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Abstract identical or similarbit slicesto perform a word-level com-
putation. Each datapath component, for example, a 32-bit
While essential for high-performance circuit design, the cus- adder, is implemented by an arrayleéf cells each of which
tom nature of datapath components confines their use in onlyis contained in the corresponding bit slice. The leaf cells
a few microprocessor companies. The reusability of datap- are carefully crafted so that area and routing efficiency is
ath intellectual property (IP) libraries is largely limited by achieved: power/ground and control signals are routed im-
their dependence on process technology. Layout migrationplicitly by abutment, and data signals are routed in the per-
tools today, which are based on layout compaction devel- pendicular direction. This efficiency in area is further trans-
oped decades ago, cannot cope with the challenges involvediated into efficiency in performance, since wire delays are
In this paper, we present a comprehensive datapath IP deminimal.
velopment framework that can perform process migration  This rather “conventional” wisdom was always followed
by accommodating advanced circuit considerations, layout by microprocessor designs, yet largely ignored by ASIC de-
architecture and transistor sizing, in addition to design rule sign methodology based on logic synthesis. The major ob-
satisfaction. We demonstrate the effectiveness of the frame-stacle that prevents the synthesis of high-performance dat-
work by migrating the Berkeley low power library, originally  apath is the high cost associated with the development of
developed for 1.2um MOSIS process, into TSMC 0.25um a datapath library as compared to standard cell libraries.

and 0.18um technology. First, datapath library has largéunctional variety it in-
cludes components performing not only logic functions, but
1 Introduction also arithmetic functions, data-steering functions and stor-

age functions. Second, datapath library has latggout
The performance gap between a custom design methodol-complexityfor each of leaf cell: it may contain many chan-
ogy, typically practiced by the microprocessor industry, and nel connected components placed in two dimension, rather
standard cell based design methodology, typically practicedthan in one dimension for typical standard cell. Third, there
by the ASIC industry, can be as much as one order of mag-are morearchitectural constraintso be satisfied: not only
nitude on the same process [2]. There are many factors thatpower/ground nets need to be aligned, many other control
contribute to the performance gap between ASICs and mi- ports of different cells need to be aligned. Fourtlyfor-
croprocessors. One of the primary reasons is that the statesnance characterizatiois much harder: datapath compo-
of-the-art ASIC design methodology treats every design as nents are parameterized over bitwidth and other parameters
sea-of-gates, or random logic, while ignoring the regularity and it is difficult to drive an analytical performance model
inherent in high-performance applications, which typically for them.
process data flow in a highly regular fashion. As the manufacturing process updates every 18 month, as
The structured VLSI design methodology, advocated by dictated by Moore’s law, even the cost of standard cell devel-
Mead and Conway in the early 1980s [9], suggested the opment cannot be contained in a fabless company, hence the
separation of control-path, either random-logic based or birth of many intellectual property (IP) companies offering
PLA/ROM-based, from the datapath, which are organized in standard cell hard IPs. The manual development of datapath
IP libraries, as argued earlier, are unlikely to survive process
upgrade, therefore automatic process migration techniques
have to be used.
Unfortunately, layout migration tools available today
cannot cope with all the challenges involved. First, all tech-
nigues reported in the literature are designed to migrate a



specific circuit that uses a library of cells, rather than the be easily constructed by abutting predesigned leafcells in a
library itself. Without considering theverall library archi- one-dimensional or two-dimensional array topology.
tecturesuch as power/ground net width, routing track num- Figure??(a) gives a function unit with N bit leafcell in Y
ber and port matching, the cell layouts migrated under this direction. The control cell which is shared by N bit leafcell
circuit-driven strategy work only for the specific circuit, and is abutted to the first bit or the last bit cell.

there is no guarantee they work under all occasions. Second,
all migration tools are based on layout compaction, a tech- bit cell internal ports
nology developed decades ago, when layout area is the pri- vdd Gnd
mary concern. Layout compaction often compresses space
between polygons recklessly as long as design rules are not g(n-1:0)
violated. In modern design using aggressive circuit style

in deep submicron processes, space is often among the first bit cell § T §

class citizens ohdvanced layout consideratiarfer exam- 3 T Hack ;

ple, to combat signal integrity. Other specializedivanced bit cell @ ¢ @

circuit considerationssuch as new transistor sizes, device 3 3

matching, are rarely considered in an integrated fashion. control circut S
In this paper, we present an integer linear programming \\ EEEEEEN &

