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Abstract— This paper proposes a method to determine a single
frequency for interconnect RL extraction. Resistance and induc-
tance of interconnects depend on frequency, and hence the ex-
traction frequency strongly affects the modeling accuracy of in-
terconnects. The proposed method determines an extraction fre-
quency based on the transfer characteristic of interconnects. By
choosing the frequency where the transfer characteristic becomes
maximum, the extracted RL values achieve the accurate model-
ing of the waveform. We experimentally verify that the proposed
method provides accurate transition waveforms over various in-
terconnect topologies.

1. INTRODUCTION

According to advancements in LSI fabrication technology,
performance of LSI chips is predicted to improve continu-
ously [1]. As improving the chip performance, on-chip in-
terconnects become important and accurate modeling of inter-
connects is crucial for circuit design. One difficulty of inter-
connect modeling is frequency dependency of the characteris-
tics. Resistance and inductance depend on frequency because
of skin- and proximity-effect [2]. In digital circuits, pulse
waveforms are commonly used. The frequency spectrum of
pulse waveforms widely spreads from DC to frequency sev-
eral times as high as clock frequency. Therefore to model
the behavior of interconnects precisely, designers have to take
the frequency characteristics into consideration. To treat fre-
quency dependent interconnects, several modeling methods
are proposed [3-5]. These frequency-dependent models im-
prove simulation accuracy. However, in circuit design, the con-
ventional frequency-independent model has an advantage that
there are a number of techniques and methods developed so far.
Inductance-aware circuit design techniques, such as analytical
performance estimation, circuit reduction, buffer insertion and
timing analysis, have been widely studied [2, 6-8]. Most of
these techniques assume that interconnects can be modeled as
a frequency-independent RLC ladder circuit. However, how to
cope with frequency-dependency in modeling interconnects as
a RLC ladder has not been studied enough, though its model-
ing accuracy affects design quality. Therefore developing an
accurate modeling technique by frquency-independent model
is indispensable for designing high-performance circuits, and
hence we focus on RL extraction at a single frequency in this
work.

In this paper, the extraction frequency based on the trans-
fer characteristic of interconnects is proposed. It is commonly
adopted to determine the extraction frequency from the shape
of an input signal waveform, especially from the rise time, fo-
cusing on the spectrum of the input signal [2]. This is natu-
ral and reasonable when we analyze the incident waveform to
the near-end (driver output) of the interconnects. On the other
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hand, our main interest is the analysis of the waveform at the
far-end (receiver input). As signals are propagating through
an interconnect, high-frequency components easily attenuate.
The dominant frequency components that determine the far-
end waveform are different from those for the near-end wave-
form. We observe that the transfer characteristic of intercon-
nects is playing an important role in the waveforms at the
far-end of interconnects. Therefore we focus on the transfer
characteristic of interconnects and select the frequency where
the transfer characteristic becomes maximum as the frequency
to use for interconnect RL extraction. A preliminary work is
presented in Ref. [9], however, the frequency determination
method in Ref. [9] is not practical because it can treat only
open-ended uniform transmission-lines without branches. If
the interconnect is branching or nonuniform, the transfer char-
acteristic of each segment is different. The proposed method in
this paper gives a respective extraction frequency to every seg-
ment of an interconnect instead of enforcing a single extraction
frequency on the entire interconnect. The proposed method
systematically determines the extraction frequencies succes-
sively from the sinks to the source by replacing the down-
stream interconnect with the equivalent load impedance. We
experimentally verify that the equivalent circuit of intercon-
nects extracted at the proposed frequency can achieve the most
accurate waveform modeling compared with the conventional
extraction frequencies. Experimental results show the maxi-
mum errors are below 10% in signal delay and signal transition
time. The contribution of this paper is that our method realizes
accurate transient analysis using frequency-independent inter-
connect model. The proposed method is effective when the
topology and the length of interconnects are fixed, for exam-
ple, post-layout extraction.

