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ABSTRACT
Because of the continuous increase in transistor

count, interconnect complexity, and operating
frequencies of system-on-chip (SoC) designs, power and
area have become critical issues. Power, noise, and area
reduction of soft intellectual property (IP) cores using a
low-overhead wave-pipelined multiplexed (WPM)
interconnect routing technique is proposed. Using
system-level simulation, it is shown that the application
ofWPM routing decreases power by 14% and core area
by 28% for a core area-centric design, and for a wire
coupling-centric design, power reduces by 6% and wire
coupling by 20%.

I. INTRODUCTION
The International Technology Roadmap for

Semiconductors (ITRS) [1] has projected an exponential
increase in the transistor count and operating frequencies
of future gigascale system-on-chip (GSoC) designs. The
high transistor count requires a large number of wires for
data transfer between various source-sink pairs. This
ever-increasing transistor and interconnect count
suggests a significant increase in the total power
dissipated by these future GSoC designs.

A wide variety of power reduction techniques have
been proposed to reduce the total power dissipated by
devices and interconnects. Static power reduction can be
obtained by scaling of supply voltage, using multiple
threshold voltages, gating ofpower supply and clock, etc.
On the other hand, dynamic power can be reduced by
reducing the switching capacitance, reducing the activity
factor, scaling of supply voltage etc. In the case of
interconnects, [2] and [3] propose insertion of repeaters
to reduce power. Repeater insertion enables scaling of
interconnect dimensions and wire-limited chip size
resulting in a reduction in power. In the case of fully
customized multilevel interconnect architectures, there is
significant opportunity for optimizing the interconnect
design to reduce power. However, in the case of
application specific integrated circuits (ASIC) multilevel
interconnect networks there is limited flexibility in terms
of the choice of interconnect parameters. Thus, the
interconnect design space is restricted making it
imperative to explore new wire design opportunities to
reduce power and area, but maintain system performance.

This material is based upon work supported by the National Science
Foundation under Grant No. 0092450.

This work proposes the use of a WPM interconnect
routing technique [4], in combination with repeater
insertion, to reduce the total power dissipated by the
individual IP cores (ASIC systems) of a SoC design.
WPM routing wave-pipelines multiple signals on a
shared interconnect in a single clock cycle. The resulting
reduction in routing channel count enables a reduction
in core area and/or increase in wire spacing, which in
turn decreases power (static + dynamic) dissipation. The
possibility of a pervasive application of WPM routing
across the n-tier multilevel interconnect network makes
this routing technique highly attractive to future GSoC
designs. Section 2 describes the WPM routing
technique in detail. The use of WPM routing to reduce
power of a 40M transistor IP core is discussed in
Section 3.

II. WAVE-PIPELINED MULTIPLEXED (WPM)
INTERCONNECT ROUTING

A detailed description of wave-pipelined
multiplexed (WPM) interconnect routing is presented in
[4]. This technique takes advantage of the inherent
interconnect idleness and sends multiple signals in a
wave-pipelined fashion on a single shared interconnect
in a single clock cycle. This wire sharing technique can
be applied to both global and semi-global wires, and it
has been designed such that there is no reduction in the
overall throughput performance of the system after
application ofWPM routing. Fig. 1 and Fig. 2 show the
schematic diagram of the circuitry required for
implementing conventional and WPM routing [4],
respectively. As can be seen from Fig. 1 and Fig. 2, two
dedicated wires can be replaced by a single shared wire
using WPM routing. The WPM circuit uses 2:1
multiplexer, 1:2 demultiplexer, buffers and some delay
circuitry for correct sampling and routing of data. The
required signal qin can be easily generated using the
global clock that is distributed across the entire chip.

The primary advantage of this wire sharing
technique is the reduction in the number of
interconnects that need to be routed. This reduction in
routing track count can be used to reduce the power
dissipated by a system. After application of WPM
routing, the IP core area could be reduced or wire pitch
could be increased to fill up all the available routing
area. This decrease in core area or increase in wire
spacing will decrease the interconnect capacitance. As a
result, smaller sized drivers and receivers can be used,

0-7803-9264-71051$20.002005 IEEE 139



Vdd Vdd

Repeaters (inverter pairs)

Drver Receiver

Vdd Vdd

Repeaters (Inverter pairs)

Drver Receiver
Figure 1: Schematic Diagram for Conventional Routing.

