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1 Introduction

The driving force behind the spedaaular advancement of the integrated circuit technology in the
past thirty yeas has been the exponential scaling of the feaure size i.e., the minimum dimension
of atransistor. It has been following the Moore's Law [1] at the rate of a fador of 0.7 reduction
every threeyeas. Itisexpeded that such exponential scaing will continue for at least another 10-
12 yeas as projected in the receitly published 1997 National Tednology Roadmap for
Semiconductors (NTRS 97) [2] shown in Table 1. This will lead to over half a billion transistors
integrated on a single chip with an operating frequency of 2-3 GHz in the 70nm tednology by
Yea 2009 The dallenges to sustain such an exponential growth to adhieve gigascae integration
have shifted in a large degree however, from the process and manufacturing technologies to the
design technology. A grea ded of design innovation, in terms of both significant extension of the
existing design capability and the development of new design paradigm and methodology, is
needed to achieve the projeded targets in the NTRS 97. This paper discusses the dhallenges and
opportunities for design innovations in the future 1C designs, especially in the aeas of interconned
design and high-degreeof on-chip integration. Section 2 presents a number of design challenges in
these aeas, with quantitative measurements derived based on the tedhnology projedion in
NTRS97. Section 3 discusses opportunities and possible diredions for design tednology
innovation to med various design challenges in the road aheal.

Technology (nm) 250 180 150 130 100 70

Y ear 1997 | 1999 | 2001 | 2003 | 2006 | 2009
# transistors 1M | 2IM [40M | 76M | 200M | 520M
Acrosschip clock (MHz) | 750 | 1200 | 1400 | 1600 | 2000 | 2500
Area (mnr) 300 [340 [385 |[430 |520 620
Wiring Levels 6 6-7 7 7 7-8 89

Tablel. Overall techndogy roadmap from NTRS 97 [2].

2 Challenges in NTRS Implementation

The rapid scaling of I1C technology has two profound impads. Firgt, it leads to much smaller and
faster devices, but more resistive interconneds with larger coupling cgpacitance This results in
interconnect limited designs. Second, it enables much higher degree of on-chip integration, which
leals to significant increase in the design complexity. This dion discusses the implicaions and
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challenges in these two areas based on the projedions from NTRS 97. Possble solutions and
innovations in the design technology to addressthese challenges will be discussed in Section 3.

2.1 Interconnect-Limited Designs

With the rapid feaure size scding, the circuit performance is increasingly determined by the
interconneds insteal of devices. Rapid scaling has introduced many challenges on interconned
performance, modeling, and reliability. It also drives the development for new interconned
materials. In order to better understand the significance of interconneds in future technology
generations, we llected basic interconnect parameters provided in NTRS 97 (shown in boldface
in Table 2), and set up a proper 3D interconned model to extract various components of
interconned cgpacitance (shown in the remaining rows in Table 2) using the 3D field solver
FastCap [3]. We also colleded the basic device parameters provided in NTRS 97 (shown in
boldface in Table 3) and derived the driver/buffer inpu cgpacitance, effedive resistance and
intrinsic delay in each tednology generation (shown in the remaining rows in Table 3) using
HSHACE simulation. These data ae used for quantitative analysis of device and interconned
performance in each technology generation listed in NTRS 97. The following subsedions discuss
the dhallenges on interconned performance, modeling, and reliabil ity as implied by NTRS 97.

Technology (nm) 250 (180 |150 (130 (100 |70
Metal resistivity p (uQ-cm) 33 |22 |22 |22 (22 |18
Dielectric constant 355 |2.75 |225 (175 |1.75 |15
Min. wirewidth (nm) 250 |180 (150 |130 (100 |70
Min. wire spacing (nm) 340 |240 (210 |170 (140 (100
Metal aspect ratio 181|181 (20:1 |2.1:1 |2.4:1 |2.7:1
Via aspect ratio 221 (22:1 |2.4:1 |25:1 (27:1 |29:1
2X min. width &|[Ca(aF/um) (290 |212 |16.2 |120 |144 |[8.56
spacing Cf (aF/lum) (418 |30.2 |248 |183 |141 |148
Cx(aF/lum) |[71.0 |583 |494 (428 |453 |416
5X min. width &|Ca(aF/um) |735 [536 (406 |30.0 |266 (195
spacing Cf (aF/lum) (635 |47.3 |384 (285 |282 |236
Cx(aFlum) [183 [169 [154 [148 [165 [167

