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Abstract. On-chip feature size scaling has aggravated the importance of
crosstalk among interconnect lines. The effect of crosstalk on the delay
of signals propagating along interconnect lines is investigated in this
paper. It is shown that delay uncertainty is proportional to the amount
of coupling among interconnect lines. A methodology to reduce delay
uncertainty by increasing the size of interconnect buffers is presented. In
addition, the effect of increasing buffer size on the power dissipation is
discussed. A power efficiency metric is introduced that characterizes the
trade off between the reduction in delay uncertainty and the increase in
power dissipation.

1 Introduction

The rapid scaling of on-chip geometric dimensions supports the system-on-chip
integration of multiple subsystems, greatly increasing the functionality of an in-
tegrated circuit. The continuous quest for higher circuit performance has pushed
clock frequencies deep into the gigahertz frequencies range, reducing the period of
the clock signal well below a nanosecond. These strict timing constraints require
tight control on the delay of signals within a high speed synchronous integrated
circuit. The deviation of a signal delay from a target value can cause incorrect
data to be latched within a register, resulting in a system malfunctioning. These
variations in signal delay are described as delay uncertainty. The sensitivity of a
circuit to delay uncertainty has become an issue of fundamental importance to
the design of high performance synchronous systems.

Significant research effort has therefore been focused on characterizing and
reducing delay uncertainty [1,2]. A primary research target is the statistical
characterization [3,4] of process parameter variations and delay uncertainty in
order to specify the minimum timing constraints for synchronizing high speed
circuits [5,6]. In addition, design methodologies for clock distribution networks [7]
have been developed to reduce uncertainty in the clock signal delay [8-10].

Another important effect that introduces delay uncertainty is crosstalk among
interconnect lines [11-13]. Scaled on-chip feature size reduces the distance be-
tween adjacent interconnect lines. In addition, the thickness-to-width wire aspect



ratio has increased with each technology generation [14]. These effects result in
a significant increase in coupling capacitance and crosstalk among interconnect
lines [15-18]. The effect of interconnect crosstalk however, has been primarily
described as variations in the voltage and current rather than uncertainty in the
signal propagation delay.

The effects of interconnect crosstalk on the signal delay are investigated in
this paper. It is shown that uncertainty in the signal delay is introduced due to
variations in the effective capacitive load of an interconnect line. The effect of
these variations on signal delay can be alleviated by increasing the size of a buffer
driving a critical delay line, as described in Section 2. Increasing coupling among
interconnect lines increases the delay uncertainty, as discussed in Section 3. It is
demonstrated in this paper, that the delay uncertainty due to increased coupling
can be reduced by increasing the size of the interconnect buffer. In Section 4,
the effect of increased buffer size on power dissipation is discussed. A power
efficiency metric is introduced to describe the trade off between delay uncertainty
and power dissipation. Finally, some conclusions are presented in Section 5.

2 Effects of buffer size on delay uncertainty

Capacitive coupling among interconnect lines introduces uncertainty in the ef-
fective capacitive load of the buffers driving these lines. The variation in effective
load creates uncertainty in the delay of a signal that propagates along a buffer
and an interconnect line. An example of a pair of capacitively coupled intercon-
nects is shown in Fig. 1. The propagation delay from point A to point C' along
the wvictim line shown in Fig. 1 is affected by the switching of the capacitively
coupled aggressor line. The signal propagation delay on the victim line can be
divided into two parts: the buffer delay from point A to point B, as shown in
Fig. 1, and the interconnect delay between points B and C.
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Fig. 1. Model for capacitive coupling between two interconnect lines

The uncertainty of the switching activity of the aggressor line shown in Fig. 1
introduces delay uncertainty in the overall signal propagation along the victim
line. Possible signal transitions of the aggressor line during a signal switching on
the victim line are:

i) switch in phase (i.e., the same direction) with the victim line.
ii) switch out of phase (i.e., the opposite direction) with the victim line.
iii) no switching (i.e., remain at a steady state, either high or low).



