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Abstract| Modeling of on-chip inductance for chips

with realistic power/ground wires and grids is pre-

sented. Analytical formulae as well as �eld solvers

are used to analyze inductance of on-chip structures

including power/ground grids, ground plane and sub-

strate e�ects. Insights and design guidelines to re-

duce wire inductance are demonstrated. An accurate

capacitance modeling approach is also presented.

I. Introduction

As semiconductor technology continues to scale, wires,
not devices, gradually dominate the delay, power and area
of microprocessors and ASIC designs. The constant in-
creasing clock frequency combined with increased chip
area results in the ratio of global wire delay to gate delay
increasing at a super-linear rate. For sub-0.25 �m tech-
nology at gigahertz-scale clock frequencies, interconnects
may exhibit transmission line behavior. This has spawned
the need to accurately model the parasitics { resistance,
inductance and capacitance { for on-chip wires.
In the analysis phase of design, lower metal layer's short

on-chip wires can be modeled as lumped capacitive loads
and longer wires can be modeled as lossy RC transmission
lines. Any wire whose resistance is small compared with
the impedance of the circuit driving it can be considered
short. Because of their relatively high resistivity, short
length, and tight pitch, lower metal layers on-chip wires
almost have inductance values that are suÆciently low to
be safely ignored. In modern IC technology with clock fre-
quencies reaching the multi-gigahertz regime, long global
interconnects on upper metal layers exhibit RLC trans-
mission line e�ects. By using wider wires on upper metal
layers for critical signal nets, such as clocks, and using
copper interconnects, the wire resistance is reduced. As a
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Fig. 1. Inductive e�ects vs. technology scaling. As technology
advances, the wire length range where inductance is important
becomes larger.

result, the inductive impedance part, !L, becomes com-
parable to the wire resistance, R. For these interconnects,
inductance can no longer be ignored and needs to be care-
fully modeled. Inductive e�ects have been demonstrated
in long wires in a 0.25 �m process and future technology
generations [1]. For short wires, as the time of 
ight of
the wires is smaller than the signal rise/fall time or gate
delay (XGATE), they can be modeled as RC elements.
On the other hand, as the wire length is long enough so
that the RC delay of the wire exceeds the propagation
delay of a lossless electromagnetic wave along the wire
(XWAV E), this long wire can also be modeled as RC el-
ements. Wires with length between these two cases are
the wires which need to be modeled as RLC transmis-
sion lines. When technology advances, the inductive ef-
fects will a�ect progressively shorter wires as illustrated
in Fig. 1. In addition, inductive crosstalk, especially for
bus structures can no longer be ignored. Circuit simula-
tions show larger noise and ringing of signal crosstalk due
to inductive couplings.



The most important milestone of on-chip inductance
calculation came with the work of A. E. Ruehli who
proposed Partial Inductance or Partial Element Equiv-

alent Circuit (PEEC) concepts [2] [3]. Kamon and White
used the partial inductance concepts and developed FAS-
THENRY to automate the inductance calculations [4].
Recently, the identi�cation and modeling of on-chip trans-
mission line e�ects have been reported by IBM researchers
[5] [6] [7]. These papers pointed out the transmission line
and inductive e�ects for on-chip interconnects using test
chips and time domain analysis. In recent years, ma-
jor industry microprocessor designs, such as Intel's Ita-
nium and Compaq's Alpha chips, were reported to have
to model the on-chip inductance [8] [9] [10] { both used
co-planar waveguide structures, or ground plane for criti-
cal clock and signal wires to reduce inductance e�ects at
the cost of chip area. Extraction methods based on ap-
plying a �eld solver to generate look-up tables and equiv-
alent circuits for high frequencies have been reported [11]
[12] [13]. Restle [14] presented IBM's full-wave extraction
and simulation methods at DAC'99. Another practical
approach for extracting approximate inductances of on-
chip interconnects was reported by Shepard [15], which
models signal and power/ground wires independently and
localizes inductive coupling by assuming currents only re-
turn via nearby power and ground wires. With extracted
inductances, signal integrity and delay optimization can
be studied. Huang[16] and Cao [17] reported RLC sig-
nal integrity analysis and analytical models of noise and
delay for high speed on-chip global interconnects. Ana-
lytical propagation delay formulae including inductance
are studied and repeater insertion techniques were also
proposed by [18]-[20], [21].
In this paper, characterization and modeling for VLSI

