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As the integrated circuits (ICs) are scaled into nanometer di- Table 1
mensions and operate in gigahertz frequencies, interconnects haveOverall Technology Roadmap from NTRS'97 [2]
become critical in determining system performance and reliability.
This paper presents the ongoing research effort at UCLA in devel-
oping an interconnect-centric design flow, including interconnect
planning, interconnect synthesis, and interconnect layout, which al-  Year 1997 | 1999 | 2001 | 2003 | 2006 | 2009
lows interconnect design an_d optimization t_o_be _properly consid- 4 transistors 1M | 21M | 40M | 76M | 200M | 520M
ered at every level of the design process. Efficient interconnect per-
formance estimation models and tools at various levels are also de-  Across chip clock (MHz) | 750 | 1200 | 1400 | 1600 | 2000 | 2500
veloped to support such an interconnect-centric design flow. Area (mm?2) 300 | 340 | 385 | 430 | 520 | 620

Technology (nm) 250 | 180 | 150 | 130 | 100 70

Keywords—Buffer block planning, buffer insertion, circuit par- Wiring Levels 6 | 67| 7 7 7-8 | 89
titioning, computer-aided design, delay minimization, design au-
tomation, gridless routing, integrated circuits, interconnections, in-
terconnect modeling, interconnect optimization, interconnect plan- ating frequency of 2-3 GHz in the 70-nm technology by the
ning, noise control, performance-driven routing, physical hierarchy year 2009.
generation, pin assignment, wire sizing.

With rapidfeature size scaling, the circuitperformanceisin-
creasingly determined by the interconnects instead of devices.
|. INTRODUCTION In order to better understand the significance of interconnects

The driving force behind the spectacular advancement of in future technology g_enerqtions, we collected pasic intercqn-
the integrated circuit technology in the past thirty years has negf parame(:ers provided in NTRS'97 (shown in bo(ljdflace in
been thexponential scalingfthe transistor feature size, i.e., 1aPle 2), and set up a proper 3-D interconnect model to ex-
the minimum dimension of a transistor. It has been following _tract various gomponepts of mtercon_nect capaatgnce (shown
the Moore’s Law [1] at the rate of a factor of 0.7 reduction in the remaining rows in Table 2) using the 3-D field-solver

every three years. It is expected that such exponential scaling 2StCap[4]. Wealsocollectedthe basic device parameters pro-
will continue for at least another 10 to 12 years as projected in V/d€d N NTRS'97 (shown in boldface in Table 3) and derived

the 1997 National Technology Roadmap for Semiconductors (€ driver/buffer input capacitance, effective resistance, and
(NTRS'97) [2] shown in Table 1. This will lead to over half intrinsic delay in each technology generation (showninthe re-

a billion transistors integrated on a single chip with an oper- maining rowsmTapIe3_)usmg HS_PICEsw_nuIatlon_.Thesedata
are used for quantitative analysis of device and interconnect

_ _ _ __performance in each technology generation.
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oD decrease from 70 ps in the 250-nm technology down to about

INTRS'97 has been updated recently and the new version is called the 199920 ps in the 70-nm technology, the delay of an average inter-

Inte_rnationa}l Technolo_gy Roadmap for Se_miconductors (ITRS'99) [3]. The connect (1_mm metal Iine) will decrease 0n|y from about 60
basic trend in ITRS'99 is the same as that in NTRS'97, although technology

advancementis accelerated in ITRS’99 in certain areas. All the experimental to40ps, Wh"e th_e del@(s ofa Z'Cm_ unoptlmlz_ed global inter-
results reported in this paper are still based on NTRS'97. connect (with driver sizing only) will actually increase from

0018-9219/01$10.00 © 2001 IEEE

PROCEEDINGS OF THE IEEE, VOL. 89, NO. 4, APRIL 2001 505



Table 2 Table 3

Interconnect Parameters used in this Paper. The Basic Parameters Device Parameters used in this Paper. The Values of Voltage and
in the First Six Rows (in Boldface) are Taken from NTRS'97. The Transistor On-Current are Taken from NTRS'97. The Remaining
Breakdown Capacitance Values in Remaining Rows Under Values are Obtained Using HSPICE Simulation. A Buffer is a
Different Width and Spacing Assumptions are Obtained Using Pair of Cascaded Inverters with the Size of the Second One

a 3-D Field-Solver (FastCap) [4f,,, C [, andC, are the Being Five Times that of the First One

Unit-Length Area, Fringing, and Same-Layer Line-to-Line

Coupling Capacitance for the Given Width and Spacing Under Technology (nm) f 250 180 150 130 100 "
the Assumption that the Wires are Located Between v | ™ =
Two Ground Planes v A5 | 165 | 135 | 135 | 105 | 075
Ton[NMOS/PMOS] (24 /um) | 6001280 | 6007280 | 600/280 | 600/280 | 600/280 | 600280
Technology (nm) 250 180 150 130 100 70 Buffer input cap. (fF) ‘ 0385 0.60 0.55 0.425 0.35 0.21
T Buffer R, (xKQ) l 342 372 4.52 4.50 4.78 4.84
Metal resistivity p(u2 -cm) 33 |22 )22 )22 22 |18 Buffer intrinsic delay (ps) [ 705 | su1 | 487 | 458 | 392 | 219
Dielectric constant 355|275 (225|175 | 175 | 1.5
Min. wire width (nm) 250 | 180 | 150 | 130 | 100 70 Table 4
Min. wire spacing (nm) 340 | 240 | 210 | 170 | 140 | 100 Intrinsic Gate Delays and Delay Values for an Average
Metal aspect ratio L8:1 | 1.8:1 | 2.0:1 | 2.1:1 | 2.4:1 | 2.7:1 Interconnect (1 mm), a 2-cm Unoptimized Global Interconftect
- - (Both with 2x Minimum Width and 2« Minimum Spacing), and a
Via aspect ratio 2.2:1 | 22:1 ) 2401 | 2.5:1 | 2.7:1 | 2.9:1 2-cm Optimized Global Interconnect After Simultaneous Driver
2X min. width & | C, F/um) || 29.0 | 212 | 162 | 12.0 | 144 | 8.56 Sizing Buffer Insertion, Buffer Sizing, and Wire Sizing, Using the
. TRIO Package [5] (to be Presented in Section Ill) in Different
spacing Oy (aFfum) || 41.8 | 30.2 | 248 | 183 | 14.1 | 148 Technology Generatiorfs The Last Row Shows the Clock
Cy (aF/um) || 71.0 | 583 | 494 | 42.8 | 453 | 416 Period Based on the Clock Frequencies Projected in NTRS'97
5X min. width & | C, (@F/pm) | 73.5 | 53.6 | 40.6 | 30.0 | 26.6 | 195 as Shown in Table 1
spacing C; (aF/um) || 63.5 | 473 | 384 | 285 | 282 | 236 Technology (nm) 250 | 180 | 150 | 130 | 100 | 70
Co @F/pm) | 183 | 169 | 154 | 148 | 165 | 167 Device intrinsic delay(ps) | 70.5 | 51.1 | 48.7 | 45.8 | 39.2 | 21.9
1mm (ps) 59 | 49 | 51 | 44 | 52 | 42
about 2 to 3.5 ns. The optimized 2-cm global interconnect 2em un-optimized (ps) | 2080 | 1970 | 2060 } 2070 | 2890 | 3520
is obtained after the simultaneous driver sizing, buffer in- Zem optimized (ps) 890 | 790 | 770 | 700 | 770 | 670
sertion, buffer sizing (to be discussed in Section Ill) using Projected clock period (ps) | 1333 | 833 | 714 | 625 | 500 | 400

the TRIO package [5]. Although such aggressive optimiza-

tion reduces the 2-cm global interconnect delay Byt@ 5x delay far exceeds the device delay and is the dominating

across different technology generations, it still does not re- factor in determining the system performance in current and
verse the trend of a growing gap between device and imer'future technology generations

connect performance. It is still about 2@and 30« that of a

. . . . ) Signal reliability due to the coupling noise between inter-
minimume-size transistor in 100-nm and 70-nm technologies

' connects is another serious problem in nanometer designs. In

respectively. Moreover, it also implies that multiple clock ey to limit the increase of interconnect resistance, the wire
cycles are needed for signals to travel over such optimized aspect ratio (height over width) will increase considerably,

global interconnects for gigahertz designs in nanometertech—from its current value of 1.8:1 in the 250-nm technology
nologies..For example, even for a modera.te clock frequencyto 2.7:1in the 70-nm technology as predicted in NTRS'97
of 3 GHz in the 70-nm technology generation, 2-3 clock €y~ (shown in Table 2). The increase of wire aspect ratio together
cles are needed to travel through the 2-cm optimized global i the decrease of line-to-line spacing resuits in a rapid

mtglrconfnect. Note ,thaththe mtlerC(()jnnect pgramdetﬁrs Zhown Mincrease of coupling capacitance. Using FastCap, we com-
Table 2 from NTRS'97 have already considered the a Vancesputed the percentage of coupling capacitance in terms of the

in tEe new interconnect materlﬁls, W'thftlhe u;el of COPPEr yyt5| capacitance in each technology generation and show the
at the 180-nm generation and the use of low dielectric con- oq 15 in Fig. 1. We can see that the coupling capacitance

stant materials (the dielectric constant decreases from 3.55 incontributes to over 70% of the total capacitance under the
the 250-nm technology to 1.5 in the 70-nm technology). Al- minimum spacing and over 50% under two times:(2he
though the use of these new interconnect materials is helpfulmimmum spacing in all technology generations!

in reducing interconnect delay, they do not provide the ul- £ 5 shows the peak values of capacitive crosstalk noise
timate solution to the increasing performance mismatch be-; - technology generation for a 1-mm line with the

tween devices and interconnects. At best, they improve theminimum width and spacing to its two neighbors. It reaches
interconnect performance by one or two technology gener- over 30% ofV,, in the 70-nm generation even for such a
_ations. Even with th_ese projected improvements, the global moderate length (1 mm). The value of crosstalk noise de-
!nterconnects remain the performance bottlenfeck as shownpends on not only the coupling capacitance of adjacent wires,
in Table 42 These results show clearly that the interconnect
3Same as the intrinsic buffer delays shown in Table 3.

2The interconnect process parameters provided in NTRS'97 are for a  “For both the 1-mm length average interconnect and 2-cm unoptimized
generic metal layer. It is likely that global interconnects will be put on global interconnect, the drivers are optimally sized to match the
higher metal layers, which have more aggressive reverse scaling. This mayinterconnect loads.
help to reduce the global interconnect somewhat. But again, it will not  5The capacitance values used in the optimization are based on the set of
change the conclusion of our analysis. 5x minimum width and spacing as shown in Table 2.
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Fig. 4. An analogous methodology change in software design.
0200 | e
g throughout the design process (see Fig. 3). Such a paradigm
shift is analogous to the one happened in the software
design domain of 1970s. In the early days of computer
science, much emphasis was placed on algorithm design
and optimization, while data organization was considered to
be a secondary issue. It was recognized later on, however,
0000 L— s ; : that the data complexity is the dominating factor in many
250 200 150 100 . . . .

