables transistor downsizing with the cell height un- nected with a straight line, we should generate a rectan-
changed. Especially, the hierarchical virtual grid on MOS- gular phase shift mask. However, in complex cells such
FETS is called “MOSGRID”. MOSGRID is mapped into as flip-flops, a set of PMOS and NMOS is not necessar-
the cell grid of symbolic layout according to the given tran- ily connected with a straight line and then a simple rectan-
sistor width, and then the cell grid is translated into the ac- gular phase shift mask may cause a design rule violation
tual coordinates (See the lower figure in Fig. 3). Thanks to (Fig. 5). We hence improve VARDS such that a polygonal
the two-step hierarchical translation, the objects expressedphase shift mask can be generated according to the shape of
using MOS grid are placed properly, because the actual co-poly interconnects. When there is a horizontal poly inter-

ordinates are not fixed in the symbolic layout. connection, phase shift mask needs to be placed on the poly
interconnect, and we improve VARDS to place phase shift
2.3 Phase shift mask mask in that way.

Mismatch between transistor pitch and wire

Phase shift mask is to change the phase of light that goesz'4 pitch

through a mask. Exploiting the interference of the 180 de-
gree phase shifted light, the effective resolution of layout hnolodi h h
pattern can be improved. Currently the technique of phase . " recent technologies, there are processes whose tran-
shift mask is commonly used. Figure 4 shows examples of Sistor pitch, that is the distance between source contact and

layouts with phase shift mask. The boundary of phase Shiftdrain contact, and wire pitch. Conventional symbolic layout

3
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pitch and transistor pitch  a terminal

Figure 6. Relation between wire track and cell
grid.

Table 1. Variation in Functionality and Driving-

Strength
Functionality Driving-Strength
INV, BUF 005, 010, 015, 020, 030, 040,

050, 060, 080, 120, 160

NAND2, NAND3, NOR2, NOR3, AOI21]
AOI22, AOI211, OAI21, OAI22, OAI211

005, 010, 015, 020, 030, 030S,
040, 040S, 060, 060S, 080, 080

NAND4, NOR4 005, 010, 015, 020, 030, 040,

040S, 060, 060S, 080, 080S

AND2, AND3, OR2, OR3 005, 010, 015, 020, 030, 040,

040S, 060, 080, 080S

AND4, OR4 005, 010, 015, 020, 030, 040,
040S, 060, 080
XOR2, XNOR2 005, 010, 020, 030, 040, 060, 080

HAD1, FAD1, MUX2, TINV, TBUF 010, 020, 030, 040, 060, 080

DF, DFR, DFSR, DFN, DFNR, DFNSR| 010, 020, 040, 060, 080, 120, 150

"010" represents the standard driving strength. The cells labeled “S” are
composed by parallel connection.

is the same. For 0.18n process, we generate only basic
cells, and the number of cells is 38. The principal features

methods assume that interconnect pitch and transistor pitclbf our libraries are:
are the same, and hence minimum interconnect pitch can

not be utilized (Fig. 6(a); wire pitch is smaller than transis-
tor pitch). In order to enable routing with the minimum wire
pitch, we improve VARDS such that terminals are placed on
wire tracks by off-grid processing (Fig. 6(b)).

In the description of symbolic layouts, we specify the ob-
ject position such that the values on X axis and Y axes in the
cell grid, such ag.0,2.0 are given. We add a suffix &, L,

C to the X axis value and a suffix &f, D, C to the Y axis
value in order to place terminals on the neighboring wire
tracks. For example, when the descriptior2diR,2.0U is
given, the terminal position should be on the intersection of
the right vertical wire track adjacent to X=2.0 and the up-
per horizontal wire track adjacent to Y=2.0. The suffix of
C means the nearest position on the wire track. When we
move the terminal position simply, a design rule violation to
neighboring interconnects may occur. Therefore when the
suffix of C is given, we first check if a design rule viola-
tion occurs, and we move the terminal when no design rule
violations happen. When a design rule occurs, we will try
another candidate.

We assign proper suffix in the description of symbolic
layout according to cell layout, and then we can place input
and output terminals on wire track automatically.

3 Developed standard cell libraries

This section describes the cell libraries generated by

e The driving strength range is wide from x0.5 to
x16 and it advances the flexibility to various, load
conditions, i.e. very small load to huge #fanout
load, which is essential and indispensable require-
ment for high-performance circuits, especially in DSM

technologies|[3].

Small driving cells(x0.5) is so effective to reduce
power dissipation[2]. Small increase step in driving
strength enables fine tuning in delay and power opti-
mization.

Two types of high-driving strength cells are prepared:

one is composed by parallel cells and suitable for high-
speed design. The other is constructed in the serially-
connected structure with a tapering ratio and it is de-
sirable to compact and low-power design.