on-chip interconnect including inductance and capaci-
tance are presented. Design insights are obtained based
on the detailed analysis of eletromagnetic �elds of test
chips. After some methodology introduction for simu-
lation, inductance modeling for coplanar structure and
power/ground grids is presented, followed by modeling of
ground plane e�ects on inductance. Then, capacitance
extraction is discussed. Finally, conclusions are summa-
rized.

II. Simulation for Multi-Conductor Systems

It is well-known that capacitance is a quantitative mea-
sure of the ability of a conductor con�guration to hold
charge per unit applied voltage, or store electrical en-
ergy, and is a property of the physical arrangement of
the conductors. Inductance is a measure of the ability of
a conductor con�guration to link magnetic 
ux, or store
magnetic energy and is another property of the physical

layout of the conductors [22]. To calculate inductance in a
multi-conductor system, knowledge of the physical con�g-
uration of all conductors in the system is necessary. The
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Fig. 2. Measurement and simulation comparison: inductance vs.
wire spacing. The signal wire width is 6 �m. The ground wire
width is 16 �m.

frequency dependency of inductance comes from eddy cur-
rents which are induced by time varying magnetic �elds
and governed by the law of induction { Faraday's Law.
Eddy currents manifest themselves as skin e�ects and
proximity e�ects. In the case of skin e�ects, the eddy cur-
rents (or redistribution of time varying current) 
owing
through the cross section of a certain conductor is due to
its own �eld, causing the current to 
ow near the surface
of the conductor. By contrast, proximity e�ects take place
when a conductor is subjected to a time-varying �eld due
to the neighboring conductors [23]. To model interconnect
capacitance, both capacitance to the ground/substrate as
well as capacitance to the neighboring wires need to be
taken into account.
Because of complex multi-conductor con�gurations,

long interconnects and fast signal rise and fall times, dis-
tributed circuit models consisting of R;L;C are required
to predict signal delay or crosstalk. The R;L;C for each
small segment can be obtained by partitioning the con-
ductors into smaller segments, dimensions of which are
much smaller than the wavelength of the signi�cant fre-
quency of the signals (e.g. 250 �m in current technology)
[24].

III. Inductance Modeling for Coplanar
Structure

A. Wire Inductance

A test structure, named as the coplanar conventional
test structures, consist of coplanar waveguide structures
on upper metal layers and some vertical wires on a lower
metal layer. The coplanar waveguide structure is on the
�fth metal layer which is about 5 �m above the substrate.
Measurement results and FASTHENRY simulations for
the coplanar conventional test structure are compared in
Fig. 2. Analytical formulae are also derived to estimate
the wire inductance [25]. Fig. 2 shows that inductance in-
creases monotonically with the spacing between the wire
and the nearest ground wire of the coplanar structure.
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Fig. 3. (a) Electric �eld couples to the substrate. (b) Magnetic
�eld couples to the substrate shown by dashed lines. Eddy
currents are also shown within the substrate.

Most current returns through the nearest ground wire for
small spacings. For large spacings, return current is dis-
tributed between the two ground wires, which increases
the current return loop and hence inductance. At higher
frequencies, the inductance is decreased due to the prox-
imity e�ects between the wires as well as between the
wire and the substrate, which is more evident from the
measurements.