Technology (nm) applications. This fact gradually led to a data-centric and
object-centric software design methodology, including
development of the database systems and the recent ob-
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Fig. 2. The ratios of peak capacitive crosstalk noisé/‘ig for a
1-mm line with 2< the minimum width and spacing to its neighbors

under three different temporal relations: i) only one neighbor is ject-oriented design methodology (see Fig. 4). Although
§};viéchihng, _ii)hgoth neighb_orﬁ_ areb Switchin?t Sin;ultanheouilx and algorithms and data representation/management are integral
i) both neighbors are switching but one after the other. e rise T H H

time of the switching signal is 10% of the projected clock period parts_ of any sqftware SyStemj the ShlfF In weyvpomt from

in NTRS'97. algorithm-centric to data/object-centric designs allows

us to effectively manage the design complexity in many
large applications. We believe that development of the
interconnect-centric design techniques and methodologies
will impact the VLSI system design, similar to the way that
database design and object-oriented design methodologies
have benefited software development.

but also the patterns and relative timing of the signals on
neighboring wires. For example, under different switching
patterns of neighboring wires, the noise value may differ by
a factor of 2« to 3x as shown in Fig. 2. For high-speed cir-
cuits, global interconnects may also be subject to inductive
noise due to the coupling inductance of the interconnects.
Both the capacitive and inductive noises due to the coupling
of interconnects present serious threats to signal reliability in
nanometer designs if they are not controlled properly. In the past several years, our research group at UCLA has
Given the dominating importance of interconnects in been developing a novel interconnect-centric design flow
current and future generations of IC designs, we have beenand methodology that emphasizes interconnect planning and
developing a new design methodology, namtkd inter- optimization throughout the entire design process. Such a
connect-centric design methodolody conventional very  flow goes through the following three major design phases:
large scale integration (VLSI) designs, much emphasis hasl) interconnect planning, which includes physical hierarchy
been given to design and optimization of logic and devices. generation, floorplanning/coarse placement with intercon-
The interconnection was done by either layout designersnect planning, and interconnect architecture planning; 2)
or automatic place-and-route tools as an afterthought. Ininterconnect synthesis, which determines the optimal or
interconnect-centric designs, we suggest that interconnectnear-optimal interconnect topology, wire ordering, buffer
design and optimization be considered and emphasizediocations and sizes, wire width and spacing, etc., to meet the

Il. OVERVIEW OF OUR INTERCONNECFCENTRIC DESIGN
FLow
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Fig. 5. Overview of our interconnect-centric IC design flow.

performance and signal reliability requirements of all nets for achieving the given performance target when it is
under the area and routability constraints; and 3) intercon- possible. Otherwise, an early feedback is given to the cir-
nect layout, which carries out detailed routing to implement cuit/system designer to revise the architecture design or/and
the complex width and spacing requirements of all wires the performance target. Section VI presents our work on
using a flexible and efficient multilayer general-area gridless interconnect synthesis, which has successfully incorporated
routing system. This paper highlights the key results we various interconnect optimization techniques in multilayer
have achieved in these areas. global routing and pseudo pin assignment for delay and

Fig. 5 shows an overview of our proposed intercon- noise control and optimization. After interconnect synthesis,
nect-centric design flow. Each building block in this flow we have basically completed the interconnect designs to
will be discussed in the remainder of this paper. Section Il meet both the performance and signal reliability (noised
presents a set of interconnect optimization techniques, whichrelated) requirements. Section VII presents our work on
form a key building block in our interconnect-centric design developing an efficient multilayer gridless routing system,
flow. Section IV presents a set of very efficient interconnect which is needed to support interconnect layout of optimized
performance estimation models for optimized interconnects, interconnects with possibly complex geometries. Finally,
which are needed for interconnect planning. With these two Section VIII summarizes our proposed interconnect-centric
building blocks, Sections V-VII present the three major design flow. We shall revisit Fig. 5 at that time to show how
steps in our interconnect-centric design flow: interconnect various design steps and optimization techniques presented
planning, interconnect synthesis, and interconnect layout.in this paper interact and interleave with other design steps
Section V presents our results on interconnect planning; thisin the traditional design flow to form a complete design
is the centerpiece of the interconnect-centric design flow, in- system. Note that the shaded box labeled “synthesis and
cluding physical hierarchy generation, floorplanning/coarse placement under physical hierarchy” is not discussed in
placement with interconnect planning, and interconnect this paper, as we are using off-the-shelf logic synthesis and
architecture optimization. After interconnect planning, we placement tools for this step. More detailed discussions are
have roughly determined the global interconnect structuresgiven in Section VIII.
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Ill. I NTERCONNECTOPTIMIZATION and routing congestion in the design. The family of A-tree
algorithms has been implemented in the TRIO package.
Further optimization of interconnect topology involves
using more accurate delay models during routing tree
topology construction. For example, the Elmore delay
model was used in [12] and the 2-pole delay model was
used in [13] to evaluate which node or edge should be

Interconnect optimizationdetermines the optimal in-
terconnect structure of each net in terms of interconnect
topology, wire width and spacing, buffer locations and
sizes, etc., to meet the performance and signal reliability
requirements. Interconnect optimization is a key building

block in the interconnect-centric design flow. Our group dded to th tina t for del inimization duri
started a systematic study of the interconnect optimization? €d to the routing ree for deflay minimization dunng
terative tree construction. Incremental moment computation

problems since 1991 and has developed a number of efficient

optimal or near-optimal algorithms for various interconnect and bpottgr.n—?hp tléeAisc?nstrulctlo_rtwhtecf:hnthuels were dnlc;ely
optimization problems, including: combined in the -tree algorithm for topology and wire

. o sizing optimization under higher order moment-based delay
* Interconnect tqpqlogy optimization; models [14]. These results were summarized in [9]. All the
* WITe sizing optlmlzat|pr1; . topology optimization algorithms discussed so far construct
’ g]obal mterconngct sizing and spacing, . a performance-driven Steiner tree in the Hanan-grid induced
’ s!multaneous qlnver, buffer, and intercannect s1zing, by the terminals of the net under optimization. The result in
 simultaneous interconnect topology construction with [15] shows that under the Elmore delay model, it is some-
buffer insertion and/or wire sizing; ’

i . o times beneficial to use a Steiner tree that is not completely
and other possible combinations of these optimization tech- o the Hanan-grid for further delay minimization.

niques. In this section, we first highlight the set of inter-
connect optimization algorithms developed and used in the B. Wire Sizing Optimization
UCLA TRIO package (Tree, Repeater, and Interconnect Op-
timization) [5] for various interconnect optimization prob-
lems and briefly mention other related work. Then, we dis-
cuss the impact of interconnect optimization on interconnect
delay minimization.

We showed in [6] and [16] that when wire resistance be-
comes significant, as in deep submicrometer or nanometer
designs, proper wire sizing can effectively reduce the in-
terconnect delay. Assuming each wire has a set of discrete
wire widths, an optimal wire sizing algorithm was devel-
oped in [6] and [16] for a single-source RC interconnect tree
to minimize the sum of weighted delays from the source

We first showed in [6] that when theesistance ratip to timing-critical sinks under the EImore delay model. The
defined to be the driver effective resistance over the unit study showed that an optimal wire sizing solution satisfies
wire resistance, is small enough, not only the total wire- the monotone property, the separability, and the dominance
length (i.e., the total interconnect capacitance) but also property. In particular, the dominance property is important
the interconnect topology will impact the interconnect for efficient computation of an optimal wire sizing solution.
delay. The first step in interconnect topology optimization Given two wire sizing solution¥y andW’, we say thatV
is to minimize or control the pathlengths from the driver dominatesW’ if w. > w’ for every segment (wherew,
to the timing-critical sinks to reduce the interconnect RC is the width of segment in ). Given a wire sizing solu-
delays. A number of algorithms have been developed by my tion W for the routing tree, and any segmerin the tree, a
group and other groups to minimize both the pathlengths local refinemenbn ¢ is defined to be the operation to opti-
and the total wirelength in a routing tree. For example, mize the width of: while keeping the wire width assignment
the bounded-radius bounded-co$BRBC) algorithm [7] of W on other segments unchanged. Then, the dominance
bounds the radius (i.e., the maximum pathlength betweenproperty can be stated as follows [17]:
the driver and a sink) in the routing tree while minimizing Dominance Property:Suppose thatV* is an optimal
its total wirelength. It first constructs a minimum spanning wire sizing solution. If a wire sizing solutioV dominates
tree (MST), then eliminates the long paths from the source W*, then anylocal refinementof W still dominatesiV*.
to sinks by adding “short-cuts” into the MST, and finally Similarly, if W is dominated byV*, then anylocal refine-
computes a shortest path tree of the resulting graph. Othementof W is still dominated byV*.
algorithms in this class include the AHHK tree construction  Based on the dominance property, the lower (or upper)
and the “performance oriented spanning tree” construction, bounds of the optimal wire widths can be computed ef-
which are discussed in [8] and [9]. A significant progress ficiently by iterative local refinement, starting from a
was the development of the A-tree algorithm [6] that com- minimum-width solution (or maximum-width solution for
putes a minimal-length shortest-path Steiner tree (called computing upper bounds). It was shown in [17] that the
the A-tree) in the Manhattan plane very efficiently using lower and upper bounds usually meet, which leads to an
a bottom-up merging heuristic, and reports sizable delay optimal wire sizing solution. Otherwise, for those segments
reduction with only a small wirelength overhead compared that the lower and upper bounds do not meet, a simple
to the optimal Steiner tree. The A-tree construction method enumeration-based approach or a more clever dynamic
has been extended to signal nets with multiple drivers (as in programming-based method can be used to compute the op-
signal busses) [10]. A graph-version of the A-tree algorithm timal widths of those segments within their lower and upper
was also developed [11], which can model routing obstacles bounds. This method is very efficient, capable of handling

A. Interconnect Topology Optimization
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large interconnect structures, and leads to substantial delayfor an optimal solution (see [25] and [26] for details). Both
reduction. It has been extended to optimize the routing treesmethods can handle fairly general capacitance models, such
with multiple drivers [18], routing trees withowd priori as a table-lookup-based capacitance model, and do not rely
segmentation of long wires [18], and to meet the target on closed-form formula for capacitance computation. Sub-
delays using Lagrangian relaxation [19]. The reader may stantial delay improvements were reported in [25] and [26]
refer to [9] for a more detailed summary. when compared to the net-by-net wire sizing approaches.
An alternative approach to wire sizing optimization
computes an optimal wire sizing solution using bottom-up D. Buffer Insertion
merging and top-down selection [20] in a way very similar
to the buffer insertion algorithm to be presented in the Sec-
tion 11I-D. At each nodev, a set of irredundant wire sizing
solutions of the subtree rooted+ats generated by merging
and pruning the irredundant wire sizing solutions of the
subtrees rooted at the child nodeswofEventually, a set of
irredundant wire sizing solutions is formed at the driver for
the entire routing tree, and an optimal wire sizing solution is
chosen by a top-down selection process. The approach haT2
the advantages that it can handle different signal required
times at sinks directly without going through iterative
weighting by the local refinement based approaches. It can

also be easily extended to be combined with routing tree ™. K ! d d . . h
construction and buffer insertion as shown in Section [lI-E. S"KS ar€ givén and uses a dynamic programming approac
to maximize the required arrival time at the source. The

Both the local refinement-based approach and the dynamic ; . ) .
programming-based approach have been implemented inalgorlthm works in two phases: a bottom-up synthesis phase
the TRIO package for computing possible buffer assignment solutions at each

Further studies on wire sizing optimization include using node and a top-down selection phase for generating the

more accurate delay models, such as higher order RC delafpt'mal buffer insertion solution. In the bottom-up synthesis

models [21] and lossy transmission-line models [22], and op- phase, at each legal positiérior buffer insertion, a set of

timal wire shaping under the assumption that continuous wire %ossnriled bl:iffer as&gr:rr;er']:ts, calledggloas .|nt:]he subtrteef
sizing is allowed to each wire segment [23], [24]. These re- =7 rooted at 1S computed. For a nodewno IS the parent o

sults are discussed in more details in [9]. The impact of wire ]EWO S?hbtree?i a?d'?}%tt;z? Ilst(;)fTognonzfoka ISgene ratecli
sizing is discussed in Section IlI-F. rom the option TISts foti; ahd.; based on a merging rule

and a pruning rule, so that the number of options T@r

C. Global Wire Sizing and Spacing is no more than the sum of the.numbers of options]fpr
andZ; plus the number of possible buffer assignments on
the edge coming t&. As a result, if the total number of

For long interconnects, wire sizing (and spacing) alone is
not sufficient to limit the quadratic growth of the interconnect
delay with respect to its length. In this cabeffer insertion
(also calledepeater insertiohis widely used to tradeoff the
active device area for reduction of interconnect delays. With
optimal buffer insertion, the growth of interconnect delay be-
comes linear to its wirelength.