(ILP) based framework customized for datapath IP migra- (a) (b)

tion, where a datapath IP library for a new process is gen-

erated given a library of another process and a library ar- Figure 1:(a) Bit slice; (b) Leaf cell

chitecture specification. Several innovations are introduced

to help solve the difficult problems discussed earlier. First,

we introduce a new optimization objective, callgomet-

ric closenessto reward geometric resemblance of migrated ~ The bit cell and control cell must be carefully designed
layout to the original layout. Under this metric, space is ex- beforehand so that they can be perfectly matched. FIG-
plicitly represented. Preservation of space and preservationdRE ??2(b) shows a typical leafcell layout. From this fig-
of non-space polygons are given equal priority. This ensuresure, we can find some features that make datapath leaf cell
that the circuit and layout level considerations of the origi- Unique from other digital circuit layout.

nal designer are not corrupted. Second, we empldyad-
pass strategythat is, running the migration engine twice, to
address the library-driven requirement of our tool. This is
in contrast to the top-down constraint propagation strategy e There are horizontal routing tracks which are placed

e The horizontal interfaces have power lines and internal
ports that allow abutment as is called “pitch matching”.

employed by traditional hierarchical compactors, which are above the leafcell with high level metal to increase
limited only to area minimization. Third, since the library “porosity” of the circuit. The width and spacing of
architecture specified by users are likely to lead to infeasible routing track are decided by user, as we call it “routing
solutions, we propose a new concept, cafleft constraints track grid requirement”.

in order to obtain a best-effort solution. A concrete feedback . i ) )
is provided on where architecture requirements fail, which ~ ® The widths of the Vdd line and Gnd line are decided
thereby helps the user interactively define the proper library by user as we call it “power line requirement”.
architecture.

The organization of this paper is as follows. A tutorial 3 ILP-based Migration Engine
on the general architecture of datapath layout is then given
in Section 2. The ILP-based migration framework is intro- The migration engine of our tool assumes that the leaf cell
duced in Section 3. Section 4 elaborates on how practicallayout is Manhattan. The migration engine can therefore
issues, such as port matching, routing grid snapping, powergenerate the migrated layout by determining new positions
line sizing, transistor sizing are handled in our framework. of horizontal and vertical edges of all geometries. In addi-
Experimental results are given in Section 5. The related tion, it employs the traditional 1-D compaction strategy by
work is reviewed in Section 6. first migrating along the X direction, or determing positions
of vertical edges, and then the Y direction. Without loss of
generality, in the discussion that follows, we assume migra-
tion in the X direction only.
Before we discuss the datapath leaf cell layout structure, lets A constraint-based migratioaf a leaf cell can be formu-
first look at how a datapath function unit, such as adder, reg- 1ated as an integer linear programming (ILP) problem:
ister and multiplexer, is composed. In order to make use of
of regularity of datapath layouts, an N-bit function block can

2 Datapath Layout Architecture

minimize dx



subject to Ax> b
x>0

Herex is a vector of variables to be determined, and in
the simplest case would just be coordinates for all vertical
edges. Vectore represent the coefficients »in the objec-
tive function of optimization A is the constraints, each row
of which represents coefficients »in an inequality. Typi-
cally, an equality will be in the forrmy; — xj > by, where the
constantbg represents the minimum distance between two
edges.

(@ (b)

Figure 2: (a)Minimum area layout objective function. (b)Geometric
closeness objective function.

jective function is defined by

X — X (1)

edge, as illustrated in Figure 2 (a).

nal layout, as argued earlier, we define a new objective func-
tion, called thegeometric closeness follows:

3 106 = xi) = (&9 =) (2)

Here,X; andx; are the X coordinates of the right and
left edges of each rectangle in the layout. The consb(%ﬂs
andx?'d are the X coordinates of the right and left edges of
the corresponding rectangle in the original layout, as shown
in Figure 2 (b). Note that space is explicitly represented as
rectangles and are counted in the geometric closeness cal-
culation. This is most conveniently achieved by using the
corner-stitched layout representation [7].

To linearize, or to remove the absolute value computa-
tion in (2), we use a method similar to [5] by introducing
two variablesR; andL; for each rectangle, such that (3) are
introduced as constraints,

R > Xi—X;
Li < Xi—Xi
Li < X9 3)

the migration process.

and the objective function is replaced by (4):

> (R—Li)