B. Substrate E�ects on Wire Inductance

The substrate is usually grounded, and the electromag-
netic �eld of the signal wires can be coupled into the
substrate at high frequencies. Electric �elds couple to
the substrate, generating conducting currents and dis-
placement currents that 
ow both laterally and verti-
cally. Time-varying magnetic �elds couple to the sub-
strate, generating eddy currents that 
ow parallel to the
device above the substrate as shown in Fig. 3. As a re-
sult, the substrate can o�er a portion of the return paths
for current. With the eddy currents, the substrate can
reduce wire inductance, especially for a highly conductive
substrate. This phenomenon is evident for the wires with-
out intermediate metal layers between the wires and the
substrate. In this case, there is no shielding e�ects of the
electromagnetic �eld of the wires, which might, otherwise,
prevent the electromagnetic waves from penetrating into
the substrate. It is more evident for the heterogeneous in-
tegrated IC microsystems where an additional substrate
may exist above the upper metal layers.
Approximations can be made to have rough inductance

estimation for some structures like the coplanar waveg-
uide. To model the substrate e�ect, it can be treated as
a return path beneath the signal wire according to prox-
imity e�ects at high frequencies. The revised formula,
including substrate e�ects, has the form (unit H/m):
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. The L̂coplanar is the in-

ductance without substrate e�ects, h is the distance of
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Fig. 4. Wire inductance with substrate e�ects. The substrate
resistivity, �sub, is 0.015 
-cm.

metal layer (center) from the substrate, wgnd is the width
of the ground wires, � is the conductivity of the substrate,
f is the signal frequency, s, w and t are the spacing be-
tween the signal wire and the nearest ground wire, signal
wire width and thickness. k is the percentage of current
returned via the substrate. When the spacing between
signal wire and ground wire is larger than 20 �m, with a
ground wire pitch of 251 �m, more current tends to re-
turn via the substrate (i.e. the proximity e�ect) which
forms a smaller current loop, resulting in a reduction of
wire inductance as shown in Fig. 4. This e�ect becomes
more prominent for less resistive substrates.

IV. Inductance Modeling for Test Structures
with Power/Ground Grids and Floating or

Grounded Grids

For VLSI digital chips, power and ground are usually
distributed through grid structures in order to minimize
IR drops as well as to reduce ground bounce. Test chips
with representative power and ground grids [1] have been
used to study e�ects of these various parameters on in-
ductance. Due to proximity e�ects, the nearest power and
ground wires provide the return paths for most of the sig-
nal current through coupling. Since grid perpendicular to
the signal wires do not contribute to the signal wire induc-
tance (their mutual inductance is zero), only grid parallel
to the signal wires are needed to calculate the signal wire
inductance. Simulations and measurements show that,
with the substrate excluded, multiple parallel (with sig-
nal wires) ground wires in ground grids reduce signal wire
inductance because of the multiple parallel current return
paths. However, if the substrate is included, the near-
est ground wires and substrate dictate the current return
paths. In this case, multiple parallel ground wires in the
grid cannot e�ectively reduce signal wire inductance. To
accurately calculate a signal wire inductance, nearby sig-
nal wires can be included in the simulation. Nearby wires
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Fig. 5. Measurement and simulation: wire inductance at 3 GHz is
reduced with 
oating grids on M1 and M2. The signal wire width
is 5 �m. A random grids structure is shown on the right.