A polynomial-time optimal algorithm was presented in
7] to find the optimal buffer placement and sizing for
RC trees under the Elmore delay model. The algorithm
assumes that the possible buffer positions (called legal
positions), possible buffer sizes, and the required times at

The coupling capacitance between adjacent wires has be

come a signifigant portion Of. the.tqtal wire .capacitance in legal positions igV and there is one type of buffer, the total
nanometer designs. All the wire-sizing algorithms presented number of options at the root of the entire routing tree is no

inthe preceding supsection ei_ther ignort_a the coupling Ca_pfaCi'Iarger thanV + 1 even though the number of possible buffer
:ﬁnie. orassume gtf|xed c?rl;]plmg capatc;|tanc;e ?.ndtljump'tl_'ntoassignments i2V. In the top-down selection phase, the
€mnging capacitance. 1he assumption of a fixed coupling optimal option which maximizes the required arrival time
cgpacnlance QUrlng WIre s1zing 1S nqt reahstlc. if we MaIN- 4t the source is first selected. Then, a top-down backtracing
tam a fixed pltgh spacing betvx{een WIres. In th|s.case, i 'the procedure is carried out to select the buffer assignment
W!dth of one wire is changed, |t_s spacings to adjace_nt WITES solution that led to the optimal option at the source. This
will also change, usually resulting in different coupling ca- algorithm has been implemented in the TRIO package. The

pacitance. T_hg_lobal mter_connectsmmg.and spacmg_(GISS) impact of buffer insertion is discussed in Section IlI-F.
problem optimizes the widths and spacings for multiple nets

simultaneously with consideration of coupling capacitance
for delay minimization. We developed two methods (in [25]
and [26]) and implemented them in the TRIO package. Both  The most effective approach to interconnect performance
methods have developed the theory to establish some kinds obptimization is to consider the interaction between devices
dominance property, similar to the one presented in the pre-and interconnects, and optimize both of them at the same
ceding subsection for wire sizing, which enable the efficient time. Two approaches are discussed in this subsection.
iterative computation of the lower and upper bounds of the 1) Simultaneous Device and Wire Sizingée first devel-
optimal GISS solution (for multiple nets). These bounds usu- oped a solution to the simultaneous driver and wire sizing
ally meet for most of wire segments, which give the optimal (SDWS) problem in [28] and later generalized it to solve the
widths and spacings for these segments. Bounded enumerasimultaneous buffer and wire sizing (SBWS) problem for a
tion or dynamic programming can be used on wire segmentshbuffered routing tree [29]. In both cases, the switch-resistor
whose lower and upper bounds do not meet in order to searchmodel is used for the driver and the Elmore delay model is

E. Simultaneous Device and Interconnect Optimization
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used for the interconnects modeled as RC trees. The objec\WBA-tree algorithm produces solution with smaller delay
tive function is to minimize the sum of weighted delays from than the two-step approach of A-tree construction followed
the first stage of the cascaded drivers through the bufferedby optimal buffer insertion and wire sizing. The WBA-tree
routing tree to timing-critical sinks. It was shown that the algorithm has been implemented in the TRIO package. It has
dominance property still holds for the SDWS and SBWS also been extended recently to explore multiple interconnect
problems, and the local refinement operation, as used fortopologies at each subtree and use higher order RLC delay
wire sizing, can be used iteratively to compute tight lower models based on efficient incremental moment computation
and upper bounds of the optimal widths of the driver, buffers, in partially constructed routing trees [14].
and wires efficiently. Again, the lower and upper bounds  Other methods, such as iterative routing tree construction
often meet, which leads to an optimal solution. Dynamic pro- with wire sizing [36], [37] and combining P-tree topology
gramming or bounded enumeration can be used to computewith buffer insertion and wire sizing [38] have also been pro-
the optimal solution within the lower and upper bounds when posed. These algorithms are summarized in [9]. We would
they do not meet. This approach has demonstrated substanlike to point out that it was shown in [39] and [40] that, with
tial reduction on both delay and power compared to manual sufficient buffer insertion, the wire sizing solution can be
designs when applied to large buffered clock trees. considerably simplified so that it uses only a few wire widths.
It was recently shown in [26] and [30] that the dominance
property holds for a large class of objective functions called
general CH-posynomialBased on this general result, we
developed an algorithm capable of performgiigultaneous The TRIO package has integrated all of the interconnect
transistor and wire sizingSTWS) efficiently for a general  optimization algorithms highlighted in preceding sub-
netlist (not limited to buffered trees). A significant advan- sections and was used to evaluate the impact of various
tage of the CH-posynomial formulation is that it can handle interconnect optimization techniques. Two types of device
more accurate transistor models, including both simple models are considered in the TRIO package—a simple
analytical models or more accurate table-lookup-based switch-level RC model, and a table-based device delay
models obtained from detailed simulation. In this case, the model that models the device delay as a function of input
equivalent resistance of a transistor is no longer a fixed waveform slope, device size, and output load. Two types of
constant. It considers the effect of the input waveform slope interconnect capacitance models are considered in the TRIO
and the output load, which leads to better optimization package—a simple model that assumes constant unit area
results. Both SDWS/SBWS and STWS algorithms have and unit fringing capacitance, and a table-based interconnect
been implemented in the TRIO package. capacitance model that considers area, fringe, and coupling
Other studies on simultaneous device and wire sizing capacitance as a function of wire width and spacing [41].
include a polynomial-time optimal solution to the SBWS Most of the algorithms in TRIO use the Elmore delay to
problem under the continuous buffer and wire sizing as- guide the optimization process. Some of them also use
sumptions [31], a method of using higher order RC delay high-order moments-based delay models. The optimization
models for the interconnect by either matching to the target engines of the algorithms in TRIO use either bottom-up
moments [32] and a method of using a g-pole transfer dynamic programming or efficient iterative local refinement
function [33] for sensitivity analysis. A related problem to based on the dominance property. Both approaches pro-
the SBWS problem is simultaneous buffer insertion with duce optimal or near-optimal results with polynomial time
wire sizing, which can be solved optimally by a convex complexity in most cases.
quadratic programming approach [34]. The reader may refer  Our experimental results show that interconnect optimiza-

F. Impact of Optimal Interconnect Optimization

to [9] for a more detailed survey. tion can reduce the interconnect delay significantly. Fig. 6
2) Simultaneous Topology Construction with Buffer and shows the impact of various interconnect optimizations on
Wire Sizing: The wire-sized buffered A-tre¢WBA-tree) a 2-cm global interconnect in each technology generation

algorithm was proposed [35] for simultaneous routing tree as projected in NTRS’97 [2]. The three delay curves shown
topology construction, buffer insertion, and wire sizing. It in the figure correspond to a 2-cm unoptimized intercon-
naturally combines the A-tree construction algorithm [6] and nect with driver sizing only to match the load (labeled as
the simultaneous buffer insertion and wire sizing algorithm DS), a 2-cm interconnect with optimal buffer insertion and
[20], as both use bottom-up construction techniques. Thesizing (labeled as BIS), and a 2-cm interconnect with op-
WBA-tree algorithm includes a bottom-up synthesis phase timal buffer insertion, buffer sizing, and wire sizing (labeled
and a top-down selection phase. During the bottom-up syn-as BISWS), all computed by the TRIO package. As we move
thesis phase, it iteratively selects two subtrees for merging from the 250-nm technology to the 70-nm technology, with
with consideration of both minimization of wirelength and driver sizing only, the 2-cm global interconnect delay in-
maximization of the estimated arrival time at the source. As creases roughly from 2 to 3.5 ns. With optimal buffer inser-
a result, it is able to achieve bothitical path isolationand tion and sizing, the 2-cm global interconnect delay is con-
abalanced load decompositipas often used for fanout op-  trolled to be under 2 ns, decreasing slightly from 1.8 ns in
timization in logic synthesis. The top-down selection phase the 250-nm technology to 1.5 ns in the 70-nm technology.
selects the best buffered A-tree topology with wire sizing When optimal wire sizing is also applied, the delay is fur-
recursively starting from the source. It was shown that the ther reduced, from 900 ps in the 250-nm technology to about
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Fig. 6. Impact of optimal interconnect optimization for a 2-cm

global interconnect in each technology generation in NTRS'97.
The maximum buffer during the optimization is limited to >0
minimum feature size, and the maximum wire width is set to be
10x minimum wire width.

700 ps in the 70-nm technology. As can be seen from the
figure, a factor of up to & can be achieved with proper in-
terconnect optimization. All the experiments are based on

Go | |
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Input

Fig. 7. IPEM problem formulation.

and ignore the impact of various possible interconnect
optimization operations. This may lead to very inaccurate
results. To overcome this problem, we have developed a set
of fast and accuraténterconnect performance estimation
models(IPEMs) with consideration of various optimization
techniques, including optimal wire sizing (OWS), simul-
taneous driver and wire sizing (SDWS), and simultaneous
buffer insertion, buffer sizing, and wire sizing (BISWS)
[42], [39]. These IPEMs are very efficient (constant run
time in practice), and provide high-level abstraction. In
addition, our IPEMs provide explicit relations between the
interconnect performance and layout design parameters

the interconnect parameters and device parameters deriveéimder various kinds of optimization; this helps to make

from NTRS'97 as presented in Tables 2 and 3. Currently,
the TRIO package is being extended for optimizing multiple

physically related and temporal-related interconnect struc-
tures for both delay and noise optimization in nanometer de-
signs. The TRIO package is available for download from the
World Wide Web [5].

IV. INTERCONNECTPERFORMANCEESTIMATION

Given the fact that interconnect optimization may lead to
a factor of 5¢< reduction on global interconnect delays as
shown in the preceding section, it is important to fully con-

design decisions at high levels. These models have been
tested on a wide range of parameters and exhibit about 90%
accuracy on average compared with those running complex
optimization algorithms in TRIO directly (in terms of the
delay measured by HSPICE simulations).

The interconnect performance estimation problem can be
formulated as follows. Given an interconnect wire of length
driven by a gat&; and with loading capacitancgy, as shown
in Fig. 7, we assume thét's input waveform is generated by
a nominal gat&7, connected with a ramp voltage input. The
delay to be minimized is the overall delay from the input of
Gy to the load”y,, while the delay to be estimated is the stage

sider the impact of interconnect optimization during design delay from the input of7 to Cr,, denoted ad'(G, I, Cp).
planning. However, a brute-force integration by running ex- The input stage delay is included so that it acts as a con-
isting interconnect optimization algorithms directly during straint to avoid oversizing of? during the interconnect op-
the synthesis and design planning stages will not be practicaltimization. Our goal is to develop simple closed-form for-
for the following reasons: mula and/or procedures to efficiently estimdte?, [, Cr,)

. |nefﬁciency: A|though most of the interconnect opti_ with consideration of various interconnect Optimization tech-
mization algorithms discussed in the preceding section niques such as OWS, SDWS, and BISWS. In the rest of this
have polynomial time complexity and are efficient to section, we highlight two commonly used IPEMs, one for
use during layout synthesis (For example, TRIO can optimal wire sizing (OWS), and the other for simultaneous
optimize roughly 1 to 100 nets per second depending buffer insertion and wire sizing (BIWS).
on the optimization algorithm being used), they are not
efficient enough to be usedpeatedhyduring intercon- ~ A- IPEM Under OWS
nect planning where one would like to explore tens of ~ We showed in [42] that the delay a wire of lengdttiriven
thousands of floorplan configurations. For each config- by a driver of effective resistanci, with loading capaci-
uration, the performance of tens of thousands of global tanceC;, under OWS can be estimated using the following
and semi-global interconnects needs to be evaluatedformula:
very quickly.