Table 2. Interconred parameters used in this paper. The basic parameters in the first six rows (in boldface)
are taken from NTRS 97. The breakdown capacitance values in remaining rows under different width and
spacing asaumptions are obtained using a 3D-field solver (FastCap). Ca, Cf, and Cx are the unit-length area,
fringing, and same-layer line-to-line coupling capacitance for the given width and spacing unde the
asumption that the wires are located between two ground planes.
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Technology (nm) 250 180 150 130 100 70

vdd (V) 215 165 [135 [135 [105 [0.75
lon[NMOS/PM OS] (uA/um) [600/280 [600/280 [600/280 |600/280 [600/280 |600/280
Buffer input cap. (fF) 017 |012 |011 |0.085 |[0.070 |0.042

Buffer Rd (x10KQ) 171 |1.86 [226 [225 [239 [242

Buffer intrin. delay (ps) 705  |511  |487 |458 [392  |219

Table 3. Device parameters used in this paper. The values of voltage and transistor on-current are taken
from NTRS 97. The remaining values are obtained using HSACE simulation. A buffer is a pair of
cascaded inverters with the size of the second one being five times that of thefirst one.

2.1.1 Interconnect Performance Limitation:

As we move from the 250m tedchnology with the clock frequency of 700-800 MHz to the 70mm
technology with the clock frequency of 2-3 GHz in the next 10 yeas, the interconned delay will far
exced the device delay and become the dominating fador in determining the system performance
The majority of the clock period will no longer be spent on computing or generating the data but on
transmitting and communicating the data between various parts of the chip. The simulation results
in Figure 1 and Table 4 show that although the intrinsic device delay of a minimum size transistor
will decrease from 70ps in the 250rm generation to about 20ps in the 70rm technology, the delay
of an average interconned (1mm metal line) will deaease only from about 60ps to 40ps, while the
delays of a 2cm un-optimized global interconnea will adually increase from about 2ns to 3.5ns.
Recent advances on interconnect optimization tedniques, such as interconned topology
optimization, optimal buffer insertion and sizing, optimal wire-sizing, etc, can help to reduce
interconned delays significantly (see [4] for details). But they are not able to reverse the trend of
growing gap between device and interconnect performance. After we gply the simultaneous
driver sizing, buffer insertion, buffer sizing, and wire-sizing, the 2cm global interconned delay can
be reduced by a factor of 2x to 5x acossdifferent technology generations, but it still cannot med
the required performance to suppat the acosschip clock rates projeded in NTRS 97 as shown in
Figure 1 and Table 4. The gap between the optimized performance and required performance
grows to over afador of 2 in the 70rm generation. This gudy indicaes clealy that if we simply
use the process geometry provided in NTRS 97 and follow the existing design style, we ae not
able to achieve the projeded performance targets in NTRS' 97 die to the interconned limitation!
Therefore, innovations are nealed at every level of the design process from system architecure
design to careful process geometry optimizaion, to eliminate the interconnect performance
bottlened.
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Figure 1. Trends of intrinsic gate delays and delay values (in log scale) of an average interconned (1mm), a 2cm un-
optimized global interconned, a 2cm optimized global interconned, and the required interconned performance to
support the acrosschip clock rates projected in NTRS 97 in different technology generations. Detailed delay values
are shown in Table 4.

Technology (nm) 250 180 150 130 100 70
Deviceintrinsic delay(ps) 705 511 487 458 392 219
1mm (ns) 0.059 0.049 0.051 0.044 0.052 0.042
2cm un-optimized (ns) 2.08 197 2.06 2.07 2.89 3.52
2cm optimized (ns) 0.89 0.79 0.77 0.70 0.77 0.67
Required performance for| 1.07 0.67 0.57 0.50 0.40 0.32
global interconreds (ns)

Table 4. Intrindc gate delays* and delay values for an average interconned (1mm), a global interconned (2cm) 2 (both
with 2x minimum width and 2 minimum spacing), and a 2cm optimized global interconned after smultaneous driver
sizing, buffer insertion, buffer sizing, and wire sizing, using the TRIO package developed at UCLA [5] in dfferent
technology generations®. The last row shows the required performance for global interconneds to support acrosschip
clock rates projeded in NTRS 97 (computed as 80% of the required clock periods).

! Same asintrinsic buffer delays shown in Table 3.

2 For both the 1mm average interconned and 2m un-optimized global interconned, the drivers are optimally sized to
match theinterconned loads.