(min
Delay circuitry I

Vdd Vdd

~~~~~~~~~ ~~~~~~~~Line-out
Repeaters (Irverter pairs) L

Driver Receiver

Figure 2: Schematic Diagram forWPM Routing.

resulting in a decrease in the total device capacitance.
Hence, a reduction in the total switching capacitance of
the system can be achieved that can decrease the total
dynamic power dissipated by the core. The leakage
power and short-circuit power of the drivers/receivers
will also decrease due to the decrease in the device size.
Therefore, a reduction in the total power dissipated by
the core can be obtained by using WPM routing.

11. LOW POWER GIGASCALE ASIC/SoC
DESIGN

The WPM routing technique can be used to create a

core area-centric low power design or a wire coupling-
centric low power design.

A. Core area-centric lowpower design
The total die area of today's ASIC systems is limited

by the required wire area [5]. Since, ASIC interconnect
dimensions and metal level count are fixed, a decrease in
the interconnect count frees up wire area. This makes it
possible to decrease the area of the core so that the entire
available wire area is consumed. A reduction in the core
area reduces the interconnect lengths, which in turn
decreases the total interconnect switching capacitance.
The reduction in wire lengths also makes it possible to
use smaller driver/receiver sizes which reduces the
device switching capacitance. Hence, a reduction in the
dynamic power of the core is observed. In addition, the
reduction in driver sizes also decreases the leakage power

and short-circuit power of the core. Furthermore, an

improvement in system performance can also be
obtained due to a reduction in core area. The operating
frequency of an ASIC system is given by the minimum
of the following two values - inverse of the critical path
delay and inverse of the delay of the longest wire. For
the case study, the ASIC system is operated at 75% of
the maximum possible frequency. The remaining 25%
provides the necessary guardband to maintain signal
integrity.

In order to quantify the advantages ofWPM routing
technique, a 40M transistor ASIC logic core is simulated
using a multilevel interconnect network design
simulator similar to [5]. This ASIC design will serve as
the conventional design. The core is designed using 100
nm technology parameters with a 3-input (six
transistors) NAND gate chosen to represent the average
standard gate. Copper and low-k (F = 2.0) dielectric
material are used to design the multilevel interconnect
stack. A sub-optimal number of repeaters are inserted on
the interconnects as [5] shows that inserting 50% of
Bakoglu's optimal number of repeaters results in only
10% performance penalty. Repeater sizing is also
assumed to be sub-optimal because Bakoglu's
expression for optimal sizing of repeaters overestimates
the required transistor size [6]. HSPICE and RAPHAEL
are used to model interconnect transients. For the case

study, the core is assumed to have 4 tiers (each tier has
two metal layers). In the multilevel interconnect
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network, the interconnect pitch is doubled for every
successive pair of metal levels as recommended in [7].
Hence, the four tiers are assumed to have interconnect
pitches of 2F, 4F, 8F and 16F, where F is the feature size.
A wiring efficiency of 40% is assumed [7], and wire
spacing and dielectric thickness are assumed to be equal
to wire width across all metal levels. Table 1 shows the
interconnect design parameters of each tier for this
conventional design.

The application of WPM routing technique reduces
interconnect count. Hence, the entire multilevel
interconnect network is redesigned. Here, wire spacing
and dielectric thickness are maintained equal to wire
width across all metal levels. The overhead resulting
from the circuitry required to implement WPM routing is
accounted in the system-level simulation while assigning
wires to the different tiers. The core area is
proportionately reduced so that all the available wire area
is utilized. Though it may be possible to apply the WPM
routing technique to a large number of interconnects, it
may not be advantageous due to the resulting overhead
circuitry. Hence, a cutoff length which gives the lower
limit of the range of interconnect lengths that use the
WPM routing technique is considered. In addition, to
account for proximity constraints [4] it is assumed that
60% of all the wires above cutoff length have been
designed using WPM routing.

Fig. 3 shows the percent reduction in the total power
dissipation and core area for various cutoff lengths, when
the core designed using WPM routing is operated at the
same frequency as the conventional design. More than
14% decrease in total power and almost 28% reduction in
core area is observed for a cutoff length of 0.1 cm. As the
cutoff length increases, the percent reduction in total
power decreases and core area increases.

B. Wire coupling-centric lowpower design
Instead of decreasing the core area to fill up all metal

levels, the spacing between all wires can be increased.
The increase in wire spacing decreases the coupling
capacitance of the interconnects, which reduces the
interconnect power. This decrease in interconnect