Lack of abstraction: To make use of those optimization
programs, a lot of detailed information is needed, such
as the granularity of wire segmentation, number of wire
widths, and buffer sizes, etc. However, such informa-
tion is usually not available during design planning.
Given these difficulties, existing design planning tools
simply use wirelength-based interconnect delay models

Tows(Rdv lv CL) = (Oéll/WQ(OéQZ) + 20611/W(0621)

+ RdCf + \/RdTCaCfl) -1

TCq
R4Cy,
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Critical Lengthi.(b) (in mm) for BIWS in Each Technology
Generation for Some Typical Buffer Sizes from 20 100x of

a Minimum Size Buffer. The Corresponding Values Under
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Row for Comparison
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Fig. 8. Comparison of our delay estimation model with

running TRIO for OWS under the 0.18m technology, with
R, and C';, from a 100k min gate. TRIO uses wire width set
{Win: 2Woin, -+, 20Wpin } and10-pm-long segments. is the delay after inserting the buffer and applying OWS to
the two resulting wires separated by the bufesith intrinsic
delay of7;, input capacitance afj,, and output resistance of

Ry.

r is the sheet resistance, and ¢; are the unit area and
fringing capacitance coefficients, respectively, 1dzx) is
Lambert'sW function [43] defined as the value &f that We can find thex that minimizesly,ue(«, Ry, I, Cp) by
satisfieswe® = z. Since the value of th& function can solving the root ofd71},,s/doe = 0 under0 < « < 1 and

be obtained easily through either table-lookup or simple nu- denote it asy*(). Then, it is beneficial to insert a buffér
merical computation, the formula shown in (1) can be com- if and only if the resulting delay is smaller than the delay by
puted in constant time, which is at least an order of 10000 OWS only, i.e.,

times faster than running the best available OWS algorithm
directly. Fig. 8 shows the comparison of the results obtained (4)

by our delay estimation model versus those by running the

TRIO package under OWS optimization. It shows that our We define thecritical lengthfor inserting bufferb to be the
model is highly accurate (about 90% accuracy on average). Minimum! that satisfies (4) and denote it&as: (b, Ry, CL).

In fact, the area of the OWS solution can also be estimated  Intuitively, when the wirelengtth is small, optimal wire
accurately using the following formula sizing will achieve the best delay, whereas when the inter-
connect is long enough, the buffer insertion becomes benefi-
cial. Thus, the root of* for the following equation:

leuf(Oé*(l), Rd, la CL) < TOVVS(Rd7 la CL)

7’(Cfl —+ ZCL)

AOVVS(Rd7 la CL) = 2RdC

-1 2
f(l) = leuf(a*(l)a Rda l, CL) - Tows(Rda l, CL) =0
®)

the critical length for buffer insertion, i.e.,
lait(b, Ry, Cr). We can use a fast two-level binary
search to compute the robt for (5). Lete;o and¢; be the
B. IPEM Under BIWS initial range and the error tolerance i, respectively, and

As shown in Section IlI-F, simultaneous buffer insertion .o ande, be the initial range and the error tolerancedor
and wire sizing (BIWS) is most effective in reducing long in- respectively. Then, the root can be computetbig (e;0/¢;)
terconnect delays. Such optimization is usually based on theiterations ofl. For eachl, we need another binary search for
dynamic programming technique and is not efficient enough «* (1), which takedog,(e.0/€.) Steps. In practicesp = 2
for fast delay estimation. In this section, we will first intro- cm, ¢, = 10 um, ¢o0 = 1, ande, = 0.01 are usually

Wiring area estimation is useful for routing congestion
analysis and estimation of power dissipation on intercon- gives
nects.

duce the concept of critical length for buffer insertion under
OWS and give an analytical formula for it. Then, we shall
present the IPEM under BIWS using the concept of critical
length.

1) Critical Length for BIWS:We define thecritical
length under BIWS to be the longest length that a wire
can run without benefiting from buffer insertion. Let
Tiwue(a, Ry, I, Cr) denote the delay by inserting a buffer
b at the position ofvl from the source(( < « < 1). Then

Tiyur(o, Ry, 1, CL)
= Tows(Rda Oél, Cb) + ﬂ + Tows(Rba (1 - Oé)l, CL) (3)

CONG: AN INTERCONNECT-CENTRIC DESIGN FLOW FOR NANOMETER TECHNOLOGIES

sufficient for our delay estimation purpose, which leads to
at mostlog, 2000 x log, 100 = 77 steps for computing
lerit(b, Ry, Cr). So, in practice (b, Ry, Cr) can be
computed in constant time.

For simplicity, let us denoté..(b, Ry, Cp) as l.(b).
Table 5 shows the critical lengthis(b) computed by our
method using some typical buffer sizes in each technology
generation based on the interconnect and device parameters
presented in Tables 2 and 3. We also compared these values
with the critical lengths computed using the formula in [44]
that does not consider optimal wire sizing (in their case,
the critical length is independent of the buffer size). It is
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Fig. 9. Comparison of IPEM under BIWS with actual BIWS
optimization using TRIO under the 0.18n technology.GG, and
not surprising to see that, with OWS, the critical lengths C. are from 16« min. Buffer size is 2& min.

computed by our method are longer than those from [44]

without OWS. » RTL and physical level floorplan: During the sizing and
We would like to point out that, although(b) decreases placement of functional blocks, our models can be used
as the feature size scales down, the number of logic cells that to accurately predict the impact on the performance of
can be reached withi(b) is actually increasing. We define global interconnects. Such applications will be shown
thelogic volumecovered byl.() to be the number of two- in Sections V-A and V-B.
input minimum-size NAND gates that can be packed inthe  * Placement-driven synthesis and mapping: A com-
region spanned byl /2)1.(b) x (1/2)1.(b). Table 6 shows panion placement may be kept during synthesis and
that the logic volume actually increases due to the scaling technology mapping as suggested in [45]. For every
down of devices. This implies that more and more devices logic synthesis operation, the companion placement
can be packed into a region without buffer insertion. will be updated. Once the cell positions are known, our
2) IPEM Under BIWS:Using the concept of critical IPEMs can be used to accurately predict interconnect
length, we showed in [42] that in an optimal BIWS solution, delays for the synthesis engine.
the distances between adjacent buffers are the same and can * Interconnect process parameter optimization: Inter-
be approximated by.,:: (b, Ry, Cy). Therefore, the delay connect parameters (e.g., metal aspect ratio, minimum
of an interconnect of lengthcan be approximated by the spacing, etc.) may be tuned to optimize the delays
following simple linear model with respect to predicted by our models for global, average, and local
interconnects under certain wirelength distributions.
Thiws = Thiws * | + tg (6) One such application will be shown in Section V-C.

The UCLA IPEM package includes a set of library routines
o . . that implement the IPEMs for various interconnection
?.f cr;il/czl Ig_ngéhlé gnclier Oﬂ\:}/Sﬁst;r_nated by IPEM in Sec- optimization procedures. It can be downloaded from the
lon IV-A) divided by lengthi.. That s, World Wide Web at http://cadlab.cs.ucla.edu/software_re-

Toiws =tg/le + arle/W2(anle) + 2001 /W (sl lease/ipem/htdocs/. The use of IPEM is demonstrated in

interconnect planning as shown in the next section.
+ RbCf =+ +/ Rw‘CaCflc. (7)

In practice/.(b) = It (b, Ry, C,) can be computed in con-
stant time (in fact, they can be precomputed for each tech- Interconnect planning is the first step and also the center-
nology and each buffer size and stored in a look-up table, if piece of our interconnect-centric design flow. It is applied
necessary), so can (7). Given these values, the IPEM undewery early on in the design process and has tremendous im-
BIWS shown in (6) can clearly be computed in constanttime. pact on the final result. In this paper, we discuss intercon-
Fig. 9 shows the comparison of the delay values predicted bynect planning after interconnect optimization and intercon-
the IPEM under BIWS with those obtained after actual opti- nect performance estimation because interconnect planning
mization using TRIO. Again, a close match is observed. makes uses of various interconnect performance estimation
IPEMs for other interconnect optimization procedures, models to consider the impact of interconnect optimization
such as simultaneous driver and wire sizing (SDWS), and during the planning process.
buffer insertion, buffer sizing, and wire sizing (BISWS) have =~ We further divide the interconnect planning process
also been developed and discussed in [42]. The interconnecinto three steps: physical hierarchy generation, floorplan-
performance estimation models discussed in this sectionning/coarse placement with interconnect planning, and
can be used in a wide spectrum of applications, such as theinterconnect architecture planning. These are defined in the
following. following paragraphs.

wheret, is the gate delay and,iys is given by the delay

V. INTERCONNECTPLANNING
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Fig. 10. An example of logic hierarchy in the final layout
(Courtesy of IBM). It is a large ASIC design with over 600000
placeable objects, designed using IBM's SA27E technology (a
0.18u:m technology withl..r = 0.11 gm and using copper wires).

* Physical hierarchy generation: Designs in the
nanometer technologies are inevitably hierarchical
given their high complexity. However, the HDL de-
scription provided by the architecture and/or circuit
designers usually follows théogical hierarchy of
the design which reflects the logic dependency and
relationship of various functions and components
in the design. Such logical hierarchy may not map
well to a two-dimensional layout solution as it is
usually conceived with little or no consideration of
the layout information. This is further evident from
the suboptimal results produced by many existing
hierarchical design tools which use the logic hierarchy
for floorplanning and recursive synthesis, placement,
and routing. Their results can be considerably worse
than those by (good) flat design tools (when the design
complexity is still tractable). Fig. 10 shows an example
of the logic hierarchy in the final layout (obtained by
optimizing directly on the flat design). Modules in
the same block in the logic hierarchy have the same
gray shading in the layout. As can be seen, the logic
hierarchy does not map directly into the physical
hierarchy. This suggests that enforcing floorplanning
or placement algorithms to follow the logic hierarchy
boundary can be harmful to the final layout. Therefore,
the first step of our interconnect planning process is
to generate a goog@hysical hierarchythat is most
suitable for being embedded on a two-dimensional
silicon surface for performance optimization. Such
physical hierarchy generation in fact defines the global,
semi-global, and local interconnects (based on their
levels in the physical hierarchy) and has significant
impact on the final design quality. In Section V-A,
we present our recent work on multilevel, multiway,
performance-driven partitioning with retiming as

a possible approach to generating a good physical
hierarchy. Retiming is considered during partitioning
so that flip-flops can be repositioned onto the global
interconnects to hide some global interconnect latency.
Floorplanning/coarse placement with interconnect
planning: After the physical hierarchy is generated, the
second step is floorplanning with interconnect plan-
ning, which is also calleghhysical-level interconnect
planning It interacts closely with the interconnect
synthesis tools (to be presented in Section VI) and
plans for the best interconnect topology, wire ordering,
wire width and spacing, layer assignment, etc., for
all global and semi-global interconnects to meet the
required performance. For example, it is estimated that
there will be a large number of buffers to be inserted
for high-performance designs in future technology
generations (close to 800000 in 70-nm technology
[46]). If these buffers are distributed over the entire
chip in an unstructured way, it will definitely compli-
cate the layout design and verification. Section V-B
presents a method to automatically plan for buffer
blocks during floorplan to achieve performance, area,
and routability optimization.

Interconnect architecture planning: Due to the advance
in VLSI fabrication technology, such as the use of
chemical-mechanical polishing (CMP) for global and
local planarization of insulator and metal levels, the
design rules are no longer completely dictated by the
manufacturing capability and leave large room for
optimization. The goal ofinterconnect architecture
planningis to take advantage of the degree of freedom
in the process technology and determine various
interconnect parameters for overall system-level per-
formance, reliability, and power optimization, subject
to the manufacturing constraints. These parameters
include the number of routing layers, the thickness of
each interconnect and isolation layer, the metal resis-
tivity and dielectric constant of each layer (assuming
different material/process may be used for different
layers for performance, yield, and cost considerations),
the nominal width and spacing in each layer, vertical
interconnection schemes (e.g., via dimensions and
structures), and so on. Such interconnect architecture
planning should consider a given design character-
ization (specified in terms of the target clock rate,
interconnect distribution, depth of the logic network,
etc.) obtained after physical hierarchy generation and
floorplanning with interconnect planning. In some
cases, such optimization requires adjustments in
the fabrication process, which is more suitable and
economical for high-volume designs (such as micro-
processor designs) or a class of designs with similar
design characterizations. We present in Section V-C
our work on wire-width planning as an example of in-
terconnect architecture planning, whose objective is to
predetermine a small number of common wire widths
in each layer so that they can be used for optimizing
interconnects of a wide range of lengths in that layer.
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The next three subsections illustrate our progress on phys-

ical hierarchy generation, floorplanning with interconnect
planning, and interconnect architecture planning. We would

like to emphasize that although significant progress has been

made on interconnect planning as reported in this section,
we are still actively working in this area to gain deeper
understanding and search for better solutions.