% The caacitance values used in the optimization are based on the set f 5x minimum width and spacing as shown in
Table 2. Other details of the assumption and results of the optimization procedure ae shown in Table 6. Optimization
results may vary under different assumptions.
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2.1.2 Interconnect Modeling Complexity:

Not only has the interconned becmme more important, it has also become much more difficult to
model, analyze, and predict, as we move into nanometer designs with high clock frequencies. Due
to aggressive scaling of interconneds, even an average-length metal line may have significant
resistance mmparable to its driver resistance. Thus, the distributive nature of the interconned has
to be modeled. Moreover, in order to limit the increase of interconned resistance, the wire aspect
ratio (height over width) will i ncresse wnsiderably, from its current value of 1.8:1 in the 250m
technology to 27:1 in the 70mm technology. The increase of wire aped ratio together with the
deaease of line-to-line spacing results in rapid increase of coupling capacitance. Figure 2 shows
that the cupling capacitance cntributes to over 70% of total cgpacitance d the minimum spadng
and over 50% a 2x the minimum spadng in all technology generations’! The value of such
coupling capacitance, on the other hand, is very difficult to be computed acairately, as it depends
on both the spatial locations of all neighboring wires in the 3D structure and the temporal relations
between the signals on these wires. The significance of wire resistance and coupling cgpadtance
makes it nealy impossible to have any accurate RC delay estimation during logic or high level
synthesis in absence of the layout information. This invalids almost all timing models currently
used in the high level designs.

Furthermore, as the IC operating frequency approaches multi-gigahertz in nanometer designs, the
signal rise-time will be cmparable to the time-of-flight delay of a global interconned aaossthe
chip, and the arrrent change rate (dl/dt) will also increase significantly. As a result, interconnect
inductance, especially that from global interconneds, such as power and ground nets and the clock
nets, also nedals to be properly modeled, and global interconneds neeal to be cnsidered as lossy
transmisson lines. Efficient extradion of on-chip interconned inductance has been difficult,
however, due to the computation of return current.
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Figure 2. The percentages of coupling capacitance over the total capacitance under the minimum and 2x the
minimum spacings in each technology generation.

* Comparing to those in NTRS 94, the wire asped ratios in NTRS 97 are substantiall y smaller and wire spacings are
larger. Thisresultsin much slower increase of coupling capacitanceas siown in Figure 2.
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In short, efficient and acairate extraction of interconned parasitics in a cmplex 3D structure will
be very important but difficult. They are needed by design tools to build adequate interconned
models at ead level of the design process

2.1.3 Interconnect Reliability:

As the IC technology further scales, the interconned reliability beacmes another challenge to the
design tedchnology. The interconned reliability includes both the signal reliability and
manufaduring reliability. The signal reliability requires that the signal carried by the interconnea
aways dabilizes at its intended value within its gecified delay bounds. The manufacturing
reliability requires that the interconned structures med the design rules and the nnedivity
specification throughout the manufaduring processand the life span of the ICs.
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Figure 3. Theratios of peak capacitive crosgalk noiseto Vdd for a 1 mm line with 2x the minimum width
and spacing to its neighbors under three different temporal relations: only one neighbor is switching, both
neighbors are switching simultaneously (in-phase), both neighbors are switching but one after the other. The
risetime of the switching signal is 10% of projeded clock period in NTRS 97.

The signal reliability is affected mainly by noise and processvariation. One major source of noise
is crosstalk, especially the caacitive oupling crosgalk, which becomes very significant due to the

rapid increase of coupling cgpacitance with the technology scaling. Figure 3 shows the peak values
of capacitive crosdalk noisein each techndogy generation for a1 mm line with 2x the minimum width and

spacing to its neighbors. It readies over 30% of Vdd in the 70nm generation even for an average
length wire. The value of crosgalk noise depends on not only the cupling cgpacitance of adjacent
wires, but also a number of other fadors, such as the driver and receiver sizes, the patterns and
relative timing of the signals on neighboring wires, etc. For example, under different switching
patterns of neighboring wires, the noise value may differ by a fador of 2x to 3x as siown in Figure
3. Another source of noise is the power and ground bounce, caused by simultaneous switching of a
large number of devices on the dhip. As a result, the voltage levels in power supply or ground
planes may fluctuate considerably. The noise in the power and ground planes also depend on the
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temporal correlation of the signals on the chip as well as their distribution. Both types of noise ae
are extremely difficult to predict and calculate, especially in the ealy phase of design process as
they depend on the detail ed layout and timing information.

The process variation in deep submicron designs also adds a large degree of uncertainty to the
signal delay and skew values in various portions of the cip. Experts indicae that the acossthe
chip length variation (ACLV) of wire widths can be as large & 20% in the 0.1um technology and
below®. In this case, layout parameters have to be treaed as statistical variables instead assiming
fixed values. Models and tools are neeled to handle and optimize alarge number of statistical
variables to asaure the signal reliability.