In Section II, the problems in interconnect modeling are de-
scribed. Section III explains the detail of the proposed method.
We then show experimental results in Section IV. Section V
concludes the discussion.

II. PROBLEM DESCRIPTION

This section describes the problem discussed in this paper.
We first show frequency-dependence of interconnect charac-
teristics and demonstrate its impact on transient analysis.

A. Frequency-dependence of interconnect characteristics

Frequency-dependence of interconnect characteristics is
mainly caused by skin-effect and proximity effect. The char-
acteristics variation is strongly related with the interconnect
structure as well as the frequency. Skin- and proximity-effects
are remarkable on wide and thick interconnects because skin
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Fig. 2. RLC ladder circuit model.

depth becomes comparable to the interconnect size in rela-
tively lower frequency.

Figure 1 shows an example of resistance and inductance
characteristics. The resistance and inductance values are cal-
culated by a field-solver [10]. The assumed interconnect struc-
ture is co-planar, and the width of the signal line is 4um, the
width of the ground line is 10xm and their spacing is 2um. In
this case, the resistance increases by 38% from DC to 10GHz,
and the inductance decreases by 14% from DC to 10GHz. The
resistance and the inductance start changing at relatively low
frequency of 1 to 2GHz, and thus frequency-dependence is not
negligible to model interconnects in current high-performance
circuits any longer.

B. Conventional extraction frequencies

In digital circuits, a trapezoidal pulse that contains multi-
ple frequency components is a common waveform. To model
long interconnects that have transmission-line characteristics,
an RLC ladder circuit as Fig. 2 is used. This ladder model can-
not consider the frequency-dependence of interconnect RL val-
ues. In order to derive frequency-independent model of Fig. 2,
we have to choose a single extraction frequency.

There are several representative frequencies of periodic
pulse waveform. One of them is significant frequency [2]. The
significant frequency f;;, is expressed by signal transition time
t; and defined such that the signal energy from DC to f; be-
comes 85% of all signal energy. In the range 7 < Ty, /t, < 13
where Ty, is the pulse width, fi;, is given by 0.34/¢, [2]. On
the other hand, DC is often used for extraction. Reference [11]
concludes that the extraction at DC is accurate enough to es-
timate signal delay and overshoot/undershoot. DC extraction
is acceptable when frequency-dependence is weak, e.g. for
narrow interconnects or in low frequency. However as shown
in the next section, interconnect modeling at these frequencies
causes error in evaluating the propagation waveform.

C. Interconnect models and their impact on waveform

Generally, interconnects in VLSIs are expressed by lumped
RLC for circuit design. As explained in the previous sec-
tion, the frequency-independent RLC ladder circuit in Fig. 2 is
used to model on-chip interconnects. A number of frequency-
dependent models are proposed [3-5]. In this paper, we use
the model of Ref. [5] as a golden frequency-dependent model.
It is implemented in HSPICE [12] as w-element model. Al-
though frequency-dependent models such as Ref. [5] can pro-
vide accurate waveforms, the frequency-dependent model does
not tell the designers which frequency component is impor-
tant in circuit design. Conversely, if we know which fre-
quency component dominantly forms and affects the wave-
forms at the far-end, we do not necessarily have to use the
frequency-dependent model, and we can use many design
methods and techniques based on conventional frequency-
independent model extracted at the dominant frequency. How-
ever the frequency spectrum spreads widely and depends on
circuit behavior and interconnect characteristics, and hence it
is difficult to specify the most representative frequency from
the frequency spectrum. The goal of this research is to deter-
mine the representative frequency for modeling interconnects
at a single frequency.

