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ABSTRACT

Ever increasing circuit density, operating speed, faster

on-chip rise times, use of low resistance Copper (Cu)

interconnects, and longer wire lengths due to high level of

integration in VLSI chip designs, have necessitated the

need for modeling of wire inductive (L) effects which were

ignored in the past. In this paper we will review different

approaches of modeling the on-chip wire inductance, and

discuss practical methods of assessing the inductance with

special reference to return path in an IC chip. This will be

followed by discussion on impact of inductance on

performance of high speed VLIS. We then cover methods

of validating the models using test chip approach.

Keywords: On-chip inductance, inductance modeling,

inductance characterization, inductance test structures. 

1 INTRODUCTION 

As operational frequency of IC chips with copper (Cu)

interconnects increases towards multi-gigahertz (GHz) 

range, the on-chip inductance effects can no longer be

ignored for the state of the art VLSI design. The inductive

effect can cause ringing and overshoot problems in clock 

lines, and reflections of signals due to impedance

mismatch. In addition, the switching noise due to inductive

voltage drops is an issue for the power distribution network.

Thus it is important to model inductive effects accurately 

for high speed VLSI design.

Inductance of a wire is more complicated to model

compared to resistance or capacitance because the

inductance describes the magnetic flux being generated by

current flowing in a loop. In a VLSI chip, calculation of 

wire inductance will therefore require knowledge of the 

current return path. However often the return path is not

easily identified as it is not necessarily through the silicon

substrate. Calculation is further complicated by the fact that

not all the return currents follow DC paths as some are in

the form of displacement current through the interconnect

capacitances. Furthermore, unlike capacitive coupling, 

inductive coupling has long range effects because the 

magnetic field strength decreases much slowly compared to 

the electric field strength. As such localized windowing

(nearest neighbor approximation) commonly used for

capacitance calculation may not be valid for inductance

calculation [1]. 

In section 2, we review different approaches of

modeling the wire inductance, followed by discussions in

section 3 on practical methods of assessing the inductance

with special reference to return path in an IC chip. Section

4 covers methods of characterizing on-chip inductance and

validating the models using test chip approach.

2. EFFECT OF INDUCTANCE ON IC 

DESIGN

Unlike line capacitance that is directly proportional to

the length of the interconnect, inductance effect in an IC

chip is length dependent. The length range where on-chip

inductance is important is given by the following bound [2, 

3]:

C

L

R
l

LC

tr 2

2
  (1)

As technology advances, with faster on-chip rise time,

higher clock frequencies and the use of Cu wires as

interconnect, the range of wire length where inductance is

important becomes larger [4] (Fig. 1). For wires of a VLSI

chip in this range, the use of RCL models as a distributed

network becomes a necessity.  Even more critically, a 

RCLK model, in which not only self inductance L, but the

mutual coupling inductance K is considered, is needed. In

fact, the inclusion of K becomes more important for 

technology node of 90nm and below. Figure 2 shows the

results of simulation using 3 different interconnect delay

modes [5]. The importance of mutual inductive coupling

(RLCK model) is evident.

Fig. 1 Inductive effects vs. technology scaling. After Qi. et al. [4].

Traditionally, the inductance extraction and molding

problem has been suppressed by design strategies, which

minimize the formation of significant long-range

inductance on chip. One straightforward approach is that

wiring layers containing lines with high current density are

sandwiched in between isolating metal planes above and 
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3. INDUCTANCE MODELING below [6]. With ground planes sufficiently close, the 

magnetic field is blocked and the couplings to adjace nt

layers and crosstalk are effectively suppressed [7]. By 

knowing current return paths, calculation of the loop

inductance is easy. However, the isolating layers add

significantly to the capacitive coupling of the surrounding

lines which adversely impacts the speed and power

dissipation of the circuitry.

Inductance, by definition, is for a loop of a wire, wider

the current loop, higher the inductance,
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where ij represents the magnetic flux in a loop i due to a 

current Ij in loop j. The re are different methods of modeling

inductance effect of a wire. The most accurate one is based

on Maxwell equations, the so called field solver approach,

but is not suitable for circuit level inductance calculation.

At the chip level different approaches are used and

discussed below.

