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Abstract

Interconnects are assuming increasing importance in
deep submicron design, however there is a significant
gap between industrial design practice and classical re-
sults of uniform repeater insertion. This work ques-
tions two of the standard assumptions of academic in-
terconnect circuits: 1) the uniformity of repeater sizes
and spacing and 2) the boundary between logic and in-
terconnects.

This research explores the co-design of logic sizing
and repeater insertion for improved delay, power and
placement. The technique of logical effort is used to de-
velop the sizing scheme for the logic including polarity
considerations. Non-uniform repeater insertion is used
to combine cascaded sizing and distributed wire buffer-
ing. HSPICE simulations carried out for the 0.18u
technology show that combining the sized logic with
uniform repeaters is faster than using minimum sized
logic circuitry by about 10% while with non-uniform re-
peaters the gain is about 15%. The average power con-
sumption of non-uniform repeater insertion is less than
that of uniform insertion by about 20%. Non-uniform
repeater insertion is also less placement sensitive (shift-
ing the position of each repeater in the setup by about
40% results in a delay loss of only about 3%)

1. Introduction

The advancement of integrated circuit technology
first predicted by Moore’s law [1] in 1965 and pro-
jected [2] till 2015 has resulted in exponential reduc-
tions of minimum feature size as well as increase in
die size and clock rate.While scaling has made devices
smaller and faster, it has also increased the importance
of the more resistive interconnects due to increasing line
lengths and greater impacts of coupling capacitance.
This has resulted in interconnect limited designs. It
is now a well known fact that below 0.25u technolo-
gies, the performance of global chip communication is
primarily limited by interconnect delay. Rapid scaling

has introduced many challenges on interconnect per-
formance, modeling and reliability.

Repeater insertion has been the classical and most
popular approach to boost the performance of inter-
connects. Uniform repeater insertion changes the de-
lay dependence on the length from quadratic to linear
[3, 6]. There has been a significant work done to deter-
mine the optimal placement and size of the repeaters
[3, 5, 9, 10], all of which assume uniform sizing and
spacing. However the pitfalls of uniform repeater inser-
tion are that the initial cascade of buffers leading to the
first repeater (Figure 1) contributes a significant frac-
tion of the delay (about 40% for a linelength of 15mm)
as shown in Figure 2. Also this stack of buffers can lead
to unfavorable power spikes. Another point of concern
as projected in [9] is the placement sensitivity of the
uniformly spaced repeaters.The results shown are for
the 0.184 model assuming interconnect parameters of
upper metal layers.
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Figure 1: Schematic of uniformly repeated line with
initial cascade

While improved models for repeater insertion are be-
ing developed, scaling trends [19] and discussions with
microprocessor designers at Intel and Compaq have in-
dicated that a more pragmatic approach is warranted.
In particular, increasing clock rates indicate that very
few wires will ever have more than 5-6 repeaters prior
to being latched. Also, the capacitance to resistance ra-
tios of modern metal stacks indicate that very large re-
peaters (200x-300x minimum size inverter) are needed
to be within 20% of optimal delay [9]. Thus we argue
that it is necessary to consider device sizing in logic and
latches along complex interconnects. Logical effort, as
developed by Sutherland and Sproull [11] provides an
elegant formulation for this problem, which when com-
bined with repeater insertion, including non-uniform
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Figure 2: Delay of buffered line with initial cascade

insertion (repeaters with progressively increasing sizes
driving correspondingly longer lines), provides advan-
tages in terms of delay, power and placement.

Two of the classical results in VLSI theory are
closed-form expressions for 1) the step-up ratio of buffer
cascades being equal to e [18], and 2) uniform repeater
insertion [3]. Although deep sub-micron devices and in-
terconnects have required some modifications to these
results, they still provide good intuitive guidelines for
designers and initial estimates for CAD tools. This
work seeks to combine these results to deal with the
overall problem of logic and interconnection.