Figure 3 shows the impact of frequency-dependence on tran-
sient analysis. The simulated circuit is shown in Fig. 3. The
interconnect shown in Fig. 1 is driven by a voltage source
and a resistor R4 that correspond to a CMOS driver whose
output impedance is 1502. The solid line labeled “FD”
shows the voltage waveform at the far-end by the frequency-
dependent model. In this paper, we use “FD” as the abbrevi-
ation of “Frequency-Dependent model”. The dashed lines la-
beled “DC” and “ f;,” are the results of frequency-independent
models shown in Fig. 2. “DC” means the RLC ladder model
extracted at DC, and “f,” corresponds to RLC extraction
at the significant frequency. The number of ladder is 51.
As you see, both waveforms of the conventional frequency-
independent models (“DC” and “f;,”) are far from that of
frequency-dependent model (“FD”). In the signal propagation
delay time and the signal transition time (from 0.2V to 0.8V),
the errors of “DC” are —28% in delay and —13% in transition
time. The errors of “f,” are 19% in delay and 10% in tran-
sition time. When R and L are extracted at DC, the extracted
resistance is too low, and, the resistance extracted at signifi-
cant frequency is too high. From the above observations, we
can expect that a certain frequency between DC and significant
frequency provides the waveform that is close to the waveform
of the frequency-dependent model. If the representative fre-
quency can be determined systematically, we can model inter-
connects by a single frequency. In the following section, we
discuss the way to determine the representative frequency to
model interconnects at a single frequency.

III. A METHOD TO DETERMINE AN EXTRACTION
FREQUENCY

In this section, we propose a method to determine the rep-
resentative frequency for interconnect RL extraction. The pro-
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Fig. 3. The impact of frequency-dependence on transition waveform.
(interconnect structure is shown in Figure 1, Ry = 15052)
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Fig. 4. Transmission-line with impedance load.

posed method determines the extraction frequency focusing on
the transfer characteristic of interconnects. We first explain the
transfer characteristic of transmission-lines. We then show the
detail of the proposed method.

A. Transter characteristic of transmission-lines

The basic idea of our method is to choose the frequency
where the transfer characteristic becomes maximum. We here
explain the nature of the transfer characteristic of interconnects
based on the transmission-line theory. We here discuss a sim-
ple transmission-line as shown in Fig. 4. The characteristic
impedance is Zj, the propagation constant is -y, the length of
the transmission-line is ! and the velocity of electromagnetic
wave is v. The velocity v is equal to ¢/,/g;, where c is the
velocity of light in vacuum and ¢; is the relative dielectric con-
stant of insulator. The load impedance Z; is connected to the
far-end of transmission-lines. We write the voltage at the near-
end as Vi, and the voltage at the far-end as V.

According to the transmission-line theory, the voltage trans-
fer characteristic Vo, /Vi, is expressed as

Vou _ 1
Vin  coshyl + 27? sinh I’

ey

Figure 5 shows an example of the transfer characteristic of an
open-ended transmission-line. We use the transmission-line
shown in Fig. 1 and the relative dielectric constant ¢, is 4. We
extract the frequency characteristics by a 2D field solver and
model the interconnect by the frequency-dependent model [5].
When the transmission-line is open-ended, the transfer char-
acteristic Voy/Vin becomes maximum where the quarter wave-
length \/4 is equal to the line length /. This nature is used for
quarter wavelength transmission-line resonators. In this case,
the resonance frequency frs where Vo /Vi, becomes maxi-
mum is v/4l = 1.5 x 108/(4 x 5 x 1073) = 7.5GHz.
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Fig. 5. transfer characteristic of a transmission-line with Smm long.

This transfer characteristic affects the waveform at the far-
end of transmission-lines. The frequency components near the
resonance frequency tend to appear at the far-end. On the other
hand, the frequency components near the antiresonance fre-
quency hardly affect the waveform at the far-end. Therefore
the frequency spectrum at the far-end depends on the input
pulse and the transfer characteristic of the interconnect. If the
frequency spectrum of the input pulse spreads over the res-
onance frequency, the frequency components around the res-
onance frequency are expected to affect the waveform at the
far-end. If the resonance frequency is higher than the signif-
icant frequency, the frequency components around the reso-
nance frequency are small because almost all of the frequency
components concentrate in the range from DC to the signifi-
cant frequency.