3.1 Field Solver
The modeling and calculation of inductance of a wire in 

an IC chip requires knowledge of the return path(s). Three

dimensional (3-D) field solvers are used to extract

inductance using following current integral equation

without the need to know the actual return paths,
Fig. 2 Signal bus inductive noise simulation using various delay 

models
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Another selective method of reducing inductance

between high current wires is to introduce additional

inverters in the lines at regular intervals [6]. This causes the

current to change direction in each adjace nt interval, thus

the self inductance of the entire line is reduced

significantly. At such point, the RC propagation dominates

and inductance models are no longer required. However

this approach can be costly in terms of IC area, 

performance and power consumption [8].

where V is the volume of the conductors, r’ is the source 

point vector, is the frequency and 0 is the free space

permeability.

Finite difference or finite element methods are applied 

to the governing Maxwell equations in differential form to

calculate magnetic flux  and current density J, hence L

using Eq. 2. The Maxwell equation approach generates a 

global 3-D mesh that makes it impractical to extract

complex 3-D structures such as the one encountered in a 

VLSI chip.

Scaling scheme has been proposed [9] to extend the

current design tools and methodologies to cope with

inductive effects of future technologies. The scheme

includes the optimization of driver size, buffer area, and 

interconnects line width and length. The critical

interconnect length lcrit for which the interconnect is neither

over-damped nor under-damped can be obtained for a 

uniform distributed RLC line as a function of interconnect

geometry and input vector. For each technology node,

while keeping the aspect ratio and interconnect pitch as 

depicted by ITRS, global line widths are varied until lcrit vs. 

l plot coincides with the 180nm technology case, ensuring

inductive effects remain constant across technology nodes.

However the increase of the minimum wire width as a

result of this scaling scheme creates wireability problem

and may increase metal layer numbers and chip area.

Sometimes inductance matrix [L] is derived directly

from the capacitance matrix [C] such that [L] = [C]-1/ 0
2,

where 0
2 is the phase velocity of the medium. Because the 

relation holds only for ideal transmission lines, with perfect

conductor and perfect dielectric, it will result in

underestimation of the on chip wire inductance [3].

3.2 Partial Inductance/PEEC Method
At IC chip level, it is not clear which conductor forms

the loop, and the return path is not easily identified. An

effective way of analyzing inductive effect of complex wire

structures is the partial inductance (PI) method, in which

the current is assumed to return at infinity [11]. The infinite

loop cancels out when two line segments are subtracted and

the determination of the returning path for each wire is not

required. Based on PI approach, the self, mutual

inductances of two parallel lines of length l, width w, and

thickness t, separated by distance d are:

Despite problems such as unwanted ringing and

overshooting, reflection of signals and switching noise

caused by inductive effect, the inductive behavior of the

wire can be exploited for new concepts that benefit high-

speed circuit design [10].
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Extending the PI approach to on-chip inductance

calculation, the so called Partial Element Equivalent Circuit

(PEEC) method [11-13], determines the inductance

associated with each wire by breaking it into segments and

then calculating self-inductance associated with each wire

segment and mutual inductance associated with each pair of

wire segments. Because of the long range influence of

magnetic field, the inductance matrix is usually very dense

and simulation of this scale may not be practical for every

wire at chip level. Therefore, this method is often used to

extract wire inductance for critical nets only.

Based on PEEC model, a frequency dependent

inductance and resistance extractor (FastHenry) was 

developed [14]. The method divides conductors into

filaments and solves for impedance matrix using

accelerated multi-pole approach. Figure 3 is a simulation of

the inductance vs. frequency of a signal line with multiple

coplanar return paths, here w = 0.5 m, s = 0.5 m, h =

0.8 m and l = 1000 m. In this figure, the low frequency

inductance value holds up to 1GHz before it starts to decay

to coplanar two line return (CTR) model as shown in the

figure.  In the presence of 32 return paths, the actual

inductance is more than double that of the CTR model [15]

for frequency up to 1GHz.

Fig. 3 Inductance vs. frequency using different number of return

paths [14].

3.3 Loop Inductance 
The formidable dense inductance matrix has prompted

the returning of loop inductance approach to extract L for

today’s VLSI designs. The loop inductance model can be

used to find the inductance effect, if the return path is

known or can be estimated. The model is suitable for well

designed IC structures, such as clock nets shielded by 

power/grounding wires next to them. For a structure of a 

single line over power grid, inductive interaction within

every segment surrounding a signal line can be

incorporated into an effective loop inductance Leff [16].

Excellent linearity is observed for high frequency

inductance because return current is mostly confined to the

nearest power grid. The inclusion of up to the second

nearest pair of grid is sufficient for less than 5% error in

Leff. The Leff of diagonal wires over the power grid is

insensitive to the relative location of the wires due to the

fact that magnetic flux between the diagonal wires and the

nearest power grid does not change much by changing the 

location of the diagonal wires [16].