A. Performance-Driven Partitioning with Retiming

As we explained at the beginning of this section, the first,
and probably the most important, step of the interconnect
planning process is to transform the logic hierarchy implied
in the design specification into a good physical hierarchy so
that it is most suitable for being embedded onto a two-di-
mensional silicon surface for performance optimization.
We believe that this step can be achieved using (possibly
recursive) partitioning and floorplanning/coarse placement
with careful consideration of the impact on interconnect
performance. Traditionally, partitioning is viewed and used

as a means to enable the divide-and-conquer methodology

to tackle the design complexity (as used, for example,
in the min-cut-based placement approach). In our inter-
connect-centric design flow, however, we view top-down
partitioning as a step thalefinesthe interconnects—the
connections between different blocks resulted from top-level
partitioning become global interconnects, and the connec-
tions within the same block after several steps of partitioning
become local interconnects. After applying partitioning
recursively (sometimes together with coarse placement),
we can define a hierarchy of interconnects, which in turn
defines thephysical hierarchyof the given design. In order

to achieve this objective, we have developedpexrfor-
mance-driverpartitioning algorithm with consideration of
retiming. Our algorithm, named HPM, is different from the
conventional partitioning algorithms in two ways.

* The HPM algorithm is targeted for performance opti-
mization. Most conventional partitioning algorithms
consider only cutsize minimization. Although this
tends to minimize the total number of global intercon-
nects, it does not consider the impact of the partitioning
result on the overall circuit performance. For example,
it is not desirable to have multiple global interconnects
in a timing-critical path (recall that Table 4 shows that
the delay of 2-cm global interconnect is about<15
larger than that of a 1-mm local interconnect). Yet the
conventional partitioning algorithms make no effort to
avoid such configuration.

The HPM algorithm considers retiming during parti-
tioning to hide (some) global interconnect latency. The
benefit of considering retiming during partitioning
can be illustrated by the simple motivational example
shown in Fig. 11. The two partitioning solutions (a)
and (b) both have the same cutsize of 1 and delay of 4,
assuming that each node delay is 1, the intrablock con-
nection delay is 0, and the interblock connection delay
is 2. Let us apply optimal retiming to both solutions.
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Fig. 11. Advantage of simultaneous partitioning and retiming for
delay minimization. Critical paths are shown in thick lines.

For solution (a), retiming cannot help to reduce the
delay [see Fig. 11(c)]. However, retiming can reduce
the delay of solution (b) from 4 to 3 by repositioning of
the flip-flops to hide part of the large interblock delay
[see Fig. 11(d)]. This example suggests clearly that
we can hide some global interconnect delay latency
with proper consideration of retiming as we define the
global interconnects during partitioning. We would like
to emphasize that retiming over global interconnects is
especially important to multigigahertz designs. Table
4 shows that the delay of a 2-cm global interconnect
stays above 500 ps in each technology generation, even
with use of new interconnect materials (as predicted in
NTRS’97) and aggressive interconnect optimization.
This implies that, for multigigahertz designs, we need
multiple clock cycles to cross a global interconnect.
This can only be achieved with retiming and pipelining
on global interconnects in synchronous designs.
Given a sequential circuit, the HPM algorithm computes
a partitioning solution with the minimum clock period under
retiming with possible node replication. The area of each
block in the partitioning solution is bounded by a given
number A. For delay computation, the HPM algorithm
assumes each gatehas a delay ofi,,, each global inter-
connect between blocks has a delay/ef and each local
interconnect delay within each block is @he computation
of the minimum clock period is achieved by solving a
sequence of the decision problem formulated as follows.
For a sequential circuit with a given target clock peripd
and a given area bound on each block, decide if there exists
a partitioning solution with a clock period of no more than

6Asynchronous design has the potential not to be limited by the global in-
terconnectdelay. In particular, a globally asynchronous, locally synchronous
(GALS) is a promising design method that is currently being studied by the
researchers in the Gigascale Silicon Research Center (GSRC). The detailed
discussion of this topic is beyond the scope of this paper. The reader may
refer to related publications at http://www.gigascale.org for more details.

"This simplification is based on the fact that we lump the average local
interconnect delay into the node deldy, assuming that local interconnect
delays do not vary much.
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¢ under the given delay model after retiming and possible > > —_ -
logic replication.

The HPM algorithm integrates several recent advances in
circuit partitioning in developing a highly efficient perfor-
mance-driven partitioning algorithm with retiming. The con-
cepts and techniques used in HPM include:

Clustering
ESC
1

Buuoniped

vl
J4

« The iterative label computation technique to test the
feasibility of a proposed clock period under simulta- — a b~ O -
neous partitioning and retiming [47].

« The highly efficient label computation procedure based Fig. 12. Main flow of the HPM algorithm along with the
on the monotone property of the label computation and illustration of its multilevel cluster hierarchy.
the efficient longest path computation [48].

« The multilevel partitioning paradigm, which has led the Tape 7

best cutsize minimization based partitioning package The Number of Buffers Estimated for a High-Performance
hMETIS [49] Design in Each Technology Generation

PRIME
X

« An efficient performance-driven clustering algorithm
(PRIME) with retiming [48].
 An efficient multilevel clustering algorithm based on #buffers per chip | 5K | 25K ‘ 54K | 230K | 797K
global edge separability for cutsize minimization [50].
» The multiway partitioning framework [51] to overcome
the limitation of the recursive bipartitioning approach.  Using the HPM algorithm, we generate the physical hier-
In particular, the HPM algorithm employs the multilevel a'chy as follows. Given a complex design specified in some
partitioning framework as shown in Fig. 12. Over the HDL description (say either VHDL or Verilog language) in

past twenty years, multilevel methods have been studied® hierarchicgl representation, we shall firs.t perform a quick
extensively as a means of accelerating numerical aIgorithmsRTL synthesis and flatten the functional hierarchy as much

for partial differential equations [52], [53]. Application area as possible, down to a netlist of simple func_t|0nal units (such
are quite diverse, including image processing, combinatorial as qdders or decoders, but not necessarl_ly gates) and pre-
optimization, control theory, statistical mechanics, qguantum designed ”,3 blocks. Then, we shall ap_ply either the two-way
electrodynamics, and linear algebra. Multilevel techniques HPM @lgorithm recursively or the multiway HPM algorithm

for VLSI physical designs are currently an area of intensive with coarse placement to generate a good physical hierarchy

research activity. Much progress has been made in multilevel " Subsequent Interconnect planr_ung_ a”‘?' s_ynthe_5|s steps.
circuit partitioning and placement. hMETIS [54] produces 1€ delay model used in HPM is simplistic as it assumes
the best cut size minimization in circuit partitioning, and that all g_Iong interconnects have a umflorm-dellayTr_ns
mPL [55] achieves competitive circuit placement with over aSSumption is due to the lack of physical information of
10x speed-up on designs with over 200K movable objects. the blocks gen.erate'd by. the HPM algorithm. Currently,
The use of multilevel approach makes it feasible to extract the HPM algorithm IS being extende_d to pe_n_‘orr_n coarse
the physical hierarchy from the flat design (which may pla_cgment/floorplannmg together with partitioning an_d
consist of tens of millions of gates resulted from flattening retiming [57]. It shows that the coarse pla_cement operation
the logic hierarchy). can bg naturally mtegra_ted into the muItlleveI.framewclJrk
The multilevel method is used in the HPM algorithm as used_ in the HPM algorithm. The p]acement mforma‘uon.
follows. During the clustering phase of the HPM algorithm. provides much more accurate global interconnect delay esti-

. . . ? . mation and allows the possibility of repositioning flip-flops
a performance-driven clustering method with consideration P y P g fip-Top

. . . . to the middle of a lon lobal interconnect (not just at
of retiming [48] is used to build the base-level clustering 99 ( )

truct ” the best iol b t retimi its two ends). Experimental results show that combining
structure to ensure the best possivle subsequent re Imlngpartitioning, coarse placement, and retiming can provide an
Then it builds a multilevel clustering structure based on the

lobal ed bilit tricf e inimization 150 additional 23% delay reduction compared to the physical
global edge separabliity metric for cutsize minimiza |on_[ ] planning results obtained by separate performance-driven
During the refinement phase of the HPM algorithm, simul-

i tsi d verf dri itionina I56] | partitioning followed by floorplanning. Given the efficiency
an(faous %u Tt|zedant per ormetrcz— r|\|/en %ar ! |(|)t_n|ng[ ]t'ls and quality produced by the HPM algorithm (especially
performed. 1t adopts a recently developed multiway parti- \nen combined with coarse placement), we believe that
tioning framework [51] to overcome the limitation of the

recyrsive bipartitioning' gpproach. As a result, the HPM al- :;rls e?;:zallglgeg{gﬁgtirs %t;r;]%rgg?edr tgzﬁlgﬁ)lgg:ramhles for
gorithm produces partitioning solutions that are: 1) 7% to

23% better in terms of delay compared to the best-known
cutsize-driven hMETIS algorithm [49] with 19% increase in
cutsize and 2) 81% better in terms of cutsize compared to the After the physical hierarchy is generated, the second step
best-known delay-driven PRIME algorithm [48] with only a  of the interconnect planning process is floorplanning with
6% increase in delay. interconnect planning. Traditional floorplanning algorithms

Technology(m) | 250 | 180 | 130 [ 100 | 70

B. Buffer Block Planning
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Fig. 13. The distance of feasible region for inserting a buffer under different delay constraints
specified by for length 6-mm to 9-mm wires in the 0.18m technology. The: axis shows the value
of 6 and they axis shows the length of the corresponding feasible region.

focus on dimensions and placement of functional blocks but the sink, for a given delay constraifit.,, the feasible region
ignore the interconnects associated with the design. We be-[z,in, Zmax| fOr inserting one buffer is
lieve that floorplanning needs to interact closely with the in-
terconnect synthesis tools to plan for the best interconnect 5
topology, wire ordering and width, wire spacing, layer as- ¥min :MAX<O’ <K2 Y Ky - 4K1K3>/2K1> (8)
signment, etc., for all global and semi-global interconnects
in order to achieve the best possible circuit performance. AS Tmax :MIN([, <K2 + /K3 — 4K1K3>/2K1> 9)
an example, we present here our recent work on automatic
buffer block generation during floorplan design [58]. where
Asshownin Section llI-F, bufferinsertionis a very effective
technique to reduce the delay of long interconnects. Table 7
shows the number of buffers estimated for a high-performance
design in each technology generation [46]. Itis estimated that &2 = — Ra)c+7(Cr — Gy) +rcl
close to 800 000 buffers will be inserted in high-performance K3 =RyCy+ T+ Ry (Cr + ) + 1/2rel? + rICL — Treq
designs in the 70-nm technology [46]. If so many buffers
are arbitrarily distributed over a chip, it may cause several » is the unit length wire resistancejs the unit length wire
problems: 1) it makes it difficult to use/reuse predesigned capacitancey; is the intrinsic delay for the buffel;;, is
IP blocks; 2) it may complicate global/detailed routing and the input capacitance of the buffer, aiyg is the output re-
power/ground distribution; and 3) it may result in excessive sistance of the buffer. Note that for (8) and (9) to be valid,
area increase without proper planning. To overcome theseK3 — 4K, K3 > 0 shall hold. Otherwise, no feasible region
problems, we propose to group buffers into buffer blocks. We exists, and the initial floorplanning/timing budget has to be
have formulated the followinbuffer block planningdBBP) modified. Fig. 13 shows the FR for inserting one buffer to an
problem. Given an initial floorplan and the performance interconnect of length from 6 mm to 9 mm in the 0.18%
constraints for each net, we want to determine the optimal technology specified in NTRS'97. We first compute the best
locations and dimensions of the buffer blocks such that the delay7,..; by inserting one buffer, then set the delay con-
overall chip area and the number of buffer blocks after buffer straintto bg1+ 6)75,est, With 6 varying from 0 to 50%. The
insertion are minimized, while the performance constraint = axis shows the value éfand they axis shows the length of
for each net is satisfied (assuming that it can be met by the corresponding FR, i.€ty,.x — Zmin. It IS interesting to
optimal buffer insertion). The output from our buffer block see that even with a fairly small amount of slack, say 10% of
planning consists of the number of buffer blocks, each 7i,., the FR can be as much as 50% of the total wirelength!
buffer block’s area, location, and corresponding nets that When the route from the source to the sink is not speci-
use some buffer in this buffer block to meet the delay fied, the feasible region is not just an interval, but a two-di-
constraints. mensional region which is thenionof the one-dimensional
Our study first shows that given a two-pin net, feasible feasible regions oéll possible routes from source to sink.
region (FR) for a bufferB, defined to be the maximum re-  The optimal buffer locations, in this case, form a line seg-
gion whereB can be located while still meeting the delay ment of slopet1 or —1, for buffer insertion. Fig. 14 shows
constraint, is quite large. Given the route from the source to an example o& two-dimensional feasible regiamth some

1=
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possilbe but infeasible]

insertion poin

source .