Figure 6 shows the frequency spectrum of the waveform at
the far-end in the case that trapezoidal pulses with various tran-
sition time ¢, are injected to the near-end of the interconnect
shown in Fig. 5. The transition time ¢, is varied from 10ps
to 50ps, and hence the significant frequency changes from
34GHz to 6.8GHz. The resonance frequency is 7.5GHz. In
this case, the significant frequency is nearly equal to or higher
than the resonance frequency. The frequency spectrum has is a
unique peak at the resonance frequency even if the signal tran-
sition time ¢, is changed. This result indicates the frequency
component at the resonance frequency is an important factor
which determines the waveform at the far-end of the inter-
connect. Reference [9] reports that the resonance frequency
is suitable for the extraction frequency of open-ended uniform
transmission-lines without branches. However, on-chip inter-
connects is not uniform and have branches. If the interconnect
is branching, the transfer characteristic from the driver to one
receiver is not the same as that from the driver to the other re-
ceiver. Therefore we cannot apply the method in Ref. [9] to
branching wire directly.

B. Flow of the proposed method

This section proposes a method to determine the extraction
frequency based on the transfer characteristic. We explain the
flow of the proposed method. Figure 7 is the conceptual dia-
gram of the proposed method. We divide an interconnect into
segments at the branch points or discontinuous points and con-
sider as a tree such that the root node is the output of the driver
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Fig. 7. Conceptual diagram of the proposed method.

and the input of the receiver is the leaf node. The proposed
method determines the extraction frequencies for each segment
from leaf to root by replacing the downstream branches with
the equivalent load impedances.

Assumptions of the proposed method

The proposed method determines the extraction frequency
from the topology of interconnects and the length of each seg-
ment. We assume that the velocity of electromagnetic wave v
is known and a constant value. In LSIs, this assumption is valid
because the velocity v depends on the relative dielectric con-
stant ¢, and it is constant in the same fabrication process. We
also assume that the significant frequency fg;, is known. As
described in following step, we use the significant frequency
as the upper limit of the extraction frequency. Additionally,
we assume that the characteristic impedances of each segment
are the same. Strictly speaking, this assumption is not correct.
However in LSIs, the characteristic impedance of on-chip in-
terconnects does not vary drastically even if the interconnect
structure changes. The typical value of co-planar structures is
from 5012 to 100€2. In the following section, we experimen-
tally verify that these assumptions are reasonable.

Step 1. Determine the extraction frequency for terminal
segments

If the length of the segment and the load impedance are known,
the frequency frs at which the transfer characteristic of the
segment becomes maximum can be determined from Eq.(1).
The resonance frequency f;.s depends on the length of the seg-
ment and the load impedance. Generally, as short the segment
is, the extraction frequency becomes higher. The frequency fies
can be too high frequency to use as an extraction frequency. If
the frequency component of the input is too small at the fre-
quency, extracting at the frequency at which the transfer char-
acteristic becomes maximum is meaningless. We therefore set
the upper limit of the extraction frequency. As mentioned so
far, the significant frequency fg, is defined as the frequency
that the 85% of all the energy is included from DC to f,.
In the case that the resonance frequency is higher than signif-
icant frequency, the frequency components around the reso-
nance frequency are small and hardly affect the waveform at
the far-end. Therefore it is reasonable to use the significant
frequency as the upper limit of the extraction frequency. Ex-
traction frequency fproposed 1S expressed as

fpmposed = min (fres, fsig) . ()

Reference [9] reports the case of open-ended uniform
transmission-lines. In CMOS circuits, the input capacitance
of the gates is small and we can assume the segments con-
nected to the receiver are open-ended transmission-line. The
extraction frequencies of these open-ended branches are the
frequency where the quarter wavelength is equal to the inter-
connect length. When the length of a segment is [, the reso-
nance frequency fi is v/4l. We cannot apply the method in
Ref. [9] to interconnects which have a large capacitive load or
a resistive termination because Ref. [9] assumes open-ended
transmission-lines. By using Eq. (1), the proposed method can
be applied to the interconnects that we cannot be regarded as
open-ended transmission-lines.