capacitance enables the use of smaller drivers and
receivers. This reduces the total power (static + dynamic)
of the devices. A 40M transistor logic core similar to
section III-A is simulated to determine the advantages of
WPM routing in a wire coupling-centric design. In this
case, for fixed core area after application of WPM
routing the wire spacing is proportionately increased to
utilize all available wire area.

Fig. 4 shows the variation of power reduction and
wire spacing increase with cutoff lengths, when the wire
coupling-centric design is operated at the same frequency
as the conventional design. For the cutoff length of 0.1
cm, the spacing between the wires can be increased by
more than 35% to fill up all metal levels. This reduces

the interconnect coupling capacitance by more than
20%. This helps reduce delay variations and power, and
improve performance. More than 6% reduction in the
total power can be observed for a cutoff length of 0.1
cm. The reduction in power decreases as the cutoff
length increases.

Fig. 5 shows the power components of the
conventional design, core area-centric design and wire
coupling-centric design. As expected for the 100 nm
technology generation, the dynamic power is greater
than the leakage power, which is greater than the short-
circuit power. It can be observed from Fig. S that the
application of WPM routing reduces all three
components ofpower.
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Figure 3: Power Reduction in a Core Area-Centric Design.
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Figure 5: Power Components in a Conventional, Core Area-Centric
and Wire Coupling-Centric Designs.
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Table 1 shows the various interconnect design
parameters for the core area-centric and wire coupling-
centric, low power designs. In both designs, the total wire
switching capacitance is less than the conventional
design and hence, smaller drivers are required. This
reduces the total power (static + dynamic) dissipation of
the system. It can be observed from Table 1 that there is
14% reduction in power for a core area-centric design
and 6% reduction in power for a wire coupling-centric
design. The WPM routing technique can also be applied
to inter-core interconnects in a SoC design. However,
given the trends towards latency insensitive inter-core
interconnects, minor modifications to the WPM routing
will be required. In addition, some microarchitecture
changes to the SoC design will also be necessary.

IV. CONCLUSION
The use of VVPM routing to reduce power, area and

coupling noise of an IP core in a SoC design is proposed
in this paper. A pervasive application of the WPM
routing technique across the entire interconnect network
reduces the interconnect routing channel count. This
reduction in channel count provides an opportunity to
reduce the core area or increase the spacing between
interconnects. The reduction in core area or increase in
wire spacing decreases the wire capacitance and device
capacitance of the core that reduces power dissipation
(static + dynamic) and/or improves performance.

For a core area-centric design, the application of
WPM routing reduces power by 14% and core area by
28% if the WPM design is operated at the same
frequency as the conventional design. On the other hand,
for same operating frequency, a 6% reduction in power

and 20% reduction in interconnect coupling capacitance
are observed in a wire coupling-centric design. WPM
routing reduces all three components of power -
dynamic power by 14.21%, leakage power by 13.09%
and short-circuit power by 19.64% for core area-centric
design, and dynamic power by 6.24%, leakage power by
5.11% and short-circuit power by 12.14% for wire
coupling-centric design
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Table 1: Multilevel Interconnect Network Design Parameters for Conventional Design, Core Area-Centric Design and Wire Coupling-Centric Design.

Tier |Number Length of the longest Interconnect Interconnect Number NFET aspect ratio Total
of levels interconnect on the Width (m) Spacing of power
per tier tier (cm) (u) repeaters Logic (avg.) Repeaters (W)

Conventional design: 40Mtransistors; Suboptimal number ofrepeaters, Macrocell area = 1.677609 sq cm;
Operatingfrequency = 1.5 Ghz; Number ofmetal levels = 8

4 2 2.5904 0.8 0.8 35152 136.88
3 1 2 I 0.8492 I 0.4 I 0.4 11406101 3327 68-44
2 2 0.4324 0.2 0.2 562439 .34.22
1 2 0.1225 0.1 0.1 0 7 0

Core area-centric design: 40Mtransistors; Suboptimal number ofrepeaters, Macrocell area = 1.208463 sq cm;
Operatingfrequency = 1.5 Ghz; Number ofmetal levels =8; Cutofflength = 0.1003 cm

4 2 1 2.1985 0.8 0.8 25322 136.88
3 2 l 0.6631 _ 0.4 I 0.4 1 101288 I 2823 68-44
2 2 0.3022 0.2 0.2 405152 . 34.22
1 2 0.0668 0.1 0.1 - 0

Wire coupling-centric design: 40Mtransistors; Suboptimal number ofrepeaters, Macrocell area = 1.677609 sq cm;
Operatingfrequency = 1.5 Ghz; Number ofmetal levels = 8; Cutofflength = 0.1003 cm.

4 2 2.5904 0.8 1.085 28778 132.03
3 2 0.7812 0.4 0.542 115113 66.01295<7 86s#;71
2 2 0.3561 0.2 0.271 460451 2.57 33.00 1867

2 0.0787 0.1 0.135 _ 0_ 0 l
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