terminated by large impedance values to the ac ground
can be approximated as 
oating wires. They do not af-
fect the signal wire inductance if these wires have widths
smaller than 20 �m so that their eddy currents are small
enough to be ignored; nearby wires terminated to the ac
ground can be treated as ground wires. All the nearby
wire e�ects on inductance can be incorporated into one
signal wire inductance which can be used in circuit simu-
lation for delay analysis. However, for crosstalk analysis
in circuit simulation, partial inductance and partial mu-
tual inductance of signal wires as well as nearby wires are
needed. In the digital chip environment, if there are dense
grids or ground planes on a given metal layer, they can
generate eddy currents due to the existing time-varying
magnetic �eld. A ground plane can shield electromagnetic
�elds and also o�er current return paths for the signal
current. In these cases, the signal wire inductance can
be reduced signi�cantly due to the return current and
eddy currents in the dense grid or ground plane. Elec-
tromagnetic �eld solvers, such as FASTHENRY, can be
used to simulate the eddy current e�ects based on con-
structed 3-D geometries of grids or ground planes. Fig. 5
compares the results of the conventional test chip with
the results from a test chip which has coplanar waveguide
structures on the �fth metal layer, and dense grids on the
�rst and second metal layers across the chip. The chip is
referred to as the random grid structure. For the conven-
tional structure, inductance increases as the spacing to
the nearest ground increases; while for the random grid
structure, the inductance saturates around 20 �m and be-
comes independent of the spacing at larger spacings. The
magnetic 
ux generated by eddy currents in the random
grids opposes the magnetic �eld change, thus reducing
the magnetic 
ux of the signal wires, and e�ectively re-
ducing the inductance of the signal loop. The dense grids
e�ectively change the electromagnetic �eld con�guration
in a manner similar to a continuous ground plane. As
a result, wire inductance is primarily determined by the
spacing from the wire to the grids. Each cell of the grids
is about 15�m � 15�m. When the spacing between the
signal wire and the nearest ground wire exceeds about
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15 �m, the signal loop couples to the eddy current loops
in the grids, and the e�ective magnetic 
ux is reduced.
Fig. 6 shows the frequency dependency of the inductance.
As the frequency goes up, the inductance decreases due to
the time varying nature of the eddy currents. The same
phenomena can be observed in the simulations and mea-
surements if the grid structure is replaced by a continuous
ground plane. Whether the grid structure is 
oating or
grounded, it does not make much di�erence in the wire
inductance due to the eddy current e�ects.

V. Ground Plane Effects on Wire Inductance

For VLSI chips, a ground plane sometimes is purposely
designed and inserted between metal layers to shield elec-
tromagnetic waves in order to control the wire inductance
of critical signal, clock and power nets. A densely pop-
ulated grid structure, as seen in Section IV., also exhibits
ground plane e�ects. A ground plane alters electromag-
netic �elds due to the boundary conditions at the surface
of the plane which need to be satis�ed. For example, the
electric �eld E must be perpendicular to the ground plane
in the case of a perfect conductor. One major ground
plane e�ect is that wire inductance is signi�cantly reduced
because of a more con�ned electromagnetic �eld, result-
ing shielding of signals. There are several previous stud-
ies of ground plane e�ects on wire inductance for PCBs.
For example, microstrip lines have been studied by many
groups. However, due to the nature of the problem, an ex-
act analytical analysis is not possible for the general case
of a microstrip of width w with �nite thickness t [26]. Ap-
proximations have to be made to obtain a good estimation
{ for example the strip has to be assumed a very thin,
perfect conductor carrying a transverse electromagnetic
mode (TEM) wave. Some results for PCBs can not be
directly used for on-chip interconnects because of geome-
try assumptions used in the derivation. Electromagnetic
�eld solvers such as Maxwell [27] can be used to numeri-
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Fig. 7. A wire over a ground plane: Equation (4) results are
compared with Maxwell simulation results. Wire height is the
distance from the bottom of the wire to the top surface of the
ground plane. The signal wire width is 5 �m and the thickness is
0.5 �m for both the signal wire and ground plane.

cally extract the inductance of this structure. To quickly
estimate the inductance of wires over a ground plane and
establish design insight, analytical formulae are desirable.
Inductance estimations can be obtained from formulations
of the characteristic impedance for transmission lines and
their relationship with distributed inductances. It can be
shown that the loop inductance of a wire over a ground
plane is

L = 0:2 ln
2
�
h+ t

2

�
�

w + t
nH/mm (2)

and the mutual inductance of two wires on a ground plane
is

M = 0:2 ln

2
41 +

 
2
�
h+ t

2

�
D

!2
3
5 nH/mm (3)

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.
To model the case when h = 0, an extra term � needs to
be added in Equation (2) and the �nal result is

L = 0:2 ln

�
2h�

w + t
+ 1

�
nH/mm (4)

Results from the analytical calculations are validated by
comparing them with simulations using Maxwell. Fig. 7
shows the self-inductance calculated from Equation (4)
and the Maxwell results. An excellent agreement has been
achieved with this formula.
Fig. 8 plots the mutual inductance calculated from