Existing CAD tools typically synthesize logic blocks
and then use some kind of capacitive load model to do
sizing [17]. However, it is now well recognized that
early floorplanning and global routing estimates are
needed to improve these models [8, 16, 4], but intercon-
nect design still remains a largely seperate task from
that of block synthesis. This work attempts to recon-
cile this seperation by combining logic device sizing and
repeater insertion (Figure 3).
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Figure 3: Elimination of buffer cascade using logic
sizing and non-uniform repeater insertion
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Logical effort has been used for device sizing
in datapaths[12], SRAMs[13] and also for fan-out
optimization[14]. These studies either ignore intercon-

nects or assume that the wires are short so that they
can be modeled as an additional load capacitance to
carry out the sizing. This work looks at long wires
(upto 15mm) and develops a sizing scheme for the over-
all logic interconnection block.

The methodology employed to size the logic block
preceeding a uniformly repeated interconnect and the
gains that this offers to interconnect performance is
described in Section 2. The basic idea behind non-
uniform repeater insertion and the establishment of the
optimal values for the number and size of repeaters is
expalined in Section 3. The implications of combining
the logical block sizing with the non-uniformly repeated
line are described in Section 4. Section 5 has a brief
overview of the effects of migrating this sizing scheme
to lower geometries (0.13u,0.10u,0.07u). Some con-
clusions and further development ideas are presented
in Section 6.

2. Logical Effort in Uniformly Repeated
I nterconnects

Logical effort refers to the inherent cost of computa-
tion in logic functional blocks and is a characterization
of the complexity of a gate. It provides a method to
estimate delay in a CMOS circuit, develop a scheme for
sizing the transistors and also quantify the benefits of
various circuit topologies [11].

The total delay, d, incurred by a logic gate is com-
posed of a fixed part called the parasitic delay p (which
is independent of the size of logic) and a part propor-
tional to the load at the gate output called the effort
delay f,i.e d = f + p. The effort delay in turn de-
pends on the logic properties of the gate (logical effort,
g) and the load driving capability of the gate (electri-
cal effort, h),i.e f = gh The load capacitance at the
end of the logic circuit, the input capacitance as well
as the topology of the circuit are the primary factors
that determine the sizing scheme of the logic.

The traditional process of repeater insertion as well
as minimization of delay, power etc. along a repeated
line is carried out independent of the nature of logic cir-
cuits preceeding the interconnect. The signal from logic
devices is assumed to drive the repeated line whose pa-
rameters are determined by the Bakoglu optimization
procedure [3]. This sometimes necessitates the intro-
duction of the a cascade of buffers leading to the first
repeater(so as to enable the signal from the logic ca-
pable of driving the repeater, Figure 4). This cascade
can be eliminated by taking into consideration the load
capacitance provided by the first repeater in the sizing
of the logic, and distributing the electrical effort pro-



vided by the cascade along the stages of the logic block
(Figure 5). So, the sized logic block not only performs
the required logic function but each stage of the also
contributes to some fraction of electrical effort required
for the signal to be able to drive the first repeater. In
other words, while the logical effort (contributed by
the logic stages) and the electrical effort (contributed
by the cascade of buffers) are separated in Figure 4,
they are integrated (as the total path effort) in Figure
5 by appropriate sizing.
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Figure 4: Minimum sized logic leading to the cas-
caded first repeater
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Figure 5: Cascaded logic leading to repeated line

A comparison of the delays (determined from
HSPICE simulations) for the cases represented in Fig-
ures 4 and 5 for various wirelengths is shown in the
Figure 6. The results are for the 0.18 technology with
Via = 1.8V. The device models are provided by the
Berkeley Predictive Technology Method [15] and wire
models are based on their typical global interconnect
parameters . As can be seen from the plots, there is
about a 10% gain in the delay when logic sizing is car-
ried out while the average power consumption almost
remains the same in both cases. An obvious disadvan-
tage of this sizing procedure is the greater area require-
ment for the sized logic blocks because of their bigger
sizes.

3. Non-Uniform Repeater Insertion

Non-Uniform Repeater Insertion is an alternate de-
sign technique to eliminate the initial buffer cascades
of uniformly repeated lines. In this method of repeater
insertion, as shown in Figure 7, buffers of increasing
sizes drive progressively longer segments of the wire.

The schematic shows a minimum sized inverter driv-
ing aline length of ‘a’. Successive repeaters are ‘f” times
bigger than the previous one driving a line that is ‘r’
times longer than the previous one. There are ‘n’ such
stages along the line. The 50% propagation delay for
such a setup can be analytically derived as a function
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Figure 6: Comparison of delay and average power
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Figure 7: Schematic for non-uniform repeater in-
sertion
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where R, and C, are the output resistance and input
capacitance of a minimum sized inverter respectively
and R;,; and Cjp; are the resistance and capacitance
of the interconnect.