The interconned manufaduring reliability of interconneds is affeded by both the defect density
and electromigration. The defed density is largely determined by the manufacduring technology.
Eledromigration, which forms open or short to neighboring lines due to the transport of the metal
atoms when an eledric aurrent flows through the wire, may limit the lengths and widths of
interconneds in order to control the aurrent density. It is predicted that the dedromigration current
density limitation of Cu will become an isaue & the 70rm technology [2]. The dedromigration
constraint and ather constraints related to design for manufaduring needs to be properly considered
by future design tools.

2.1.4 Impact of New Interconnect Materials:

We exped to see much progress in the IC manufacturing technology in using new interconned
materials to improve the interconned performance in the nea future. For example, copper will be
used to replace aluminum to reduce interconned resistance, and new dieledric materials with lower
dieledric constants, such as polyimide (permitivity = 2.6), will be used to reduce the interconned
cgoacitance  Although these improvements can be substantial, they do not provide the ultimate
solution to the increasing performance mismatch between devices and interconneds. At best, they
can improve the interconned performance by one or two tednology generations. The
interconned parameters siown in Table 2 from NTRS 97 have already considered the alvances in
the new interconnect materials, with the use of copper at the 180mm generation and the deaease of
dieledric constant from 3.55 in the 250rm generation to 1.5 in the 70mm generation. However, the
global interconnects remain to be the performance bottleneck as shown in Figure 1 and Table 4.
Therefore, on one hand, the design technology neeals to be prepared for the advent of new
interconned materials, studies its impad, and makes appropriate ajustments of the design tools
and methodology. On the other hand, one neeals to redize that the ultimate solution to overcome
the interconned performance and reliability bottleneds has to come from design innovations.

2.2 Higher Degree of On-Chip Integration

The exponential shrinking of the fedure size, together with the cnsistent growth of the dip size
has another profound impad -- it enables rapid increase of the chip cgpacity and the degree of on-
chip integration. However, this potential will not be redized uriess a number of key challenges
facal by the design and test community are successfully addressed, such as the mismatch of design
complexity and productivity, limitations of current design abstraction and hierarchy, the complexity
of system-on-chip, and the power barrier. These issues will be discussed in this sibsedion. Again,

5 Private communication with David LaPotin at IBM Research.
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we postpone the discusson about possible solutions and innovations to overcome these issues to
Sedion 3, after we complete the discussion of all aspeds of design challenges.

2.2.1 Complexity and Productivity:

Based on the projection of the NTRS 97, the number of transistors on a single chip will reach over
500 millions in the 70nm tednology, which presents a 50 fold increase in the device munt as
compared to the aurrent 250nm generation. At the meantime, the amount of interconned to be
dealt with by the design tools will also increase drastically as shown in Table 5, with 8-9 routing
metal layers, an estimated total wire length of 10 kilometers, and close to 800,000 buffers inserted
for performance optimization in the 70nm generation. Moreover, the interconneds, especialy
global interconnects, beacome much more complex due to aggressive interconned optimization for
performance and reliability. A number of optimization techniques have been developed in recent
yeas for improving the performance and reliability of the interconnects, including interconned
topology optimizaion, optimal wire sizing, optima buffer insertion, simultaneous device and
buffer sizing, etc. Table 6 shows the optimization results of a 2cm global interconned in each
technology generation obtained using simultaneous driver sizing, buffer insertion, buffer sizing,
and wire sizing using the TRIO padkage [5]. For the 70mm technology, an optimized 2cm global
interconned contains 8 buffers (16 inverters), with over 9% wire segments being sized using 10
different wire widths (within the same 2cm line!). Clealy, a global interconned is no longer a
simple metal line. It becomes a complex circuitry with optimized devices and wires in nanometer
designs! The shee volume of devices and interconneds on a single dip, combined with the
complex device and interconned models and tight design constraints on performance and
reliability, presents a great challenge to every design team and design tool, and seriously damper
the growth of design productivity. The recent study by SEMATECH showed that although the
level of on-chip integration, expressed in transistors per chip, increases at an approximately 58%
per yea compound growth rate, the design productivity, measured in transistors per person-month,
grows only at a 21% per yea compound rate. Such a mismatch of silicon capacity and design
productivity, if not resolved timely, will seriously limit the potential of achieving high-degree on-
chip integration, and significantly increase time-to-market.