Fig. 14. Two-dimensional feasible region. The existing circuit
blocks act as obstacles for buffer insertion.

stated in Section IlI-B, wire sizing is an effective technique
for reducing interconnect delays. However, having many
different wire widths will considerably complicate the
layout design, especially the routing process. Therefore, itis
interesting to investigate the possibility of using a small set
of predetermined “fixed” widths in each layer to get close to
optimal performance for all interconnects in a wide range of
wirelengths in that layer (not just one length).

Given the wirelength distribution in each layer (which can
be obtained accurately after floorplanning with interconnect
planning), thewire-width planning problers to find the best
width vectorW for that layer such that the following objec-
tive function:

routing obstacles. Obviously, routing obstacles need to be de-

ducted from the feasible region computation.

When multiple buffers between the source and the sink of
a net are needed to meet the delay constraint, we can com
pute the feasible region of each buffer using a simple analyt-
ical formula similar to that in (8) and (9), assuming that all
other buffers are taking their optimal positions [58]. In this
case, however, after a buffer is placed (i.e., “committed”) to
a position within its feasible region, we need to update the
feasible regions of all othemplaceduffers of the same net
to safely meet its delay constraint. Since we have an analyt-
ical formula, this update can be computed in constant time.
A more recent study suggests a way to compute more conser
vative feasible regions to allow multiple buffers to be placed
or moved simultaneously without violating the performance
constraints [59].

Given the efficient procedures for computing feasible re-
gions for buffer insertion, our buffer block planning algo-
rithm works as follows. First, it builds the horizontal and
vertical polar graphs of the given floorplan to keep track of
available space for buffer insertion. The available space is
divided into tiles. Anarea slackis computed for each tile,
which measures the impact on the overall chip area if the tile
area is increased. The algorithm iteratively chooses the tile
with the maximum area slack and inserts a buffer with the
least flexibility (i.e., the minimal feasible region) into this
tile. The area slacks of tiles and the feasible regions of the
affected buffers (for multiple-buffer nets) may need to be up-
dated after each buffer assignment. It was shown in [58] that
this simple buffer planning scheme works well, mainly due to
the large degree of freedom from feasible regions for buffer
insertion. Experimental results show that the proposed algo-
rithm can reduce the number of buffer blocks by a factor of
2.4x with smaller chip area and a better chance of meeting
timing constraints and smaller overall chip area.

C. Wire Width Planning

After physical hierarchy generation and floorplanning
with interconnect planning, we know the wirelength distri-

@(W, L zax) - / e (D) - f(W, z) 4 (10)

Imin

is minimized, where\(!) is the distribution function of wire-
lengthl, [,,i,,, andl,, . are the minimum and maximum wire-
lengths for this metal layer, anﬁ(W, [) is the objective
function to be minimized by the design. In this study, we
choosef (1) to be of the formaA? (W, I) - T*(W, ), where
AW, 1) andT(W, I) denote the area and delay usirg
For one-width designW has only one componemt’. For
two-width designW has two componenid’; andW,. If we

setj = 0 andk = 1 in (10), the objective is to achieve the
best delay. Insisting the minimum delay in wire sizing can be
very costly in terms of wire width, as the delay/width curve is
very flat while approaching the optimal delay. Our empirical
study suggests that th&Z™* metric (i.e.,j = 1 andk = 4)
leads to area-efficient performance optimization in general.
For example, it was shown in [39] that, under the O.iD-
technology, optimal one-width solution for a 2-cm intercon-
nect under thei7* metric uses over 60% smaller wiring area
with only a 10% increase in delay compared to that obtained
for delay optimization only. The wire width planning results
presented in this section uses th&* metric. But our solu-
tion technique is general for optimizing other metrics as well.
Our approach to the wire-width planning problem is fairly
straightforward. We find the best one-width or two-width
pair to minimize the objective function in (10) by exhaustive
enumeration through all possible widths or all possible wire-
width pairs, respectively. This method clearly cannot scale to
find a wire-width planning solution with many widths. But
this is not a problem, as we are only interested in finding
a very small number of widths per layer as the planning
solution. Using this approach, we in fact have achieved a
rather surprising result which suggests that tredeter-
minedwire widths per metal layer are sufficient to achieve
near-optimal performance fa wide range of netin that
layer. For example, for layers 7 and 8 in the 0;4-tech-
nology, assuming that the wirelength in this layer pair dis-

bution on each layer. In this case, it is possible to perform tributed evenly from 7.57 to 24.9 mm (according to the in-
interconnect architecture planning for each layer for op- terconnect length distribution model described in [39]), our
timizing the performance and cost of the overall design wire-width planning tool suggests that the best one-width is
as discussed in the beginning of Section V. This section 1.98.:m and that the best two-width design consists of wires
presents our results on wire width planning, which is part of of widths 1.0;m and 2.0um. Table 8 shows the comparison

our overall effort on interconnect architecture planning. As of using the one-width, two-width, and many-width designs
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Table 8 e P —‘:;/Single tile-layer

Comparison of Using One-Width Design, Two-Width Design, and Tile-layer nod /,’ ?—/4-—, ’,’
Many-Width Design (up to 58 min Width) Using GISS for Wire ei;_’i_ - 71.4%
Sizing and Spacing. Layers 7 and 80b10-¢m Technology are J I i orizontal border edge
Used, with Wirelength Ranging from 8.04 to 22.8 mm. Driver Horizontal rout_iég[ayt_r_,;" o _I_ S
Size is Assumed to be 250min Size I~ A= F~- - -7
Via edge—+’ ’/‘
Scheme pitch-sp=2.0 pm pitch-sp=2.9 um pitch-sp=3.8 um A d- /- P 1_/__ e
Tovg | ATmaz | avgW | Tovg | ATngs | aVg-W | Tawg | ATimaz | avgw . . / /’/ (T\Veritical border edge

one-width | 0245 | 282% | 198 | 0.077 | 157% | 1.83 | 0143 | 59% | 1.63 Vertical routingfayer — " ’

two-width | 0215 | 7.0% | 1.08 | 0.167 | 59% | 123 [0.140| 39% | L4l

many-width | 0204 | - 103 | 0159 | - Lie |o136| - 138 Fig. 15. A two-layer, four-tile routing problem.

by running GISS (global interconnect sizing and spacing) is achieved in two steps: 1) multilayer general-area global
algorithm discussed in Section 11I-C (also in [25]). Three routing for delay and congestion optimization and 2) wire
different pitch spacings (pitch-sp) between adjacent wires ordering and spacing for noise and routability optimization.
in layers 7 and 8 of the 0.10m technology are used. For  These two steps will be discussed in detail in the remainder
each pitch-sp, we compare the average delay, the maximumof this section. The output of interconnect synthesis provides
delay difference (in percentage) from GISSX,,,.) for all the topology, width, spacing, and ordering specifications of

lengths, and the average width. For pitch-spacing of20 3| the nets to the subsequent interconnect layout module (to
one-width design has an average delay about 14% and 20%e presented in Section VII) for detailed routing.

larger than those from the two-width design and the many-
width design, respectively. Moreover, it has an average wire A, Performance-Driven Global Routing

W!dth (thu.s area) about 1._&3and 1.'92< of thosg from two Itis predicted in NTRS’97 that there will be 8 to 9 routing
width design and many-width design, respectively. The two- . . :
. . . . layers in the 70-nm technology generation. Any routing
width design, however, achieves close to the optimal delay as )
. ) . system for nanometer technologies has to be capable of mul-
computed by the many-width design obtained by the GISS _. . : : .
. . . tilayer routing. Since the concept of routing channels is no
algorithm (just 3 to 5% larger) and uses only a slightly larger : . . .
L . .~ longer well defined in multilayer routing, and over-the-cell
area (less than 5%) than that of the multiwidth design using T .
or over-the-block routing is widely used, we use a tile-based

GISS. When the pitch spacing becomes larger, the differ- ; ; L
. . : structure to model the available routing resources. We divide
ences between one-width, two-width, and many-width de- ; : L NN
the multilayer routing region into a set of “tiles,” with each

S|g|:sT%%t|:n;al\I;; also list the maximum delav difference tile consisting of a number of layers. We use “tile-layer”
’ y to indicate a single layer within a tile. The entire routing

(AT3ax) between the one-width and two-width designs com- region is modeled as a graph, with tile-layers as nodes, and

pared to the many-width design. It is an important metric as both vias and the *borders” i)etween tile-layers as edges

it can bound the error of the corresponding wire-width plan- Preferred-direction routing is obtained by including (or '

ning solution undeany length distribution function(l) in excluding) appropriate border edges. Fig. 15 shows our

(10). For the two-width design shown in the table (derived . . X "

from uniform distribution\(l) = 1), since the maximum routing model for a four-tile, two-layer routing example.
Preferred-direction routing is used in this example, with

delay differenceAT;,,,« is only 3.9% to 7%, one can con- . .
: ‘ ; . ; the top layer for horizontal wires and the bottom layer for
clude that this two-width design will differ from the optimal . ; : o .
vertical wires. The size of a tile is chosen in such a way so

i i i i 0, 0
design (using possibly many widths) by at most 3.9% to 7% that the global router can perform various interconnect opti-

for any distribution function\(7). The reader may refer to o ; ; . . .
. mization operations (as discussed in Section Ill) effectively
[39] for more details. . : ) :
on the underlying global routing grid. We suggest using

The fact that two widths are sufficient for each layer : .
reatly simplifies the detailed routing problem (a full-blown one-half (or some other fraction) of the critical length for
9 y P gp buffer insertion (defined in Section 1V-B1) as the length for

gridiess router may not be necessary) and possibly othera tile, since it will provide sufficient details for the global

problems, such as RC extraction and layout verification. router to decide the buffer locations and wire width changes.
Our global router employs two basic routing engines for
routing congestion optimization: one is based on the tradi-
The second major component in our interconnect-centric tional rip-up and reroute approach, and the other is based
design flow is interconnect synthesis. Given a logic synthesis on iterative deletion. The rip-up and reroute portion of our
and placement solution, interconnect synthesis determinesglobal router is similar to that of [60], in that we iteratively
the optimal or near-optimal interconnect topology, wire or- change the cost of each node in the routing graph based on the
dering, buffer locations and sizes, wire width and spacing, current congestion in that tile-layer so that the router tends to
etc., to meet the performance and signal reliability require- converge to a low-congestion solution. The choice of routing
ments of all nets under the area and routability constraints. cost functions and net routing orders was discussed in detail
This is similar to the traditional global routing step, but with in [61]. The iterative deletion method was first proposed in
much emphasis on interconnect performance and signal re{62] for standard cell global routing, and further refined in
liability optimization. In our system, interconnect synthesis [63] and this work. It begins with multiple routing paths for

VI. INTERCONNECTSYNTHESIS
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each two-pin net (a multipin net will be first decomposed into

it, apseudo pirof a net is a wire crossing point of the net at

a set of two-pin nets), and iteratively removes a redundant some tile boundar§.The pseudo pin assignment problésn
routing path (for a net still having multiple paths associated to determine the locations of all pseudo pins of all the nets.

with it) with the highest cost (measured in terms of conges-

Because pseudo pin assignment determines the wire ordering

tion and/or other performance-based metrics) until each netand spacing to a large extent, it can be used effectively for

has only one routing path. The iterative deletion method pro-

vides a morgglobal view of the overall routing congestion
and is shown to be very effective for congestion optimization
[62], [63]. In fact, the two routing optimization strategies can

crosstalk noise control. Moreover, it provides an important
bridge between global routing and detailed routing by
specifying pseudo pin locations on the boundary of each tile.
Otherwise, the detailed routing problem for each tile is not

be combined naturally: we can use rip-up and reroute to getwell defined. Therefore, the pseudo pin assignment problem
multiple routing paths for some or all nets, and then use itera- also has a significant impact on the routability, wirelength,
tive deletion to select the best route for each net. This processand via count of the final layout solution. Fig. 16 illustrates
may be repeated so that more candidate paths (computed byhe impact that pseudo pin assignment. It shows two pseudo
rip-up and reroute) can be used at the next round of iterative pin assignments of the same global routing solution on

deletion.