The constraint generation is another key component of
It discovers the relative position
requirements between layout edges coming from different
sources. LeC = (A b) be the set of all inequality con-
straints. One source of constraints, denote@@g:, is im-
posed by the design rules. The second source of constraints
is imposed by high-level architectural requirements, which
have to do with the global structure of the entire library,
rather than individual cells. This includes the routing track
constraintsCrouteTrack the power line constrainGpowerLine
- the transistor size constrain@size and the port matching
/ﬁ constraintportMatch:
Our migration framework employs a two-pass strategy,
as illustrated in Figure 3 to break the interdependence be-
tween different leaf cells. The tool accepts a library of data-
path leaf cells with layout information from one process, and
a specification of the library architecture. In the first pass, it
analyzes the layout of each leaf cell, generates the design
rule constraints, and drives an ILP solver under the geomet-
The migrated layout is largely influenced by the choice ric closeness objective function to arrive at a temporary mi-
of the objective function. The traditional minimum area ob- gration solution of each cell. Note that the ILP problems
are solved separately for different cells. In the second pass,
the different architectural and circuit requirements are trans-
lated into linear constraints. Here, the temporary solution

) ) ) ) obtained in the first pass is exploited so that the new con-
wherex: is the X coordinate of the right most vertical edge  giraints relate variables originating from the same cell. The

in the layout, and; is the X coordinate of left most vertical || p gover is then called again to obtain the new, and final

- ) ) ) _ . solution to accommodate the new constraints. Note again
To preserve advanced design considerations in the origi-iha¢ the ILP problems are solved separately for each cells.
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Figure 3: ILP-based migration framework.



4 Datapath Migration 4.2 Routing Track Matching

Design rule constraint generation is standard and readerdata signals in the datapath are always routed horizontally
are referred to [3, 4]. In this section, we focus on how (Perpendicular to control signals), and over-the-cell. Typi-
architectural-level and circuit-level requirements are trans- C@lly, they have to be aligned to a routing grid, for which

lated into linear constraints and used in our ILP framework. the new migrated library may be different than the original.
For example, for a leaf cell layout given in Figure 5, and

a routing grid characterized Hys, ro,rw), representing the
routing pitch, offset and width respectively, the Y coordinate
The area efficiency in the datapath is achieved bytithmy of the lower and upper edge of each routing tragiandy,
strategy where important signals, such as controls and car-must satisfy constraints:

ries, are implicitly routed by abutment. This requires the
ports of different cells tanatchexactly in position and size,

4.1 Port Matching

as shown in Figure 4. Yo+ro+K-rs = s )
K > 0 (10)
Ywi —Ysi = W (11)
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Figure 4: Port matching of leaf cells. Figure 5: Cell with routing track for data signals.

One naive way of translating the port matching con-
straints is to make the relative port position on the cell
boundary and port widths equal for all matching cells. The
constraints result from Figure 4 are then: There are two kinds of constraints involved with
power/ground nets. First, power/ground ports of dif-

X11—X1,0 =X21—X20 (5) ferent cells have to match. This can be solved by the port
X1,2—X1,1 = X22 —X2.1 (6) matching method described earlier. Second, the width

The problem of this approach is that the constraints bind ©f the power/ground net needs to satisfy the architectural
variables from different cells together. Therefore they have SPecification. Often, the width is determined by separate
to be migrated simultaneously. This may increase the num-Power/grid design methodology and layout migration has
ber of variables in the underlying ILP solver substantially. to faithfully follow the specification. These constraints are
With large datpath library, this approach quickly becomes &XPressed as follows:
infeasible.

We instead introduce a pair of constamtandw to break Xio—X1=WP (12)
the dependency between different cells:

4.3 Power/Ground Net Sizing and Transistor Sizing

wherex; » andx; 1 are the two edges of the power/ground net

andW Pis the user specified width of power line.
X1—x0=0d X1-X0=d 7) Similarly, a circuit-level transistor sizing tool may deter-
X12—X11=W X2—X21=W (8) mine an optimal transistor size that is different from the orig-
inal layout, and it will rely on the migration tool to perform
, , . the change. After the identification of transistors in the lay-
X 0 andx; , —X ; among all the leaf cells that have to be gy, the sizing requirement can be expressed as an equality
matched, wherg is the temporary solution we obtain inthe constraint. Note that we only expect modest change in the
first pass. This method effectively stretches the port whosetransistor size, and therefore mildest change in layout topol-
distance to boundary can be smaller than the maximum valueogy. For example, the introduction or elimination of transis-
among all the leafcells, making all ports align together. tor fingers is not needed.