The complexity of the delay expression does not al-
low for analytical determination of optimal solutions
for ‘a’,r’ and ‘t’. However exhaustive HSPICE simu-
lations are carried out to determine the combination
of the design parameters to obtain the minimum delay.
The delay of the non-uniformly repeated line for vari-
ous line lengths is shown in Figure 8. The design pa-
rameters leading to the plot are: a=0.01mm, r=f=3.25.

Even though the delay of the non-uniformly re-
peated line is greater than that of the uniformly re-
peated line, this method is attractive because it possi-
ble to have longer unrepeated lines. Table 1 compares
some design features of uniform and non-uniform re-
peater insertion techniques.

Another attractive feature of this design is its low
sensitivity to placement. For an interconnect (with 6
repeater stages) having non-uniformly sized and spaced
repeaters, reducing the length of wire driven by each
repeater (except the last one) by 40% and having the
last repeater drive the remaining line length increases
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Figure 8: Comparison of delays between uniform
and non-uniform repeater insertion

Wire- Uniform Non-Uniform
length # of buffers Segment # of Longest seg.
(mm) (incl.cascade stages) | length(mm) | buffers | length(mm)

3 6 3 6 1.39

6 7 3 6 4.39

9 9 2.25 7 3.77

12 10 2.4 7 6.77

15 11 2.5 7 9.77

Table 1: Comparison of design features of Uniform
and Non-uniform repeaters

the delay by about 20ps whereas an identical placement
done for a uniformly repeated line increases the delay
by about, 300ps [9].

4. Combining Logical Effort & Non-uniform
Repeater Insertion

The design flexibility offered by non-uniform re-
peater insertion procedure can be combined with the
sizing of logic blocks. The sizes of the logic stages
can be reduced and the ouput of the logic can drive
a small repeater which then drives a bigger repeater
and a longer wire segment. A comparison of the inter-
connect, delays for various line lengths when the sized
logic block drives a uniform and non-uniform repeated
interconnect is shown in Figure 9

The sized block followed by a non-uniformly re-
peated line provides delay gains for smaller wirelengths
while for lines longer than 12mm, it loses by about 6%.
However the average power consumption gain by us-
ing the non-uniformly repeated line is very significant
(about 22% for 12mm) as can been seen in Figure 10

The gains in power consumption can be attributed
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Figure 9: Comparison of delays between uniform
and non-uniform repeater insertion when logic is
sized
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Figure 10: Comparison of average power between
uniform and non-uniform repeater insertion when
logic is sized

to the fact that fewer of repeater stages (each driving a
longer segment) are required in the case of non-uniform
repeater insertion.

Most practical circuits have to handle both fan-in
and fan-out. The method of logical effort accounts for
the fan-in/fan-out by including a ‘branching effort’ in
the sizing scheme. The branching effort depends on
the load capacitance (along the branch where the de-
lay has to be minimized) and the total capacitance as
seen at the branch point. Here we consider a 16-input
AND gate structure (composed of 2-input NAND and
NOR gates) driving two interconnect branches. The
schematic is shown in Figure 11. The logic in this case
has to drive a greater load due to the presence of a
big device (first repeater of the interconnect branch)
on each leg and so the sizes of constituent logic gates
also becomes larger.

The delay and power consumption results for both
uniform and non-uniform interconnect are shown in
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Figure 11: Schematic for logic block driving
branched interconnect

the Table 2. Here again the logic, driving branched

Wire- Delay(ps) Avg.Power(mW)
length | Uniform Non- Uniform Non-
(mm) uniform uniform
3 305.2 298 0.45 0.3
6 382.8 383.6 1.3 0.95
9 471.1 459.8 2.18 1.63
12 553.6 552.2 2.6 1.92
15 618.2 656.5 3.3 2.39

Table 2: Comparison of delay and avearge power
when logic drives branched interconnects

non-uniformly repeated interconnects offers significant
power gains over the case when the logic is followed by
branched uniformly repeated interconnects.