Technology(nm) | 250 | 180 130 100 70
Length (m) 820 | 1,480 | 2,840 | 5,140 | 10,000
WireLevels 6 6-7 7 7-8 89
#bufers per chip | 5K 25K 54K 23K | 79K

Table 5. Complexity of interconreds in each technology generation as projected in NTRS 97. The number
of buffers per chip is estimated using the wire length distribution model developed in [6] and the TRIO
interconned optimization package [5].
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Technology (nm) 250 180 150 130 100 70
Delay (ns) 0.895 0.793 |0.77 0.70 0.77 0.672
Number of buffers 3 4 4 4 5 8
Avg. wire width 6.52 6.61 6.93 7.31 7.70 8.00
% wire segment sized 986% |989% [99.1% [(993% |995% |99.8%

Table 6: Optimization results of a 2cm global interconnect in different technology generations after
simultaneous driver sizing, buffer insertion, buffer sizing, and wire sizing using the TRIO package [5]. The
maximum wire width is limited to 10x the minimum and the maximum buffer size is limited to 200x the
minimum. A long wireis divided into a sequence of unit-length segments, each of 100um. The wire width
is uniform within each unit-length segment.

2.2.2 Limitations of Current Design Abstraction and Hierarchy:

One natural approach to designing a cmplex system is to provide various levels of abstraction.
The aurrent flow goes through behavior level design, RTL level design, logic design, and physicd
design. The success of such an approach depends heavily on the good correlation between the
abstract model at ead level and its physicd implementation in the final design. Such a crrelation,
however, becomes very difficult to maintain, as the existing abstradions are incgpable of modeling
the performance, reliability, and complexity of the interconneds, which in fad have become the
dominating fadorsto be mnsidered and optimized in nanometer designs.

An orthogonal approach to designing highly complex systems is to apply the *divide-and-conquer’
methodology to decompose the large system into a set of smaller subsystems reaursively and carry
out the design hierarchically. Nowadays, it is common to decompose a @mplex IC into a number
of functional blocks, eat of them designed by one or a tean of engineas with manageable
complexity, and then go through a ‘full-chip assembly’ phase to interconned these blocks together.
Such hierarchical design methodology is also facing serious difficulty in nanometer designs.
Although the functionality and structure of a circuit can usually be decomposed hierarchically,
many performance and reliability related issues in nanometer designs, such as interconned delay,
crosdak, power and ground bounces due to simultaneous switching, do not fit naturally into the
function hierarchy. As aresult, we ae facing a methodology crisis with no adequate astraction
model and scalable methodology to handle the rapid growing design complexity.

Efficient reuse of existing designs and intellectual property will play an important role in reducing
the mismatch between silicon cgpacity and design productivity. Efficient design reuse, however,
also introduces new challenges to design abstradion and the hierarchicd design methodology, as it
requires proper representation, abstradion, and charaderization of existing designs in terms of its
functionality, performance, reliability, and possible interadions with the environment. It also
requires a systematic goproach to update the dharaderization and implementation of an existing
design when we migrate from one technology generation to another, from one foundry to another,
or even from one design environment to another. Such capabilities have yet to be developed and
validated by the industry.
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2.2.3 Systems on a Chip

Rapid increase of 1C cgpacity enables the possibility of integrating a mmplex system on a single
chip. It will be feasible to integrate microprocessors, embedded memories, applicaion-spedfic
integrated circuits (ASICs), and field-programmable logic arays (FPGAS) into asingle IC. Asa
result, future IC design will involve development of embedded operating systems, code-generation
of embedded applicaion software, synthesis and layout of applicaion-specific circuits, mapping
and configuration of programmable logic, and many more. Analog components, such as A/D or
D/A converters and radio frequency (RF) transceiver circuits, may co-exist with digital components
on the same dip. In this case, the interference between the digital and analog circuits, such as the
noise from high-spead digital signals to low-level analog signals and eledromagnetic interference
(EMI) generated by the high-frequency circuits, needs to be properly modeled, analyzed, and
considered by the design and test tools. The needs of integrating various design techniques and
design tools developed for completely different design styles, automatically synthesizing of their
interfaces, optimizing the overall system-on-chip, simulating, testing, and verifying the mrreaness
of the etire system far excead cgpabil ity of today’ s design technology.