We obtaind andw by taking the maximum value of , —



A practical problem frequently encountered is that it is Figure 6 (a) shows an one-bit adder constructed by abut-
highly possible that the layout architecture specified by the ting theaddcell and theadd.cs selcell in the library. Fig-
user may lead to infeasible solutions. For example, the rout-ure 6 (b) and (c) show the migrated layout output by our
ing grid specification may conflict with existing design rules tool for TSMC 0.25pm and 0.18m technologies respec-
constraints. If the migration tool provides only a binary an- tively. Note that all layouts are scaled to the same height
swer of failure, it is unlikely that the user can trace back for comparison. Different aspect ratios are apparent as the
to where the problem is and make a decision on where to consequence of the non-linearity of design rule scaling.
change architecture or manually modify the layout at some
specific location. It is instead highly desirable that the tool
can provide some hints.

We introduce a new concept, calledft constraintgo
address this problem. Typically, routing track constraints,
power/ground sizing constraints, and transistor sizing con-
straints will be introduced as soft constraints, in contrast to
hard constraints such as design rule constraints. Consider a
constraint of the form

GND Vdd _COUTINVGND VddCOUT GND

GND CARRYIN GND vdd GND

(a) Original layout

> Aijxj > b (13)
]

We introduce a positive variable, called the elastic vari-
ableg, that will be added to the inequality:

vad

(b) Migrated layout in TSMC 0.2fm

D Aijxjte>b (14)
]
>0 (15)
(16)
Since the values a&& can be set arbitrarily large, the orig- (c) IG\;IDigratea;RIV;yc::jt in 'I%MC omzn

inal constraint can be relaxed eoftenedin other words,
they do not have to be satisfied. This effectively enlarges the
feasible solution space of the ILP problem.

On the other hand, we penalize those solutions that were
not supposed to be feasible originally by adding them to the
objective function with a large weighting factor. Combining
(4), the new objective function becomes

Figure 6: One-bit adder.

Figure 6 shows the migration result of an 8-bit adder.
Table 1 gives more comprehensive results carried out on
a SUNBIlade 100 system running at 500 MHZ. Here, re-
lated cells that need port matching are migrated in groups.
z(Ri ~L)) +er‘ (17) _The third column demo_nstrate_s two ?mportant figuAsSR
, is the actual area scaling ratio achieved, as measured by

migrated layout area . . . .
—old Tayout area » @Nd TSRis the linear area scaling ratio

measured by Marated feature sizez \yhich as we know, di-
rect layout shrinking with this ratiomay result in design rule
violations. These two values are shown for both targeted
technologies. The number of rectangles (including space) in
5 Experimental Results the layout, and the total numbers of constraints generated are
shown in the fourth and fifth column. The last two columns

We implemented the migration tool on top of an IP-centric  ghow the runtime spent on constraint generation ( measured
CAD infrastructure, calledpsuite An open-source ILP i, seconds ), and ILP solving ( measured in minutes ). As
solver is used as well. The migration tool itself is imple- \ye can observe, the ILP solution dominates the computa-
mented by 10K lines of C code. tion time. Since our dual-pass framework allows us to run

To test the effectiveness of our tool, we apply our tool || p gne cell at a time, the total migration time is limited in
on the low-power datapath library developed by Burd [1] at yinutes and is therefore tolerable.

University of California, Berkeley. This library was based on
SCMOS 1.2im technology. Our targeted process is TSMC
0.25pum and TSMC 0.18m technologies.

]

This way, if conflicting constraints exist, by looking for
all non-zero elastic variables, users can easily pinpoint the
wrong constraints and revise them accordingly.



Figure 7: Migration of 8-bit adder (a)Original layout; (b) Migrated layout in TSMC Qu&§ (c) Migrated layout in TSMC
0.18m.

6 Related Work optimization goal and argued to the importance of reward-
ing geometric similarity between the migrated layout and the
Automatic layout migration was among the oldest CAD original layout. However, the quantitative measure they de-
problems investigated and a large body of research was carvelop for geometric similarity is asymmetrical and penalizes
ried out under the layout compaction problem. A good sur- right edges in the X direction and upper edges in the Y di-
vey of layout compaction can be found in [3] and [4]. The rection and therefore is inferior to ours.
compaction methodologies include: shear-line approach,
virtual grid approach and constraint graph approach. Our
migration tool extends the constraint graph approach, which
repre_sents constraints_only as distanc_e inequalities, i_nto 9€M1n conclusion, we have argued that migration technology is
eral linear formula, which are needed in some occasions.  egsential for the success of hard IPs in general, and data-
_ The port matching problem, or sometimes referred {0 as path Jiprary IPs in particular. The successful migration of
pitch matching problem, was solved in the past by hierarchy datapath IP needs not only a migration engine with new op-
compaction [6] [8]. This was achieved by first deriving the imization goal of geometric closeness, but also a compre-

so-called port abstraction of each cell, which can be consid- hgngjve framework to handle architectural requirements and
ered a simplification of the constraint graph for each cell, 4 cfical considerations. Future work includes a more ambi-
where constraints unrelated to the ports are removed anq thgious transistor-sizing capability where layout topology can
longest path between ports are computed. The portlocationg,e changed to insert transistor fingers, as well as extending
of each cell are then solved by solving the combined port ab- ¢, application to other IP libraries.

straction graph of the circuit that uses the cell to be migrated.