Any uncertainty in the signal transition of the aggressor line introduces un-
certainty in the effective capacitive load of the buffer driving the victim line.
A relationship describing the delay of an inverter driving an effective capacitive
load Cy, is presented in [19],
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and tp is the signal propagation delay, « is the velocity saturation index [19],
tr is the transition time of the signal at the input of the inverter, and Vpp is
the supply voltage. Vg is the threshold voltage of the active transistor during
a signal transition and Ipg is the drain current flowing through that transistor
(defined at Vgs = Vps = Vpp). Ipo is often used as an index of the drive
strength of a MOSFET transistor and depends upon the transistor width W.

The delay uncertainty of a signal propagating along a buffer due to variations
in the effective capacitive load can be determined by differentiating (1) with
respect to Cp,

Otp = Voo oCr,. (3)
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As shown in (3), the variation in delay dtp is proportional to the variation in
the effective load of the buffer 0Cy,. In addition, it is shown in (3) that increasing
the size of a buffer (i.e., increasing Ipg) reduces the effect of variations in the
capacitive load on the signal propagation delay.

In order to evaluate the delay uncertainty of a signal on the victim line,
a coupled pair of interconnect lines is simulated using Spectre®simulator* for
any possible switching activity of the aggressor line. The interconnect structure
being evaluated is illustrated in Fig. 2.

o Metal layer : ml
o Feature size A = 0.09um
— minimum line width W5, = 3A = 0.27um
— minimum line spacing S,,;, = 3\ = 0.27um
e Line length L = 400um
o Line resistivity Ry, = 296u8/um
e Line capacitance:
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Fig. 2. Simulation setup of capacitively coupled interconnect lines

* Spectre® is a registered trademark of Cadence Design Systems.



The uncertainty in the signal propagation delay along the buffer and the in-
terconnect wire of a victim line is shown in Fig. 3 for different switching patterns
of the aggressor line. In the example shown in Fig. 3, the signal at the input of
the driver of the victim line switches from high-to-low. The size of the driving
buffer for both the victim and the aggressor line is the same. The two lines are
coupled along % of their total length. The uncertainty of the signal propagation
delay along the buffer of the victim line is 23.8 picoseconds as shown in Fig. 3(a).
In addition, the uncertainty of the signal delay along the interconnect of the vic-
tim line is 2.5 picoseconds, as illustrated in Fig. 3(b). The corresponding delay
along the buffer and interconnect wire for an uncoupled line is also shown in
Figs. 3(a) and 3(b) for comparison.
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(b) Uncertainty in the signal delay along the interconnect wire

Fig. 3. Uncertainty of the signal delay propagation along the victim line due to different
switching activities of the aggressor line

As described in (3), increasing the buffer size reduces the sensitivity of the
buffer delay to variations in the load capacitance. This effect is demonstrated
in Fig. 4(a), where the size of the aggressor line buffer equals one while the size
of the victim line buffer is increased by up to five times. In addition, as shown



in Fig. 4(b), the increased current flowing through the driver buffer reduces
the delay uncertainty of a signal propagating along the wire of the victim line
(between points B and C' as shown in Fig. 1), for the same increase in the size
of the victim line buffer.
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(b) Reduction in delay uncertainty of the interconnect line with increasing buffer
size

Fig. 4. Reduction in delay uncertainty along the victim line with increased buffer size

3 Effects of coupling on delay uncertainty

As described in the previous section, the uncertainty in the signal delay along the
interconnect lines depends upon the relative size of the buffers driving these lines.
It is demonstrated that increasing the size of an interconnect buffer reduces the
effects of variations in the effective load. However, the effective capacitive load
is increased with increasing coupling between the interconnect lines. Variations
of the effective load due to uncertain switching activity of the aggressor line can
therefore introduce a greater amount of delay uncertainty on the victim line.



The simulation setup illustrated in Fig. 2 is used to investigate this effect.
Four different coupling scenarios are considered, depending upon the amount of
coupling between the interconnect lines:

1. Low coupling: the lines are coupled along i of the total length.

2. Low-medium coupling: the lines are coupled along 1 of the total length.
3. Medium-high coupling: the lines are coupled along % of the total length.
4. High coupling: the lines are coupled along the entire wire length.