Even with exact return path unknown, the Min/Max

loop inductance estimation can provide an insight into

inductance effects of a VLSI design [17]. The loop 

inductance of two wires is given as: 

 Lloop = L1 + L 2 -2M   (6)

where L1 and L2 are the partial self inductances and M is

the partial mutual inductance. Note that the minimum loop

inductance occurs when the mutual inductance is at its

maximum, or the returning paths are provided at the nearest

possible location. Assuming a constant layer thickness, the

optimal spacing and wire width values can be calculated.

As expected, the minimum loop inductance occurs when

the spacing between the signal and ground wires is

minimum. The optimal width of the ground wire is a 

function of the signal wire width, thickness and spacing

[17]. An absolute upper bound for the loop inductance is

obtained by assuming a return path at infinity with infinite

width. In this case, the loop inductance is equivalent to the

partial self inductance of the wire (see Fig. 4). 
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Fig. 4 Comparison of loop inductance with different returning

paths (assuming W = 5 m, t = 0.5 m).

Inductance estimation can be obtained from

formulations of the characteristic impedance for

transmission lines and their relationship with distributed

inductances.  It has been shown that the loop inductance of 

a wire over a ground plane and the mutual inductance of

two wires on a ground plane are [18]
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4. INDUCTANCE CHARACTERIZATION

USING TEST STRUCTURES
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The only way to validate inductance extraction, and 

investigate the inductive effects accurately is to use test 

chip. Investigations of noise and delay values as functions

of interconnect length, width and spacing, under lumped or

distributed gate loading, and inductive effects in the

presence of various returning paths including substrate,

coplanar structures, under layers, power grid, ground bus,

and random structures can be performed using test

structures. Either direct time-domain approach such as 

using ring oscillators or frequency-domain measurement

such as S-parameter characterization can be used to analyze

on-chip inductance.

Where h is the wire height from the bottom of the wire 

to the ground plane. W and t are the width and thickness of

metal wire, and D is the center to center wire separation.

Note that in Eq. 7 when the wire height increases, the

loop inductance increases and approaches the upper bound

which is defined by the self-inductance calculated using

PEEC method (see Fig. 4).

3.4 Frequency Dependent Inductance Modeling
A ring oscillator in which two legs of the oscillator

traverse a reasonably long interconnect path was used to

study the performance of a given system of conductors

[21]. The conductor configuration consists of aggressor

wires and a victim wire. Different cases were studied as 1)

no nearby return paths exists, 2) effects of a reference

plane, and 3) various signal to return ratios with various

return widths. The circuit enables the effects of inductance

on delay and overshoots to be measured on the aggressor

wires and induced noise to be measured on the victim wire. 

The loop frequency and noise level measurement showed 

excellent correlation to the simulation results. The results

demonstrated significant overshoot if no nearby return

paths were provided.

Inductance is frequency dependent as evident from Fig.

2. Ideally the frequency dependent parameters of general

RLCG model in Fig. 5(a) should be used in the circuit

simulation. However the frequency dependent parameters

are not supported in many circuit simulators such as SPICE.

A parallel RLC model (Fig. 5(b)) that consists of low-

resistance, high-inductance path at low frequency, and

high-resistance, low-inductance path at high frequency has

been proposed [19] to incorporate the frequency-dependent

behavior of an interconnect. Multiple parallel branches

(Fig. 5(c)) are used to model inductance reduction at high

frequency due to capacitive coupling of the signal line to

random lines and power grids [20]. By introducing separate

“slow-wave factor” (SWF) for parallel and crossing lines,

and low-frequency (DC), moderate-frequency (MF) and

high frequency (HF) parameters, the high frequency

interconnect behavior can be modeled more accurately [20].

Ring oscillators were also used for characterizing the

ratio between effective driver resistance and characteristic

impedance of the wire [19]. Two different configurations of

ring (loop) are used to study this behavior as shown in Fig.

6. The mismatch between the wire and the driver will result

in overshoot and ringing.

 (9)

Fig. 6 Ring oscillators with connections at (a) destination (b)

source [22].