The result is then set as constraints to drive the migration of

each leaf cell. While this process might seem to be similar to References
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Table 1: Experiment results.

Function Cell ASR:TSR Number Number constraints generatio ILP solver
unit name of of run time (s) run time (m)
0.25um/ 0.18m polygons constraints 0.25um / 0.18m 0.25um / 0.18m
add 0.07:0.04/0.04:0.02 452 56127 / 36866
adder addcssel | 0.06:0.0470.03:0.02 71 428873070 134.9/149.5 18.5/19
addcsO 0.04:0.0470.03:0.02 11 2257223
sub 0.07:0.04/0.04:0.02 479 36538 /44535
substractor| suhcssel 0.06:0.04 /0.03:0.02 72 307173071 136.7/114.4 20.6/19.8
subcs 1 0.03:0.04/0.015:0.07 11 2297229
mux2 0.08:0.04/0.04:0.02 145 1179717745
mux2csl | 0.06:0.0470.03:0.02 52 424872203
mux2 mux2.cs2 | 0.06:0.0470.027:0.02 61 457772279 10.9/10.5 3.2/2.9
mux2.cs3 | 0.07:0.0470.03:0.02 104 751274771
mux2cs4 | 0.06:0.0470.027:0.02 149 11096 /8518
mux3 0.08:0.04 / 0.04:0.02 211 11768711796
mux3.csl | 0.06:0.0470.03:0.02 247 14247714243
mux3 mux3.cs2 | 0.06:0.0470.03:0.02 248 14573714574 36.4/38.7 15.2/12.8
mux3.cs3 | 0.07:0.0470.03:0.02 293 17514717512
mux3.cs4 | 0.06:0.0470.03:0.02 331 21099721098
tribufl 0.07:0.04/0.03:0.02 151 7880/ 7880
tribuf tribufl_cs1 | 0.07:0.0470.03:0.02 59 264172641 7.8/8.1 1.1/1.7
tribufl_cs2 | 0.05:0.0470.03:0.02 105 5856 74723
tribufl_cs3 | 0.06:0.0470.03:0.02 144 716477163
rf0 0.06:0.04/0.03:0.02 66 274812748
rfl 0.06:0.0470.03:0.02 66 2756 72756
register rf01_cs1 0.07:0.0470.03:0.02 92 351673517 3.7/3.9 0.6/0.6
rf01_cs2 0.07:0.0470.03:0.02 92 358473584
rf01_cs3 0.06:0.0470.03:0.02 92 346473464
shcsl 0.06:0.04/0.03:0.02 87 395773957
shilbit 0.04:0.0470.02:0.02 88 392173921
shifter shilend 0.05:0.0470.02:0.02 81 347873478 8.9/8.7 0.8/0.8
shillsb 0.05:0.0470.02:0.02 130 653976539
invs 0.04:0.04/0.02:0.02 57 202972029
inverter invm 0.05:0.0470.03:0.02 80 309873098 1.2/13 0.2/0.2
and2blp 0.06:0.04/0.03:0.02 112 5940 /5940
nand2Ip 0.05:0.0470.03:0.02 83 401574015
random [ nandand3Ip] 0.07:0.04/0.03:0.02 113 6706 /6706 6.4/6.6 3.3/33
logic or2blp 0.06:0.0470.03:0.02 99 531975319
xnor2lp 0.06:0.0470.03:0.02 132 807578075
xor2lp 0.06:0.0470.03:0.02 132 800378003
tsper 0.07:0.04/0.03:0.02 137 7580/ 7582
tspcrfb 0.08:0.0470.04:0.02 173 10637710637
tspcresl 0.05:0.0470.03:0.02 49 179271792
tspcres2 0.05:0.0470.03:0.02 52 200372003
pipeline tspcres3 0.06:0.0470.03:0.02 91 379273792
tsper tspcres4 0.06:0.0470.03:0.02 103 460274602 14.7/14.9 5.7/6.1
register tspcresil 0.06:0.04/0.03:0.02 33 9807980
tspceresi2 0.06:0.04/0.03:0.02 34 111071110
tspcresi3 0.05:0.0470.03:0.02 96 45957 4595
tspcresi4 | 0.05:0.04/70.03:0.02 126 600876008