5. Technology Scaling I mpacts

The technology scaling trends as projected in the
ITRS Roadmap|2] point toward growing wire delays
with shrinking geometries. Table 3 lists the relevant in-
terconnect parameters over the technology generations
from 180nm to 70nm. The wirelength of the global in-

Technology (nm) 180 130 100 70

Clock (GHz) 1.2 1.6 2.0 2.5

Vaa(V) 1.8 1.5 1.1 0.9

Chip area(mm?) 340 372 408 468
Rint per mm () 20.0 27.78 33.33 37.04
Cint per mm (fF) | 243.77 | 258.01 | 259.67 | 228.48

Table 3: Relevant interconnect parameters (based
on the 1999 ITRS roadmap)

terconnects does not get scaled but grows proportional

to the die sizes. It has also been shown that the num-
ber of repeaters present in a die increases. Figure 12
shows the trends pertaining to the number and size if
repeaters across different technology generations.
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Figure 12: No.of repeaters per mm and size across
technology generations

Since the sizing of the logic device preceeding the
interconnect is dependent on the repeater size, an in-
crease in their sizes as the technology shrinks will con-
sequently increase the sizes of the logic stages. The
increased electrical effort (reflected by the increased re-
peater sizes) is distributed uniformly over each of the 4
logic stages so that the sizes of the devices in each stage
(w.r.t to the dimensions of the minimum size inverter
in that technology) does not increase appreciably. The
gain in delay due to logic sizing across technology gen-
erations for a specific wirelength is shown in Figure 13.
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Figure 13: Delay gain due to logic sizing across
technologies

The formulation of non-uniform repeater insertion
is such that, the number and size of repeaters is in-
dependent of the line resistance and capacitance but
depends only on the line length. This means that the



design specifications (including the logic stage sizing)
can remain unaltered for all technology generations.
The comparison of delays between using uniform and
non-uniform repeaters following the sized logic for a
specific wirelength is shown in Figure 14.
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Figure 14: Comparison of delay across technolo-
gies when sized logic is followed by uniform and
non-uniform repeated line

As can be seen from the Figure 14, using non-
uniform repeater insertion technique is lower technolo-
gies loses over uniform repeater insertion. This can be
attributed to the fact while the interconnects become
more resistive and capacitive in these smaller geome-
tries, the insertion procedure does not account for this
in its optimal sizing and spacing of the repeaters. By
carrying out the optimization of parameters explicitly
in each technology generation, the non-uniform inser-
tion procedure can be made to be provide gains over
uniform repeaters. However the average power con-
sumption is lesser when the sized logic is followed by
non-uniformly repeated line as seen in Figure 15.
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Figure 15: Comparison of avg. power across tech-
nologies when sized logic is followed by uniform
and non-uniform repeated line

6. Conclusionsand Future Work

Sizing of the logic preceeding an interconnect is
shown to provide gains in interconnect performance.
Even though the gains with respect to delay are
marginal, they do offer benefits in terms of power con-
sumption down to 70nm technology. A greater flexibil-
ity in terms of placement was observed when using a
non-uniform repeated interconnect as opposed to hav-
ing a uniformly repeated wire. The method of logical
effort for sizing the logic gives a compact means of es-
tablishing optimal device sizes and helps avoid exten-
sive iterations that are typical of other sizing schemes.
This work is motivated by our experience with ad-
vanced microprocessor designs [20, 21, 22] which typi-
cally use manual non-uniform repeater insertion to deal
with the inherent non-uniformities in routing layers,
loads, and coupling. However they also use a step-up
in the repeaters to account for insufficient sizing in the
preceding logic blocks and latches. Designing a latch
with 200x-300x devices is not reasonable from an area
or power standpoint. In this context, appropriate siz-
ing of the logic stages will prove to be beneficial.

Only RC interconnects have been considered in this
study. Considering the fact that inductance effects are
becoming more important in lower technologies, it is
important to extend this sizing scheme to include RLC
interconnects also. The methodology for logic sizing
would be the same for RLC interconnects but the phys-
ical sizes might vary due to the different repeater sizes
in RLC interconnects. This idea of sizing based on logi-
cal effort can be extended to latches and other dynamic
blocks. Also, the requirements when the signal from a
logic and traversing through a long wire has to drive
another logic circuitry should also be studied. Such
analysis would further highlight the practical concerns
to be accounted for while developing an optimal sizing
scheme.
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