2.2.4 Power Barrier

Power consumption in CMOS circuits includes both static and dynamic power dissipation. The
static power dissipation, caused by leskage aurrents and sub-threshold currents usually contributes
to a small percentage of total power consumption, while the dynamic power dissipation, resulted
from charging and discharging of cgpacitive loads of interconneds and devices dominates the
overall power disgpation. Although rapid shrinking of device dimensions and reduction of the
supply voltage reduce the power dissipation of individual device significantly, the exponential
increase of degree and operating frequencies gill results in a steady increase of total power
consumption. For example, in the 70rnm technology, with over 500 million transistors and 10
kilometer metal wires integrated in a single chip operating at multi-gigahertz, the overall power
consumption is estimated to be 170W for high-performance microprocessors [2] even after drastic
power supply scaling. Therefore, if power disgpation is not controlled and optimized carefully, it
soon will become alimiting factor for system integration and performance improvement.

3 Opportunities for Design Innovations

Given the growing challenges discussed in the precaling sedion, an increasing amount of reseach
and development is needed in the design technology in order to support the growth rate as predicted
inthe NTRS 97. This dion identifies a set of key areas that are of criticd needs to improve the
design productivity, and are likely to lead to design innovations. These aeas cut aaoss many
dimensions of the design technology, with emphasis on interconned-driven design methodology,
coupling of synthesis and layout, complexity management, and new system and interconnect
architedures. We hope that our suggestions can also stimulate the exploration of many other
fundamentally new concepts and techniques to cope with the dhallenges facal in future IC designs.

3.1 Interconnect-Driven Design Methodology

The onventional 1C design processfocuses mainly on logic functions and devices. Interconneds
are largely ignored until the final step physicd design in which they are implemented by either
layout designers or automatic Place-&-Route tools as an after-thought. Given the growing
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importance of interconnects on system performance, reliability, power dissipation, and overall cost,
an interconnect-driven or interconnect-centric design methodology is clearly needed so that
interconnect design can be considered and optimized throughout the design process. Such a design
methodology should support interconnect planning, estimation, synthesis, and verification at every
level of the design process.

Interconnect planning and estimation will allow the designer to explore various interconnect design
alternatives, study the trade-off between devices and interconnects, plan the overall interconnect
structures, and quantitatively evaluate the impact of interconnects on performance, power,
reliability, and cost a each level of design process. For example, during design exploration,
interconnect planning and estimation tool should provide models and metrics to evaluate the
options of changing the number of routing layers, varying the design and manufacturing rules (such
as width, spacing, wire and via aspect ratios in each layer), using different packaging alternatives,
etc, and quantify their impact on various design objectives.  During design synthesis, it should
interact with high-level and logic-level synthesis tools to analyze the interconnect requirement of
different design alternatives, perform interconnect planning with floorplanning at each level, and
provide accurate estimation of interconnect performance to enable forward constraint propagation,
so that the interconnect design can drive the entire synthesis process. Such an interconnect
planning capability is critical, given the importance and complexity in nanometer designs. For
example, it will not be feasible to insert over half a million buffers (as predicted for the 70nm
technology shown in Table 5) in post-layout optimization. Such interconnect planning capability,
however, isamost entirely missing in the current tools.

Interconnect synthesis will be a key part of the interconnect planning system. Given the constraints
on performance, reliability, and power dissipation, it determines the optimal or near-optimal
interconnect topologies, layer assignment, wire widths and spacings, buffer locations and sizes, €tc,
for overall cost optimization. In the early stage of the design process, the results of interconnect
synthesis can be flexible and imprecise, depending on the level of abstraction and accuracy of
interconnect modeling. They will be gradually refined to a complete design-rule correct detailed
routing solution satisfying all design constraints as the overall design process progresses.

Interconnect verification needs to be carried out a every level of the design process in junction
with the existing capabilities of simulation and verification of logic functionality at corresponding
levels. It will extract and model the interconnect parasitic parameters, neighborhood structures,
temporal correlation among different signals, and interaction between devices and interconnects, so
that it can simulate and verify the performance and reliability of the interconnects at each level of
design process with sufficient accuracy and efficiency. Since the performance and reliability of
interconnects depend heavily on the interaction of signals in nanometer designs, simulation along
will not be sufficient, as enumeration of all correlation patterns for simulation is not
computationally feasible. Formal verification techniques for interconnect performance and
reliability need to be developed, in addition to the current effort on formal verification of circuit
functionality. The statistical variations of the interconnect designs should also be taken into
consideration in the interconnect verification.

3.2 Coupling between Synthesis and Layout

The growing significance of interconnects requires careful consideration of layout design in the
higher levels of design process, as layout design finally determines the interconnects. Effective
coupling between synthesis and layout, however, has been very difficult due to the high complexity
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of the resulting problem, lad of support in the traditional design flow, and the historical division of
the EDA industry. New design infrastructure, methoddogy, and techniques are needed to
overcome such difficulties. We clasgfy the possible approades to synthesis and layout coupling
broadly into two categories.