Step 2. Replacing terminal segments with equivalent load
impedances

At step 1, the extraction frequencies of terminal segments are
decided. To decide the extraction frequencies of the preceding
segments, we replace the segments whose extraction frequency
is already decided with equivalent load impedances. This step
corresponds to Fig. 7. II. By replacing with the equivalent
load impedance, we can calculate the extraction frequency by
Eq. (1). For example, in Fig. 7, we can calculate the extraction
frequency for the segment B-C by replacing the segment C-E
and C-F with the equivalent load impedances.

The load impedance of a certain segment is the input
impedance of the downstream branches. For example, the load
impedance of the segment B-C in Fig. 7 is the input impedance
of the segment C-E and the segment C-F. As shown in Fig 7. 11,
the input impedance of transmission-lines can be modeled by
a RLC series resonator circuit whose resonance frequency is
equal to f.s. We can ignore the resistance because the pro-
posed method needs only the resonance frequency. The input
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impedance of a certain segment is expressed as

L1-WwL Z
o=y Bl B 3)
C jwVvLC jtan (£&)

v

where [’ is equivalent length defined as v/4f.s. We assume
that the characteristic impedances Z; of each segment are the
same. Therefore the value of the inductance L and the ca-
pacitance C are determined from the characteristic impedance
Zy and the resonance frequency frs. This means that once
the resonance frequency fe is calculated, the equivalent load
impedance is uniquely determined.

Figure 8 shows an example of transfer characteristic esti-
mated by Eq. (1) and the equivalent load impedance defined by
Eq. (3). Figure 8 is the voltage gain between node A and node
B. The interconnect topology is a branching wire as shown in
Fig. 8. The solid line is the transfer characteristic by SPICE
AC analysis. The dashed line labeled “Simulation with equiv-
alent load” is the result of SPICE simulation using the equiv-
alent load, and the dashed line labeled “formula” is that by
Eq. (1) with the equivalent load impedance. The resonance fre-
quency fopen When we assume the segment A-B as open-ended
is 37.5GHz. As shown in Fig. 8, the transfer characteristic es-
timated by Eq. (1) with equivalent load impedance is valid to
estimate the peak of the transfer characteristic. On the other
hand, the frequency fypen becomes antiresonance frequency on
the segment A-B and the transfer characteristic at fopen be-
comes minimum. This result shows that we have to consider
the load impedance to estimate the first peak frequencies of the
transfer characteristic. From the above discussion, the transfer
characteristic can be estimated by Eq. (1) with equivalent load
impedance by Eq. (3).

By replacing the terminal segments with equivalent load
impedance, the terminal segments are eliminated and other
segments become terminal segments. We can return to step 1
and determine the extraction frequency for new terminal seg-
ments. The proposed method determines extraction frequen-
cies for each segment by iterating the step 1 and step 2.

IV. EXPERIMENTAL RESULTS

This section demonstrates experimental results. We show
the experimental results of a major interconnect topology, stub-
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Fig. 10. Extraction frequencies by the proposed method.

bus. We then show statistics of experimental results in various
situations.

A. Stub-Bus topology

We show the experimental result of stub-bus structure. Fig-
ure 9 shows the interconnect topology. The bus line A-B-C-D-
E is a fat wire that the signal width Wy = 10um, the ground
width W, = 10pm and the spacing S = 2um. The stubs
are short and thin wires, that Wy = 1luym, W, = 1pum and
S = 2um. The driver output impedance is 502 and the transi-
tion time of input is 10ps.