The performance optimization capability is achieved
by the Required-Arrival-Time Steiner tree (RATS-tree)
construction algorithm proposed in [14]. It computeset
of solutionsthat meets the given required times at the sinks

3 x 4 tiles. The tile boundaries are shown as dotted lines.
Pseudo pins are labeled 1 to 12; real pins are labeled

a2, b1, b2, c1, andc2; and the gray areas are obstacles. The
possible detailed routing solutions according to the pseudo
pin assignment are also shown in the figure. The narrower

using a bottom-up dynamic programming approach. It can solid lines represent wires on layer 1 (vertical) and the wider

perform both routing topology optimization and wire sizing.
The fact that the RATS-tree algorithm may prodacset of

high-performance routing structures for each timing-critical
net works very well with the iterative deletion method. Our
global router starts with multiple high-performance routing

solid lines represent the wires on layer 2 (horizontal). The
shaded areas indicate the coupling between the wires of net
b1-b2 to other wires under the minimum spacing. We can
see that the total coupled length (length of shaded areas) is
roughly 4 (tile widths) in Fig. 16(a), but decreases to 2 (tile

structures for each timing-critical net and finally selects one widths) in Fig. 16(b). The detour on n&t—2 is roughly 1

of the structures for each net for overall routing congestion
minimization. As a result, our global router can achieve

(tile height) in Fig. 16(a) and 1.5 (tile height) in Fig. 16(b).
This example shows that different pseudo pin assignments

performance optimization for a large percentage of nets with can lead to considerably different via counts, wire lengths,

little increase in overall routing congestion [64].

Note that although the original RATS-tree algorithm does
not consider buffer insertion, it is straightforward to extend
it to consider buffer insertion in its bottom-up dynamic
programming framework in the same way as the WBA-tree

and capacitance coupling among nets.

The objective of our pseudo pin assignment is to determine
the locations of pseudo pins to minimize a weighted sum of
the total wirelengtii’LL and the estimated number of required
vias V' C under the crosstalk constraints. We choose this ob-

algorithm presented in Section IlI-E. Currently, we are jective because crosstalk noise only needs to be controlled in

extending our global router so that it can invoke any of the
interconnect optimization routine available in the TRIO

package (including the WBA-tree algorithm), enabling it

to consider topology optimization, buffer insertion, wire

sizing, or a combination of these optimization techniques
during global routing.

B. Pseudo Pin Assignment for Noise Control

Equipped with topology optimization, buffer insertion,
and wire sizing optimization techniques, the tile-based
global router can effectively minimize the interconnect
delay. However, it has little control of coupling noise due
to the lack of information of wire ordering and spacing for

a safe range (instead of being eliminated completely), while
the wirelength and the number of vias usually need to be min-
imized as much as possible.

Given a global routing solution, our pseudo pin assignment
algorithm, named the PPA algorithm, assigns pseudo pins
layer by layer, as one can easily verify that the assignment
of pseudo pins in one layer has little effect on pseudo pin
assignments on different layers [65]. Moreover, since each
pseudo pin is confined to a single tile boundary, we only need
to assign pseudo pins for one row (or column) of tiles at a
time so that we do not need to work on the entire layer all at
once.

Given a row of tiles to be processed, the PPA algorithm
first decomposes their vertical boundaries to a set of inter-

estimating the coupling capacitance. Since the coupling Vals induced by maximum horizontal strips. Timaximum
noise is becoming a serious consideration in nanometerhorizontal strips which were first defined in [66], are strips
designs (as shown in Figs. 1 and 2 in Section I) the second(réctangles) that form a partition on the empty space in a
step in our interconnect synthesis phase is to determine wirefouting region such that no strip is horizontally adjacent to

ordering and spacing for noise and routability optimization

any other strips. In our algorithm, the rectangle objects are

by solving the pseudo pin assignment problem. Given a set g, contrast, the original pins in the design are called tleal‘pins’ in

of routing tiles and a global routing solution associated with
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is adjacent to a pair of pseudo pins which have the average
capacitance, resistance, driver/receiver characteristics. We
assume each pseudo pin has a noise budget that can be
calculated from the noise constraints. From the noise budget
for the pseudo pin, we can calculate the maximum allowed
coupling capacitance using the noise estimation model in
[67] (or any reasonable noise estimation model), which

Vias =6 in turn allows us to find the minimum separation distance
Coupling capacitance on net b1-b2 ~ 4 to its neighbor by interpolation in the capacitance lookup
Detour on net bl-b2 == 1 table. The resulting minimum separation distance is the

(a) estimated crosstalk-safe spacing for the pseudo pin. Next,
; a coarse routing graph is generated from the boundary
decomposition. Each vertex represents either an interval
or a connection point (a real pin or a pseudo pin). Each
edge connects a pair of vertices which can reach each other
without crossing a tile boundary, with proper cost associated
to reflect the estimated wirelength and via count for this
connection. Then, we compute the assignment of pseudo
Vias = 8 pins to the intervals by using one of the two following ap-
proaches. One is theet-by-nedpproach that uses a shortest
path algorithm on the coarse routing graph to assign nets one
by one. The other is thigerative deletiorapproach (similar
to that used in global routing in the preceding section).

Coupling capacitance on net b1-b2 =~ 2

Detour on net bl-b2 =~ 1.5
(b)

Fig. 16. Impacts of pseudo pin assignment. (a) Pseudo pin It works on one boundary at a time and simultaneously
assignment with less vias and detours, but larger coupling on net . Il th . d t . the b d Th
b1-b2. (b) Pseudo pin assignment with smaller coupling on net aSS|g_nS a ] e _una53|gne nets crossing the boun a_ry' e
b1-b2, but more vias and detours. algorithm iteratively picks the most crowded unassigned

boundary to do the assignment. Experimental results show
| that the iterative deletion approach produces better results
18 a5 a 14 |b with longer computation time.
' In the DPPA step, we assign pseudo pins to the exact lo-
cations in each interval. Pseudo pins of the same maximum
horizontal strip (used in the tile boundary decomposition)
are assigned at the same time in a way similar to channel

\

- A e ; routing. Each subnet in the strip is first assigned as a single
7 13 19 wire segment. We determine the ordering of these wire seg-
Bl ¢ B2 B3 ments using a simple packing algorithm and the spacing of

these wire segments based on noise budget in a way similar
to the CPPA step. We may have an assignment that exceeds
the strip height if we insist that all the pseudo pins in every
obstacles, real pins, or the projections of real pins from adja- subnet in the strip must be aligned. If this happens, we apply
centlayers.Fig. 17 shows an example of the maximum strips  a heuristic algorithm to break up some alignments and intro-
formed on arow of four tiles. The gray areas are rectangle ob- duce jogs (dog-legs) to resolve the problem in a way similar
jects, which are obstacles or real pins. The dashed lines areo channel routing. The objective of this heuristic is to align
the horizontal lines extended from the top and bottom bound- as many pseudo pins as possible.
aries of the rectangles. The decomposed intervals are labeled \ye have tested our PPA algorithm by the following. We
1to 19. After tile boundary decomposition, our PPA algo- first run our PPA algorithm on two sets of test cases under dif-
rithm solves the pseudo pin assignment problem in two steps:ferent configurations (with and without noise control). If the
coarse pseudo pin assignment (CPPA) and detailed pseud@yosstalk noise constraints are not considered, the estimated
pin assignment (DPPA). In CPPA, each pseudo pin is esti- average noise in PPA is 0.11-0.2» with up to 36% of
mated with a crosstalk-safe spacing from its noise constraintnets that have noise larger than 073 . If the crosstalk
and assigned to an interval. In DPPA, each pseudo pin is asyjse constraints are considered, the average noise estimated
signed to an exact location and crosstalk noise constraintsj, ppa is reduced to 0.10-0.76,, and with no nets with
must be satisfied. These two steps are briefly described inpgise larger than 0.8pp.
the next two paragraphs. We then use our multilayer gridless detailed router (will
In the CPPA step, we first estimate the crosstalk-safe pe gescribed in Section VII) to obtain the detailed routing re-
spacing for each pseudo pin by assuming that the pseudo pinyts. From the detailed routed results, we do a 2-D extraction
9n fact, each rectangle is expanded by half of the minimum spacing on to find out the line resistance, the line capacitance and cou-
that layer. pling capacitance for all the nets and use the same formula as

Fig. 17. Tile boundary decomposition.
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(c) The Non-uniform grid graph (d) Implicit Representation

Fig. 18. Construction of implicit connection graph. (a) A multilayer variable width and variable
spacing routing problem. (b) The problem is transferred into a zero-width routing problem using
expansion. (c) A connection graph for finding the path frerto ¢. (d) An implicit representation

of such a graph using two sorted arrays.

in PPA to calculate the crosstalk noise from these data. Forrithms [68]—[70]. The routing region is partitioned into tiles
the experiments without noise control, the average noise ininduced by the boundaries of obstacles. The routing problem
each test case after detailed routing is 0WVk3,-0.22Vpp is reduced to searching a tile-to-tile path among these tiles,
with up to 11% of nets larger than 013, . For the exper- usually based on the corner-stitching data structure [66]. The
iments with noise control, the average noise after detailed other approach uses the connection graph-based algorithm
routing in each case reduces to 03 ,—0.15Vpp with [71]. A connection graph is built based on the obstacles in the
no crosstalk noise violations. These data verified that the routing region, and usually the special width and spacing re-
noise control performed in the pseudo pin assignment canquirements for the net to be routed are encoded in the graph.
be preserved after detailed routing with high fidelity. Even A maze-searching algorithm is applied on the graph to find
without rip-up and reroute, the detailed routing completion the route. Since tiles are more complex to manage, and a
rate is 93%—99% and the average vias per netis only 0.7-1.4ile-to-tile path needs postprocessing to obtain a final de-
which suggests that noise control in PPA does not sacrifice sign-rule-correct route, we use a connection graph-based ap-
routability. A more detailed description of this work is avail- proach, with two novel contributions: use of a nonuniform

able in [65]. grid graph and use of an implicit representation of the graph.
Given a routing region (usually a tile defined by the global
VIIl. | NTERCONNECTLAYOUT router), we first construct a connection graph caliah-

Uniform Grid Graph denoted a%+s, based on the expan-
sion of rectangular obstacles in the routing region according
to wire/via width and spacing rules. In the routing region,
the preexisting routings and objects can be most conveniently
represented as a set of possibly overlapping rectardgles

{r1, 72, ..., rny } located in at different layers as illustrated

in Fig. 18(a). The layout design rules create an obstruction
zone [72] around each obstacle where the centerlines of wires
and center of vias cannot be placed. That is, the centerline
of a wire of widthw must be at leasiw,; = (w/2 + ws;)

The final step of our interconnect-centric design flow is
interconnect layout. Aggressive interconnect synthesis and
optimization often result in complex interconnect structures
with many buffers, variable widths within the same net, or
even variable widths within the same segment. Different
spacing rules are also needed for crosstalk control and
minimization. These requirements need to be supported
by an efficient multilayer gridless detailed routing system.
In the past few years, we have developed a novel gridless

detailed routing system, named Dune, to support multilayer, away from the edge of the obstagiewherews; is the wire

var!able—W|dth, var.lable—.spacmg. fouting. Dune has two spacing between the current net and the obstaclé/e let
major components: a point-to-point gridiess routing engine R be the set of rectangles that are expanded from thoBe in
and a route planning engine. Both will be described in more