One gproac is to employ a highly iterative design flow. It follows the design steps in the
traditional design flow, but feeals the layout result in the aurrent iteration bad to synthesis tools at
higher levels to improve the synthesis results in the next iteration to better med the design
congtraints. This approach is currently being adapted by the industry. But many questions need to
be answered before acceting such a ‘ construct-by-correction’ approach in nranometer designs. In
particular, we need to understand if this approach guarantees the cnvergence to a feasible and
close-to-optimal solution satisfying all design constraints, and whether the number of iterations as
well as the design compilation time within each iteration can be well controlled to lead to an
accetable overall design cycle.

Another approach uses a concurrent design flow, which perform architecture/behavior-level
synthesis, RTL/logic synthesis, and layout synthesis concurrently. It constructs an initial design in
high-level abstradion and gradually refines the logic and interconned designs to a mmplete
solution. The design constraints are satisfied in constructing the initial solution, and maintained
after ead refinement through careful constraint propagdion. The feasibility of such a‘corred-by-
construction’ approach shows a greaer promise, but has yet to be demonstrated successfully to
handle the complex constraints in nanometer designs. Many critical issues, such as design
abstraction, constraint propagation, and efficient techniques for design refinement, need much more
reseach.

We believe that an combination of iterative and concurrent design appoaches is likely to be
succesdul in pradice, which performs concurrent synthesis, layout planning, and solution
refinement in all |evels of the design process with possibly limited number of iterations within the
same or adjacent levels to corred unacceptable estimation errors.  For al three gproaces, the
interconned-driven design methodology discussed in the preceding subsedion is needed to guide
the design process The eisting high-level and logic-level synthesis, simulation, and verification
cgpabilities need to be integrated with the interconnect planning, estimation, synthesis, verification
cgpabilities to support a complete interconnect-driven design flow.

3.3 Innovations in Complexity Management

Complexity management is critical for improving the design productivity to med the fast-growing
silicon cgpadty. All areas of CAD are facing the mmplexity crisis. We believe that innovations in
the aeas of design alstraction, efficient re-use of existing designs and intell ectual properties, and
large-scale @nstrained gobd optimization are most needed to enable successful complexity
management in all problem domains.

Design alstraction is critical to the hierarchical design methodology, which has been the most
effed way to control the design complexity. The aurrent approach provides good abstraction of the
functionality and structure of the design. But much reseach is needed to develop adequate models
and metrics for performance, power, areg reliability, and cost at ead level of design hierarchy with
consideration of interconneds to enable high-level design decisions. Such models should consider
not only the functionality of the circuit, but also model the underlying design processand design
tods to be used, as they have substantial impad on the final design as well. They should provide
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aufficient information concerning issues in nanometer designs, such as the RLC loads sen by other
blocks, the delays under different input combinations, and possible wupling with other blocks
through crosdalk and simultaneous switching. These models should provide simulation and
emulation cgpabil ities, and can ke gradually refined into final implementation.

Design reuse is another important mean of improving the design productivity. Effedive reuse of
existing designs or intellectual properties (IP) requires proper representation, abstraction, and
characterization of an IP in terms of its functionality, performance, reliability, and possible
interadions with the environment, so that it can be seamlessly integrated with the rest of design for
synthesis, simulation and verificaion. Such representation and abstradion should also support
efficient update of an existing IP when we migrate from one technology generation to another, from
one foundry to another, and from one design environment to another. Design reuse should also
include the development of reusable design process, methodology, and tools so that they can be re-
targeted for different technology generations and easily shared among different design projeds.
For example, an high-quality re-usable cell generator will significantly reduce the development cost
and design time compared to manual design of cell libraries for every technology generation.