We here show the frequency determination process step by
step. First, the stubs (B-F, C-G, D-H and E-I) are the termi-
nal segment. The resonance frequency of the stubs is 375GHz
from the length. The resonance frequency is higher than the
significant frequency, 34GHz. Therefore the extraction fre-
quency of stubs is determined to 34GHz. Then we can replace
the stubs by the equivalent load from Eq. (3). By replacing the
stub E-I, the resonance frequency of the segment D-E is deter-
mined from Eq. (1). By iteration of step 1 and step 2, we can
obtain the extraction frequency of each segment in the order
of D-E, C-D, B-C, A-B. Finally the extraction frequencies by
the proposed method are determined as shown in Fig. 10. Fig-
ure 11 shows the waveform at the node I and Table I shows the
errors in delay and transition time. The ladder model extracted
at DC or significant frequency causes serious error especially
in signal transition time. As shown in Fig. 11, DC extraction
underestimates the attenuation and f;; overestimates. DC ex-
traction also causes 8% error in delay because the extraction
at DC causes estimation error in phase velocity. On the other
hand, the RLC ladder by the proposed method provides accu-
rate modeling of frequency-dependent interconnect.

B. Results of overall experiments

We evaluate our method under various conditions for veri-
fication. In this section, we show the statistical summary of
all experiments. We vary the topology of net, lengths of each
segment, interconnect structure, driver size and transition time
of input. The number of segments in one net is varied from 1
to 5. The length of segment is 200pm—5mm. We use co-planar
structure, whose signal width W and ground width are 1;m-—
10pm and the spacing S is 2pum—8um. The output impedance
of the driver is 25Q—-10012. The transition time of input pulse is
10ps—100ps. By changing those parameters, we evaluate 9,545
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TABLE I

ERRORS IN THE DELAY TIME AND THE TRANSITION TIME AT THE NODE I
OF THE STUB-BUS.

Extraction delay transition time

Frequency | [ps] error [%] | [ps] error [%]
FD 34.5 — | 195 —
DC 37.3 8.1 6.8 —65.4
Proposed | 35.3 23| 21.2 8.7
fsig 35.3 2.3 | 40.6 108.2

patterns of net and observe the waveforms at 43,199 nodes in
total.

Table II shows the summary of overall experiments. Table 11
contains the maximum error in delay time and transition time
(rows of “Max. error”), and the ratio of nodes where the er-
ror is over 5% (rows of “> 5%”). The ladder extracted at
DC tends to underestimate the delay and transition time, and
the ladder extracted at significant frequency fg;, overestimates.
In the case of the ladder extracted at DC, the error in delay
exceeds 5% at the 12% of all nodes and the maximum error
is —88.1%. In transition time, the error at 28% of nodes ex-
ceeds 5% and the maximum error is —71.9%. In the case of
significant frequency, the error in delay at about 12% of all
nodes is over 5% and the maximum is 110.0%, and the error
in transition time at about 35% of all nodes is over 5% and
the maximum is over 160%. Those errors are serious problem
for evaluating the circuit behavior, such as timing analysis. On
the other hand, the proposed method achieves the error less
than 10% in both delay and transition time. The results above
confirm the RLC ladder extracted at the proposed frequency
provides accurate modeling of frequency-dependent intercon-
nects.

V. CONCLUSION

The frequency that should be used to extract RL values is
discussed. When we use frequency-independent equivalent
circuits for circuit design, the extraction frequency must be
carefully determined to maximize the fidelity in interconnect
characteristics. We propose an RL extraction scheme that uses
the frequency determined by interconnect length. We experi-
mentally verify that the proposed frequency achieves the most

TABLE I
STATISTICAL SUMMARY OF OVERALL EXPERIMENTS.

Extraction delay transition time

Frequency | Max. error > 5%* | Max. error > 5%
DC —881% 115% —-719% 27.8%
proposed —-99% 54% —98% 125%
fsig 110.0% 122 % 160.3 % 352 %

(* : The ratio of the experiments that the error is over 5%.)

accurate estimation in signal propagation delay and transition
time. The maximum error is within 10% in delay and in transi-
tion time in our experiments. With the proposed representative
frequency, RL extraction at a single frequency becomes accu-
rate enough to model interconnect characteristics, and hence
we can exploit many effective design and analysis techniques
developed ignoring frequency-dependence.
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