Equation (3) and the Maxwell simulation results. The
mutual inductance decreases quickly as wire separation
increases { much faster than the mutual inductance of
two wires without a ground plane. This is due to the fact
that the mutual inductance of two wires over a ground

0 2 4 6 8
Wire Edge−to−Edge Spacing (µm)

0

0.05

0.1

0.15

0.2

W
ire

 In
du

ct
an

ce
 (

nH
/m

m
)

Maxwell Simulation with Copper Material
Analytical Formula

Fig. 8. Two wires over a ground plane: Mutual inductance results
from Equation (3) are compared with Maxwell simulations with
copper material at 3 GHz. The width of the two wires is 5 �m.

plane is inversely proportional to the square of the wire
separation D in Equation (3).

VI. Capacitance Modeling of IC Structures

To model on chip interconnects as transmission lines,
capacitance also needs to be accurately modeled [28]. Ca-
pacitance extraction capabilities based on more realistic
and geometrically complicated structures is especially im-
portant for MEMS, RF integrated circuits as well as on-
chip ICs. Non-planar IC structures need to be modeled
correctly in order to extract the accurate capacitance of
these complex geometries. Layout (GDSII �les) and pro-
cess (e.g., layer thickness or simulated bird's beak shape)
information are incorporated using a custom C program.
The control 
ow follows the actual processing sequence
such as deposition and etching layer-by-layer. The re-
sulting geometric model has been represented in Virtual
Reality Modeling Language (VRML) browsers. The de-
vice can be studied layer by layer or as a full image using
a simple browser. The level-set method [29] is adapted
to generate a surface mesh of these 3-D structures. With
this methodology, the geometries of on-chip interconnects
can be modeled more realistically, and the capacitance
can be extracted more accurately. To demonstrate this
approach to model complex geometries, a complete sur-
face mesh of a four transistor SRAM includes a substrate
(grey), the polysilicon layer (purple), and the two metal
layers (blue and sky blue) is shown in Fig. 9, where the
polysilicon layer includes a wordline, a ground line and
gate regions. The non-planar nature of the structures are
fully captured with the solid modeling approach. To ana-
lyze realistic structures, FASTCAP [30] is used, owing to
its ability to handle complicated surface topologies. For
a cell size of 5 � 7:25�m2 (feature size is 0.6 �m), ca-
pacitance between one bitline and the substrate is 1.75 fF



Fig. 9. Silicon substrate, polysilicon layer, the �rst and second
metal layers in surface mesh.

while capacitance between the other bitline and the sub-
strate is 1.77 fF. The capacitance between two bitlines is
1.07 fF. One can simulate the wordline, bitlines and the
substrate as a whole structure.

VII. Summary and Conclusions

On-chip interconnect modeling is presented, which in-
cludes inductance and capacitance modeling. Results
from both measurements and simulations show the grow-
ing impact of on-chip inductance for sub-0.25 �m VLSI.
Inductance becomes a critical factor for intermediate
(mm-scale) length wires. A physical inductance model-
ing is presented, which includes e�ects of 3-D geometry,
as well as the overall complexity of multi-conductor en-
vironments, including consideration of substrate e�ects.
Analytical formulae are used to estimate on-chip induc-
tance for design guidelines. The modeling methodology
and results are veri�ed by experimental test chips. Mod-
eling and measurement of test structures have shown good
agreement up to 10 GHz. It is demonstrated that coplanar
waveguides can con�ne the magnetic �elds, o�er nearby
return paths and reduce overall wire inductance for crit-
ical signals. Power/ground grids can also o�er nearby
current return paths for signal wires. Dedicated ground
planes can reduce wire self-inductance as well as wire mu-
tual inductance. Analysis shows that, due to eddy current
e�ects, densely populated grids resulting from designs in-
cluding power/ground grids can reduce wire inductance
signi�cantly. On-chip capacitance modeling focuses on
the link between the layout design data and electrical pa-
rameters based on very accurate and realistic complex 3-D
geometries. Generated non-planar 3-D geometries can be
viewed and studied layer by layer as illustrated with the
SRAM example.
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