Inductance-Oscillator whose oscillation frequency is 

determined by the wire inductance has also been developed

to quantitatively evaluate inductance impact on on-chip

interconnect delay [22]. It consists of a ring oscillator, long

signal lines and on-chip frequency counter. The long signal

lines have equal parasitic capacitance and resistance but
Fig. 5 (a) Telegrapher’s equation RLGC model (b) Parallel RCL

model [19], (c) Frequency dependent RCL model [20]
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different loop inductance. Each structure includes different

signal power supply and ground wire configuration, and 

each long signal line employs a coplanar wave guide

configuration. The equivalent distance to the nearest ground

grid, which serves as the current return path is varied to

control wire inductance. The measurement results suggest

that if an insufficient ground were used, unpredictable

timing difference due to inductance may arise even for

coplanar structures.

Frequency domain S parameter characterization is

carried out by launching waves from both ends of a signal

line and measuring the reflected (S11) and transmitted (S21)

network parameters using a network analyzer over the

frequency range up to 50-100GHz. Dummy open structures

are required to de-embed the pad parasitics. Telegrapher’s

parameters (RLGC) or various frequency-dependent RLC

models parameters (such as R1, L1, R2, L2, etc. as shown

in Fig. 4) can be extracted from S parameters results [19-

20, 23-24].

Interconnect transmission line effects due to the 

characteristics of a silicon substrate, ground planes, co-

planar lines and power/ground grids were studied and

characterized using S parameter measurement [4, 19, and 

25]. Measurement results and FastHenry simulation show

that at low frequency, most current returns through the

minimum resistance path, the current uses as many return

paths as possible, and often through the nearest ground 

wires. The inductance increases for increasing spacing

between the wire and the nearest ground wires of the co-

planar structure because more flux is enclosed between the 

signal and the return ground. At higher frequency, current

return path is to minimize loop inductance. The inductance

is decreased due to the proximity effects between the wires

as well as between the wire and the substrate. Time-varying

magnetic fields coupled to the substrate generate eddy

currents that offer a portion of the current return paths.

With eddy current, the substrate, even power grid and 

random lines can reduce inductance.

For VLSI chip, power and ground are usually

distributed through grid structure in order to minimize IR

drop and reduce ground bounce. Due to proximity effects, 

the nearest power and ground wires provide the return paths

for most of the signal current through coupling. With

substrate excluded, multiple parallel (with signal line)

ground wires in ground grids reduce signal wire inductance

by providing multiple current return paths. Floating wires

do not affect the signal wire inductance if these wires are 

smaller than 20 m due to negligible eddy currents.

However dense grid and ground planes can generate eddy

current due to the existence of time-varying magnetic field.

Whether the grid structure is floating or grounded does not 

make much difference in the wire inductance.

Using a test structure that consists of a set of pseudo-

random signal lines that are connected to on-chip drivers to 

mimic a real chip (Fig. 7), the inductance effects were

studied and compared to the conventional co-planar wave 

guide structures [18-19]. The results showed that random

signal lines and power grids reduce high-frequency

inductance significantly by providing closer return paths

through capacitive coupling. The signal lines could couple

inductively to the parallel random lines which effectively

reduces the line inductance. They can also couple

capacitively to the orthogonal random lines that in turn

connect or couple to parallel random lines. Whether the

drivers of the random lines are on or off does not

significantly affect the inductance because the nature of

capacitive couplings to the power grid and signal lines.

Fig. 7 Inductance test structures [18] (a) conventional (b) mimic a

real chip 

Due to its low resistance value, the inductive effects of 

Cu wires are expected to be different from those of Al

wires. Figure 8 is the micrograph of inductance test

structures designed to study 90nm Cu inductive effects for

various current return paths such as co-planar structures,

ground plane, power grid, as well as random structures. The

results will be reported after the availability of the data.

Fig. 8 Micrograph of inductance test structures designed for

90nm Cu process

5. CONCLUSION

The inductance causes unwanted effects such as ringing,

overshoot, cross-talk etc. in chip designs. The inductive

effects are often suppressed during design using techniques

and structures such as micro-strip line and co-planer strip
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line. Inductance can be modeled using Field solvers, PEEC 

and loop inductance approaches. Due to the large 

inductance matrix associated with PEEC, the use of loop 

inductance approach has been revisited for today’s VLSI 

design. The concept of effective loop inductance is compact 

and could be applied to extract the inductance of signal 

lines in the presence of random structures where return 

paths are difficult to be determined. Ultimately, inductance 

test structures are the only means of validating inductance 

models accurately. Using well designed test structures, one 

can characterize inductance of a wire in the presence of co-

planar structures, ground planes, power grids, and random 

structures etc. 
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