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Abstract—The on-chip inductive impact on signal integrity has
been a problem for designs in deep-submicrometer technologies.
The inductive impact increases the clock skew, max timing, and
noise of bus signals. In this letter, circuit simulations using silicon-
validated macromodels show that there is a significant inductive
impact on the signal max timing (∼ 10% pushout versus RC
delay) and noise (∼ 2 × RC noise). In nanometer technologies,
process variations have become a concern. Results show that
device and interconnect process variations add ∼ 3% to the RLC
max-timing impact. However, their impact on the RLC signal noise
is not appreciable. Finally, inductive impact in 65- and 45-nm
technologies is investigated, which indicates that the inductance
impact will not diminish as technology scales.

Index Terms—Inductance, interconnections, very-high-
frequency (VHF) integrated circuits.

I. INTRODUCTION

THE INDUCTIVE impact on timing and noise of ultrahigh-
frequency designs has been a challenge for technologies

below 0.25 µm [1]–[7]. The inductance impact increases the
clock skew, max timing of signals, and noise injection on the
signals and power/ground grids. In nanometer technologies,
interconnects become more resistive due to smaller wire width
and more coupling capacitive due to smaller wire spaces, which
may potentially alleviate the inductance effects. On the other
hand, faster signal rise-and-fall times inevitably increase di/dt
and inductive effects. Evaluation of the inductive impact in the
90-nm technology and beyond is necessary for proper under-
standing of signal integrity for high-performance circuits. In ad-
dition, process variations become a major issue for nanometer
technologies [8]–[10]. Intra-/inter die device and interconnect
variations add another dimension to signal-timing uncertainties,
and it is worth investigating the inductive impact on the signal
integrity in the presence of process variations. In this letter,
circuit simulations using silicon-validated RLC extraction and
circuit macromodels show that the inductive impact on signal
timing is not alleviated relative to the 130-nm technology, and
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that the impact on the noise becomes larger. Inductance-impact
analysis with process variations reveals that inductive impact is
larger than the process-variation impact. Finally, the inductive
impact in 65- and 45-nm technologies was studied based on the
2004 International Technology Roadmap for Semiconductors
(ITRS) [11]. Results predict that the inductance impact contin-
ues to be significant as technology scales.

II. SIMULATION FOR INDUCTIVE IMPACTS AND

PROCESS VARIATIONS

To have an accurate simulation of the inductive impact, a test
chip was designed and manufactured in a 90-nm process tech-
nology to calibrate RLC extraction circuit models [12], [13].
The circuit RLC parameters were extracted using RAPHAEL.
Multiple π models are used to model long wires, which include
resistance, capacitance, coupling capacitance, and self- and
mutual inductances between all wires. To model proximity
effects, simulation windows are bounded by four power bays
in the same metal layer and above/below metal layers. HSPICE
simulation results show that simulated S-parameters and mea-
sured S-parameters match very well up to 20 GHz (errors
< 5%) [13], which validates the circuit macromodels and
extraction methodology. These accurate models make it pos-
sible to analyze the inductive impact on timing and noise for
interconnects in the 90-nm technology.

To simulate the inductive max timing and noise impact,
consider two parallel 15-bit buses, one in M6 and one in M4,
in a 90-nm technology. Every three signal wires share two
power/ground wires (Fig. 1). Such bus structures are typical in
high-performance CPU designs. HSPICE is used in all circuit
simulations to include any nonlinear effect from the driver/load
devices. To simulate the worst case inductive impact on the
max-timing stage delay, the two nearest signals next to the
victim (in M6) switch against the victim to maximize the Miller
effect of the wire capacitance, while the rest of the signals
switch with the victim to maximize inductive impact. This
scenario will maximize the stage delay due to the inductive
impact against the worst case RC simulation. In terms of noise
simulation, the victim wire is kept quiet, and all other switching
activities are the same as in the delay simulation. All delay and
noise measurements are taken at the far end (FE) of the victim
wire. The circuit is simulated both with inductance (RLC) and
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Fig. 1. All wires are 1500-µm long and modeled by six π models. Drivers
are prebuffered and sized to be 20X in M6 and 16X in M4 in order to have
a rise/fall time of ∼ 50 ps at the driver inputs and ∼ 100 ps at the receiver
inputs (20%–80% VDD). The wire pitch is 0.6 µm, and the metal thickness is
0.33 µm. The resistance, coupling capacitance, and ground capacitance of the
victim wire are 0.25 Ω/µm, 0.07 fF/µm, and 0.1 fF/µm, respectively. The RLC
stage delay is 137 ps while the RC stage delay is 125 ps — an inductive pushout
of 9.6%. The pushouts in multiple stages converge to 8% due to the signal
overshoots from the RLC wires.