The variety in functionality is not so large, because a
compact set is good enough for circuit design[3, 5].
We choose the necessary and sufficient variety in func-
tionality shown in Table 1 from both the point of circuit
performance and reducing library development cost.

The cell height and PMOS/NMOS ratio, which are the
basic specification of standard cell libraries, are shown in

Table 2. We develop high-speed and low-power libraries
for 0.13 and 0.3bm processes whose cell heights are differ-

ent. The cell height of the high-performance(HP) library is

VARDS. Table 1 lists the cell varieties of our libraries in fourteen interconnect pitches and that of the low-power(LP)

logical function and driving strength. The number of cells
in each 0.18 and 0.3bm library set is 310. The organiza-
tion of each library in logical function and driving strength

0-7695-2093-6/04 $20.00 © 2004 IEEE

library is nine interconnect pitches.
We show the basic performance of the developed/@85
libraries in Table 3. To make a comparison, Table 3 also
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Figure 7. Examples of Cell Layouts. From the left, DFP010 in 0.18

different cell heights in 0.35 um process, and DFRP 010 in 0.13 um process.

lists the performance of the library generated by a commer-

um process, AOI21P010 with

cial module generator(MG Lib.) and that of the commercial ~ Table 4. Design results of RISC processor

library special to its process (Fab Lib.). The information of  COre.

Fab Lib. is restricted, then the only parameters we know are| Constraint| Metric HPLib. | LP Lib. MG Lib.
listed. Our layout generation tool VARDS can cope with the | 100MHz | Area(mn¥) 1.62 111 118
difference between wiring and transistor pitches, and hence—zqrr er'eg'(?:rlg;m) 31?3;14 imf)igs?ble i ngg's?bl -
the interconnect pitches of the developed libraries is the Tr. width(mm) | 424.5 _ _
same with Fab Lib.. Also the area of D flip-flop with reset is
the same with that of Fab Lib., which reveals that the layout
density of our library is so competitive. Table 3 also shows 0.9 %
the delay difference between HP and LP libraries. The dif- 4-1ns\ HP Lib
ference in the case of FO1 comes from PMOS/NMOS ratio, 0.85
and the delay difference in the case of g@tlength inter- & 08
connect load reveals that HP library is effective to reduce g
delay in large-scale high-speed designs. % 0.75 5.0ns % MG L

To demonstrate performance difference between HP and g 07 IO\ %
LP libraries, we design a 32-bit RISC processor core using ' 5.1ns +
the 0.3%m libraries. The design constraints are 100MHz 0.65 LP Lib X
and 130MHz, and we compare delay, circuit area, and the +

sum of transistor widths, where the sum of transistor widths
directly corresponds to power consumption. The circuit is

Delay[ns]

6
4 42444648 5 52545658 6

Figure 8. Design results of DCT circuit.

Table 2. Basic Specification of Cell Libraries

0.35(HP)| 0.35(LP)[ 0.18] 0.13(HP)| 0.13(LP)

PN Ratio(PMOS/NMOS

1.23

1.00

1.33] 1.23

1.00

Table 3. Performance Comparison(0.35 pm tech-

Cell Height(int. pitch) 14 9 12 14 9 designed by a commercial logic synthesis tool and a P&R

tool. After P&R, we tune driving strength of each instance
according to the P&R results. The results are shown in Ta-
ble 4. In the case of 100MHz design, our library reduces
area by 6% and total transistor width(power dissipation) by
25%. HP library realizes 130MHz design, although LP and
MG Libs. can not satisfy design constraints. We also de-
sign a DCT circuit[6]. Figure 8 shows the delay and area
tread-off. HP library provides the fastest circuit implemen-
tation, whereas the circuit area of LP library is the mini-
mum, which are the results we expected. Circuit designers
can choose a suitable library according to required circuit

nology)
HP Lib.[ LP Lib. | MG Lib. | Fab Lib.

Cell height 156 1 131 1

Int. pitch 1 1 1.07 1

Tr. width(NMOS) | 1.82 1 1.31 -

DFR Area 1.56 1 1

INV delay (FO1) | 0.91 1 0.99

(FO1, int. 20gm)| 0.77 1 0.91 - performance.

0-7695-2093-6/04 $20.00 © 2004 IEEE
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between transistor and wire pitches. We also developed
standard cell libraries that are rich in driving strength for

- l. i t
] | 8 ;N i 0.35um, 0.18:m, 0.13. processes. The developed libraries
‘ - . are competitive in layout density, and the libraries of 0.35
e e ven o RN L ‘ and 0.1&m are currently used in the periodic fabrication

service for Japanese universities.
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5 Conclusion

This paper describes the automatic generation of stan-
dard cell layouts in VDSM technologies. We improve the
generator so as to cope with phase shift mask and mismatch
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