- . . by dw; in each of the four rectilinear directions, as shown in
detail in this section. Fig. 18(b). Note thatvs; does not have to be the minimum
wire-to-wire spacing and may vary from net to net due to
various kinds of interconnect optimizations for delay and/or

In general, there are two types of approaches to the grid- noise minimization. Similarly, we can create the set of rect-
less routing problem. One approach uses the tile-based algoangles expanded according to via width and spacing rules,

A. Point-to-Point Gridless Routing
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denoted askv. Given a multilayer routing problem with the
obstacle sef?, a sources, and a sink¢, our Non-Uniform gine is validated when we apply it to the incremental routing
Grid (NUG) Graphis defined to be an orthogonal grid graph problem in [74] (called the ECO problem in that paper). It
where itse grid locations are the vertical boundary locations was compared with the explicit uniform grid-based approach
of R and R plus thez locations ofs and¢, and itsy grid and lroute [75], [76], a well-known tile-based router for grid-
locations are the horizontal boundary locationgidnd R less routing, The results show that the implicit representa-
plus they locations ofs and¢. Any location defined by the  tion of the NUG graph is very efficient in memory usage,
intersection of these two andy grid lines is a valid graph ~ 14x smaller than that of the explicit representation and2—3
node if it is not contained by any rectangle it or kv, as smaller than Iroute. The queries supported by our data struc-
shown in Fig. 18(c). ture are also very fast. The run time of our maze routing al-
We have proved that such a graph guarantees to include ggorithm is 2—4< faster than Iroute.
gridless connection of the minimum cost in multilayer vari-
able width and variable spacing routing [73]. Compared to a
uniform grid graph required for gridless routing, our nonuni- B. Route Planning
form grid graph is much sparser, as a very fine grid must be
used in a uniform routing graph to Support a reasonab|y |arge To overcome the net Ordering problem a.SSOCiated W|th the
set of widths and spacings in gridless routing. Although it net-by-net routing approach and support efficient rip-up and
is possible to construct a slightly smaller routing graph yet feroute in gridless routing, we developed a coarse grid-based
still ensure the existence of a shortest path fremo ¢t as  route planning algorithm. It uses a line-sweeping algorithm
discussed in [73], we choose to use the NUG graph due tot© find all routing obstacles in each grid cell and uses exact
its simplicity and regularity resulting from its grid structure. gridless design rules (variable width and variable spacing) to
As a result, we can come up with a simple, implicit repre- accurately estimate the available routing resources in each
Sentation Of the graph to Support maze routing SO that theg”d Ce”. It uses a multi'iteration planning method to over-
NUG graph is highly compressed in storage and efficient come the net ordering problem and evenly distributes the nets
in query. The implicit representation used in our router is iNto routing regions. It plays a similar role as the conven-
simply two sorted arraysXs andYs, to store ther coor- tional congestion-driven global router, but models the avail-
dinates and, coordinates of the NUG graph, respectively. able routing resources more accurately and interacts with the
The two-array data structure is linear in terms of the number Underlying point-to-point gridless routing engine much more
of obstacles in the routing region (including existing routes), closely. The route planning algorithm provides three capabil-

The efficiency of our point-to-point gridless routing en-

so it is highly memory efficient. Note that no precompu- Iti€s.
tation is needed to obtain the implicit representation other
than sorting the coordinates which can be maintained incre-

mentally. We generate the graph nodes and edges on-the-fly

during the routing process. Generation of a new graph node
during routing involves ajuerythat consists of two steps.
First, compute the possible position of the neighbor of the
current node in routing, and second, determine the feasibility
of the position. The computation of the possible neighboring
position is trivial: Suppose the current route endsXs (],

Y5 [¢]) and the maze expansion directionight, the next pos-
sible graph node position is simpl)[: + 1], Ys[¢]).

The feasibility test is slightly more complex. The position
is feasible for placing a wire or via if it is not enclosed by
the applicable expanded rectanglegiior &7, respectively.
Therefore, finding the feasibility of a node requirepaint
enclosure queryefined as follows: given a set of rectan-
gleskR = {r;li = 1, 2, ..., Nr} and a point, return the
set of rectangles that contain We have developed a novel
data structure using a combination of slit tree and interval
tree, and cache structure to support efficient point enclosure
gueries for mazing routing with the implicit representation of
the NUG graph. Our experiments show that this data struc-
ture is very efficient in memory usage while very fast in an-
swering maze expansion related queries.

10A point p is contained by a rectangte if the point falls within theopen
rectanglery,.
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» With efficient multi-iteration route planning on the
coarse grid, it spreads out the nets to reduce the overall
congestion and thus improves the routability.

It constrains each net’s searching space to a set of
coarse grid cells identified by the planned route, and
thus greatly speeds up the point-to-point gridless
routing for the net. For example, given the route
planning solution shown in Fig. 19(a), gridless maze
routing for net(sz, t2) on the NUG graph can be
constrained to the shaded cells.

It provides an efficient framework to support rip-up and
reroute, which is a difficult problem in gridless routing.
During the reroute phase, we apply two methods to
find the alternative route for the blocked net, based on
the updated congestion information. Onddsal re-
finement If following the originally planned route fails

to complete routing, the gridless routing engine will
search more cells around the blocked cell. For example,
assuming netss, t3) is routed, following the planned
route for net(sz, ¢2) as shown in Fig. 19(a) does not
lead to a valid solution. In this case, the search region
by the gridless routing engine is expanded as shown
in Fig. 19(b). The other method igrouting It finds

an alternative route on the coarse grid for the net. The
cells along the previous path are given extra penalties to
guide the new route to be away from it. The replanned
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Fig. 19. Replanning strategies. (a) An initial planning result. However, due to the local congestion
after routing net 3, a local refinement algorithm is used to reroute net 2, as shown in (b). (c) A rip-up
and replan method is used to reroute net 1. (d) Final routing result.

result is then given back to the gridless routing en- global interconnect planning and interconnect architecture
gine again to search for the final connection. Fig. 19(c) planning (when appropriate). It is possible for physical

and (d) show the rip-up and replan process when net hierarchy generation to be performed together with coarse
(s1, #1) failed to route. placement and global interconnect planning at the same

Experimental results show that using the route planning time, as the global placement and interconnect planning
algorithm in our gridless detailed routing can improve the usually influence the physical hierarchy generation. Inter-
routability and also speed up the run time significantly, by connect performance estimation models are used extensively
a factor of 3 to 17. A detailed description of our gridless during interconnect planning for predicting the performance

detailed router can be found in [73] and [74]. of the optimized interconnects. After physical hierarchy
generation, coarse placement with global interconnect

planning, we shall have a good first-order estimation of the
overall circuit performance (which is determined primarily
by global interconnects). We can quickly provide feedback

In this paper, we presented our research efforts and resultd0 the designer to indicate if the proposed architectural or
on developing an interconnect-centric design flow. The conceptual level design is feasible. Therefore, the designer
research involves three major design phases: interconnec€an quickly iterate with the interconnect planning tool to
planning, interconnect synthesis, and interconnect layout. evaluate multiple architecture or micro-architecture designs,
An efficient interconnect optimization library (the TRIO and converge to the most promising one(s) for further
package) and a set of efficient interconnect performance refinement.
estimation models (the IPEM package) have also been After interconnect planning, the next of phase of the de-
developed to support efficient interconnect optimization and Sign flow is synthesis and placement for each module under
performance estimation of optimized interconnects during the physical hierarchy, as shown in the shaded box in Fig. 5.
interconnect planning and synthesis. Currently, we are using off-the-shelf synthesis and placement

With a good understanding of these building blocks, we techniques for this step (such as using the Design Compiler
can revisit the overall flow for interconnect-centric designs, from Synopsys or the SIS/VIS package from UC Berkeley
as shown in Fig. 5. Our flow can be summarized as follows. for logic synthesis and the TimberWolf or GordianL package
In order to cope with the design complexity of gigascale for placement). We tend to believe once the physical hier-
integration in the nanometer technologies, we would like archy and globalinterconnects are defined, existing synthesis
the designer (or the design team) focus on designs primarilyand placement algorithms can work well at the module level
at the architecture or conceptual level. Given a design speci-which contains mainly local interconnects, as argued in [77].
fication (usually in a HDL specification such as Verilog or In particular, gain-based synthesis can be used to synthesize
VHDL) as the output of the architecture or conceptual level small to medium size logic blocks under the physical hier-
design, our interconnect-centric flow first goes through the archy [78], [79]. We are also starting a new project at UCLA
interconnect planning phase which transforms the functional on placement-driven synthesis to investigate if one can im-
hierarchy embedded in the HDL specification into a good prove the result from this step significantly by combining
physical hierarchy and performs coarse placement with synthesis and placement at the module level.

VIIl. SUMMARY AND ONGOING WORK
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Once synthesis and placement for each module is deter- [4] K. Nabors and J. White, “FastCap: A multiple accelerated 3-D ca-

mined, we perform interconnect synthesis, which includes pacitance extraction programlEEE Trans. Computer-Aided De-
Ay ; : : : sign, vol. 10, pp. 1447-1459, Nov. 1991.

per_for_ma_nce driven global_ro_utm_g with various mterconne_ct [5] J. Cong, L. He, C.-K. Koh. D. Z. Pan, and X. Yuan. (1999GLA

optimizations f_OI’ de'_ay minimization followed by pseudo pin Tree-Repeater-Interconnect-Optimization Package (TIRI)ine].

assignment with noise minimization. Available: http://cadlab.cs.ucla.edu/software_release/trio/htdocs/

Finally, a gridless routing system is used to complete  [6] J. Cong, K. S. Leung, and D. Zhou, "Performance-driven intercon-
nect design based on distributed RC delay modelPrioc. Design

interconnect layout to |mplgment various klnds'of optimized Automation Conf.1993, pp. 606—611.
interconnect structures. It includes a coarse grid based route [7] J. Cong, A. B. Kahng, G. Robins, M. Sarrafzadeh, and C. K. Wong,
planning engine and an efficient point-to-point gridless “Provably good performance-driven global routingZEE Trans.
routing engine working on the implicit representation of the Computer-Aided Designol. 11, pp. 739-752, June 1992.
. . . [8] A. B. Kahng and G. RobinsOn Optimal Interconnections for

underlying nonuniform grid graph. _ VLSL Boston, MA: Kluwer, 1994,

All these modules have been implemented, and they [9] J. Cong, L. He, C.-K. Koh, and P. H. Madden, “Performance opti-
interact through a common hierarchical data model (HDM). mization of VLSI interconnect layoutfhtegr. VLSI J, vol. 21, pp.

: ; : 1-94, 1996.

The HDM .prOVI?eﬁ ad Cqmpletel fg_nctlorr:al and ph)I/SIF:al [10] J. Cong and P. H. Madden, “Performance driven routing with mul-
representation of the design, including the structural view, tiple sources,” inProc. IEEE Int. Symp. Circuits Syst.995, pp.
the functional view, the physical view, and the timing view 1203-1206.

so that logic transformation, interconnect planning/opti- [11] J. Cong, A. Kahng, and K. Leung, “Efficient algorithm for the min-

mization. or | ion can Iri verv oh imum shortest path Steiner arborescence problem with application to
ation, or layout des gnca be carried out at eve y phase VLSI physical design,"EEE Trans. Computer-Aided Desigvol.

of the design process. . 3 17, pp. 24-38, 1999.
Each module in this design flow has been fully verified [12] K. D. Boese, A. B. Kahng, and G. Robins, “High-performance
and has shown very promising results, as presented in var- routing trees with identified critical sinks,” ifProc. Design Au-

; ; ; ; tomation Conf. 1993, pp. 182-187.
ious sections throughout this paper. We are in the process [13] D. Zhou, F. Tsui, and D. . Gao, “High performance multichip in-

of performlng mtegrat_ed test .Of the overall flow ?‘nd deS|gn terconnection design,” iProc. 4th ACM/SIGDA Physical Design
methodology. We are integrating all the modules into the pro- Workshop Apr. 1993, pp. 32-43.
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