Fig. 2. Ratio of RLC peak noise over RC peak noise is greater than one for
wires longer than 500 µm in a 90-nm technology. Ignoring inductance in the
noise simulation underestimates the signal noise. The bus structure consists of
two 15-bit buses in M6 and M4, and the victim is in M6. For clarity, only signal
lines in M6 with power grid in M7–M8 are plotted. The wire pitch is 0.6 µm,
and the metal thickness is 0.33 µm. The resistance, coupling capacitance,
and ground capacitance of the victim wire are 0.25 Ω/µm, 0.07 fF/µm, and
0.1 fF/µm, respectively. The input rise time is 48 ps (20%–80% VDD).

without inductance (RC). Results show that RLC 50%-delay
has 9.6% pushout compared to RC 50%-delay (Fig. 1). Due
to inductive impact, the victim signal starts to fall later than it
does in RC, but has relatively faster fall time. To have accurate
max-timing estimation, this inductive pushout must be taken
into account in timing analysis. Noise simulations show that
RLC noise is 2.1× RC-noise simulation. The larger glitch and
ringing on the signal may cause a circuit functional failure,
especially in dynamic circuits. In addition, inductive noise is a
function of the wire length. Any wires longer than 500 µm have
significant RLC noise (Fig. 2). In order to avoid the inductive
impact, analysis should be done in the early stages of design to

create inductance-aware wire classes or to factor their impact
into the design.

Process variations become increasingly important in the
90-nm technology and beyond. Table I shows the impacts
from device and interconnect variations on stage delay and
noise. Inductance is a weak function of geometry as can be
seen from the approximate formulas for wire self- and mutual
inductances
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where l, w, t, and d are the wire length, width, thickness, and
wire center-to-center distance, respectively. µ0 is the permeabil-
ity. For a 1000-µm-long wire with width and thickness equal
to 1 µm (Lself = 1.5 nH), the inductance variation is 0.1 nH
for a 1-µm-width (2X) variation [14]. If there is a wire and a
ground return in parallel with the lengths of a 1000-µm (width
and thickness of 1 µm), the wire-loop inductance varies 0.2 nH
per 1-µm-width change. However, the inductance impact can
become larger or alleviated by process variations (Table I). It
is worth pointing out that the increased current driving force
(larger di/dt) from shorter channels does not make the induc-
tive effect more severe, because capacitive effects dominate
the max-timing stage delay under this switching condition
(Miller effect). Similarly, interconnect thickness variations do
not change the inductance impact much, and process variations
do not add more to RLC noise.

III. INDUCTIVE IMPACTS IN FUTURE TECHNOLOGIES

Having followed a similar methodology to that used in [3],
which predicted the inductive effect down to the 130-nm-
technology node, simulations were performed for sub-130-nm
technologies. Fig. 3(a) shows the RC and LC delay estimation
of a coplanar clock wire in M8 for the 90-nm node. For wire
lengths from 2.5 (Len1) to 9.5 mm (Len2), it illustrates that
RC delay estimation is faster than the speed of light, which
is not physical. It simply means that inductance needs to be
included in the wire model, otherwise, the wire delay will be
underestimated. For wire lengths smaller than 2.5 mm, gate de-
lay dominates. But inductance is needed for bus-noise analysis
for any wire length longer than 500 µm. Based on ITRS’04,
RLC extractions were performed to calculate Len1 and Len2 for
sub-130-nm technologies. Fig. 3(b) plots Len1 and Len2, which
predict the wire range where inductance effect is important. The
ranges for future technologies indicate that inductive impact for
practical circuits will not diminish as technology scales.

IV. CONCLUSION

In this letter, circuit simulations, using silicon-validated cir-
cuit models, reveal significant inductive impact on clock, bus
signal max timing (∼ 10% pushout) and noise (∼ 2 × RC
noise). Collective impact of inductance and process variations
is about 6% to 13% for max timing, but does not show much
noise difference compared to RLC simulations. The analy-
sis based on the ITRS’04 shows that inductive impact on
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TABLE I
IMPACTS FROM PROCESS VARIATIONS AND INDUCTANCE IMPACT IN THE PRESENCE OF PROCESS VARIATIONS∗

Fig. 3. (a) For the 90-nm technology in the range of 2.5- to 9.5-mm wire
length, RC delay estimations underestimate the wire delays. The wire width
and spacing are 2 µm. The metal thickness is 0.8 µm. (b) For each technology
node, any coplanar clock wire of length below the Len2 line and above the Len1
line will see the inductance impact on delays (i.e., delay is underestimated if the
inductance is not included in the timing analysis). The wire pitches and widths
are 2 µm. The gate switching time is based on the ITRS’04 (e.g., 16.23 ps in
65-nm technology).

interconnect delay will not be alleviated in the 65- and 45-nm
technologies. High-performance designs need to take measures
to minimize the impact effectively [5], [15].
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