Development of efficient, highly scalable optimization algorithms for global performance, power,
areg and reliability optimization will also play a fundamental role in complexity management.
Many optimizaion techniques used in today’ s design tools were developed in ealy 198Gs to handle
a few thousands of circuit elements, and many of them have serious limitations to handle the
complexity of future designs. One example is the widely used simulated annealing algorithm,
which produced satisfadory solutions to many VLSI CAD optimization problems in the past, but is
difficult to scale to today's design complexity in terms of both runtime and solution quality.
Innovations in highly scalable optimization algorithms which can handle complex design
constraints, multiple design objedives, and rapid increasing design sizes will significantly improve
the capability, efficiency, and quality of the design tools for future ICs. Investment in this areawill
have very high potential of returns. The VLSI CAD community enjoyed a period of close
interadion with the theoretical computer science @mmunity in early 1980, which led to a number
of significant progresses, as evident by a number of significant results on VLS| routing, logic
optimization, and circuit retiming developed jointly by researchers from both communities during
that period of time. Many of them are till used widely in today’s design tools. For various
reasons, such collaboration did not continue into this decale. Given the dhallenges we ae facing
today, we believe that it isimportant to revive such inter-discipline collaborations again, so that the
design technology can benefit from the advances and bresthroughs in many other related aress,
such as operation reseach, mathematical programming, combinatorial optimization, computational
geometry, in order to cope with the fast growing silicon cagpacity and design complexity.

3.4 New System and Interconnect Architectures for Predictable Performance

The interconned bottlenedk problem cannot be eliminated by the improvement of design
methodology and design tools alone. The results in Table 4 show that even after the best possible
interconned optimizaion based on the process geometry given in NTRS 97, the performance of
global interconnect gill cannot meet the target clock rate. Innovations in the system architedure
and the interconned architedure ae needed to overcome the interconnea bottlenedk problem.

The development of new system architectures may take many different diredions. The trade-off
between devices and interconnects should be explored to utilize the abundant silicon cgpacity to
improve the interconned performance (buffer insertion can be viewed as a simple @ase of it).
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Regular structures and architectures with predominately locd interconneds should be strongly
favored (the systolic aray is an extreme example). Use of different communication protocols over
the global interconneds, such as asynchronous or differential signaling, should also be cnsidered.

The exploration of new interconnect architectures also has many dimensions. Design and
optimization of process geometry and interconnect physical architecture may substantially improve
the interconned performance by optimally determining the width, spacing, wire and via aspect
ratio, metal and dieledric materials of each layer to be used in fabricaion. An aggressve reverse
scaling scheme was suggested in [7], where an exponentially increasing reverse scding fador is
applied to al conductor and deledric aoss ®aiona dimensions when each pair of wiring layers
are alded. This sheme effedively controls the growth of global interconned delay at the expense
of design density. Other schemes should be explored as well to consider the performance and
density trade-off. Development of interconnect structures with predictable performance may
grealy simplify the design flow and enables efficiently interconned planning. One example is the
design of today’s FPGA routing architedure, where different interconned resources, such as direct
interconneds, average interconnects, and gobal interconneds, are caefully planned at the dip
architedure level in anticipation of the interconned needs. This will give much predictable
interconned performance. Fundamentally new interconnect technologies, such as optical
interconned schemes and on-chip wirelessradio frequency connedions, should also be explored
jointly with the scientists in other field, as they may completely change the nature of interconned
problems and provide revolutionary advancement.

The seach for system and interconned architedure innovations is likely to involve the system
architeds, circuit designers, and fabricaion processexperts. It is very important, however, for the
design technology community to come up with appropriate models, design methodology, and tools
to drive the exploration of new design alternatives, evaluate and validate their potentials.

4 Concluding Remarks

This paper identifies a set of key challenges to the design technology for future nanometer 1C
designs, especialy in the aeas of interconned designs and large-scale on-chip integration. It
provides quantitative measurements of the scale and severity of the problems faced by the design
community based on the detailed modeling and simulation using the data provided in the newly
pulished NTRS 97. This gudy clealy indicates the that the design technology may well be the
bottlened in sustaining the exponential growth of the IC technology, unlesswe @an successfully
handle the increasing challenges on interconned performance and signal reliability, overcome the
power barrier, manage the rapid growing design complexity, and significantly improve the design
productivity. The paper also identifies a set of areas where design innovations are most needed,
including development of interconned-driven design methodology, coupling synthesis with layout,
design complexity management, and development of new system and interconned architecures for
predictable performance Possible innovations and reseach opportunities in these aeas are
discussed. Spedfic diredions and recommendations include (i) development of an interconnect-
driven design methodology with interconned planning, estimation, synthesis, and verification
cgpabilities, (ii) coupling synthesis with layout designs through a hybrid of concurrent and iterative
design flows, (iii) innovations in complexity management, espedally in the aeas of better design
abstraction, efficient design re-use, and development of efficient, highly scdable optimization
algorithms, and (iv) development of new system and interconned architedures, including the
exploration of trade-off between device and interconnects, use of regular structures and diff erent
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communicaion protocols, design and optimizaion of processgeometry and interconnect physicd
architedure, development of interconned structures with predictable performance, and seach for
fundamentally new interconned technologies.
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