Investigating these coupling scenarios demonstrates that the effect of reduc-
ing the delay uncertainty by increasing the buffer size becomes more significant
as the coupling between the aggressor and victim line increases. As shown in
Fig. 5(a), the uncertainty of the signal propagation delay along the buffer driv-
ing the victim line increases proportionally with increasing capacitive coupling
between the two lines. The delay uncertainty, however, is reduced exponentially
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Fig. 5. Delay uncertainty increases proportionally with capacitive coupling between

the lines
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with increasing buffer size. Similar trends in the delay uncertainty of the signal
propagation delay along the interconnect line are illustrated in Fig. 5(b). The
delay uncertainty increases proportionally with increased coupling between the
lines and is reduced with increasing buffer size.

4 Power dissipation trade offs

Increasing the size of an interconnect buffer reduces the delay uncertainty intro-
duced due to crosstalk between interconnect lines. Increasing buffer size, how-
ever, also increases the buffer area and power dissipation. With increasing die
area and the scaling of on-chip feature size, the requirement for increased buffer
area is not of primary concern. The increase in power dissipation, however, is
a significant effect that imposes practical constraints on the buffer size. In this
section, design trade offs between power dissipation and delay uncertainty are
discussed.

The effect of the buffer size on power dissipation is listed on Table 1. In
the second and third columns of Table 1, the sizes of the NMOS and PMOS
transistors are listed for different buffer sizes. The power dissipation for a signal
transition cycle between high-to-low and low-to-high is listed in columns four
and five. The dynamic power is dissipated while charging and discharging the
transistor gates. The short-circuit power is dissipated due to the current that
flows directly from Vyy to ground during a signal transition, when both the
PMOS and NMOS transistors are on. The increase in short-circuit and dynamic
power with buffer size is illustrated in Fig. 6(a). The leakage power listed in
column six of Table 1 represents the power dissipated due to leakage current
flowing through the buffer transistors while the buffer input is at a steady state
voltage. The increase in leakage power with larger buffer size is illustrated in
Fig. 6(b). The total power dissipation is listed in column seven of Table 1 and
is illustrated in Fig. 6(a).

A qualitative trade off between the reduction in delay uncertainty and in-
creased power dissipation with increasing buffer size can be described by the
Power-Delay-uncertainty-Product (PDyP). The PDy P is introduced to com-
pare the rate of decreasing delay uncertainty with respect to the rate of increas-
ing power dissipation, as the buffer size is increased. Decreasing PDy P with

Table 1. Transistor size and power dissipation components for different buffer sizes.

Buffer|| NMOS | PMOS Dynamic |Short circuit| Leakage Total
Size ||tran. size|tran. size||power (uW)|power (uW)|power (nW)|power (uW)

1 0.9 pm |2.34 pm 55.5 12.7 0.5 68.2

2 1.8 pm | 4.68 um 112.2 26.2 0.9 138.4

3 2.7 um | 7.02 um 165.5 42.7 1.6 208.2

4 3.6 um | 9.36 um 220.3 55.0 2.4 275.3

5 4.5 pm | 11.7 ym 266.9 60.3 3.2 327.2
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(a) Short-circuit, dynamic, and total power dissipation with increasing buffer size
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Fig. 6. Increase in power dissipation with buffer size

increasing buffer size indicates that the reduction in delay uncertainty is higher
than the increase in power dissipation. Alternatively, an increase in PDy P with
increasing buffer size demonstrates a faster increase in power dissipation than
the decrease in delay uncertainty. The P Dy P with increasing buffer size is illus-
trated in Fig. 7 for the delay uncertainty introduced due to capacitive coupling
among interconnects. As shown in Fig. 7, increasing the buffer size is a power
efficient way to reduce delay uncertainty due to interconnect coupling, since de-
creasing PDy P indicates that the power dissipation increases slower than the
delay uncertainty is reduced.

5 Conclusions

The uncertainty in the signal delay due to crosstalk among interconnect lines is
investigated. In addition, the effect on the delay uncertainty of different switch-
ing patterns among capacitively coupled lines is evaluated. It is shown that delay
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Fig. 7. Power-Delay uncertainty Product (PDyP) for different sizes of victim line
drivers

uncertainty increases with coupling among the lines and decreases with increas-
ing buffer size. The effect of increasing the buffer size on the power dissipation
is also examined. A power efficiency metric, the Power-Delay-uncertainty-Pro-
duct (PDy P), is introduced to quantify the trade off between delay uncertainty
and power dissipation. It is shown that increasing buffer size is a power efficient
method to reduce delay uncertainty due to capacitive coupling among intercon-
nects.
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