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MODELING AND ANALYSIS OF MULTILEVEL SPIRAL
INDUCTORS FOR RFICS

MO1D-5

MO
1D

R. D. Lutz, Y. Hahm, A. Weisshaar, V. K. Tripathi
Electrical and Computer Engineering Department
Oregon State University
Corvallis, Oregon 97331

and

H. Wu, HP EEsof, Santa Rosa, CA 95403
N. Kanaglekar, HP EEsof, Westlake Village, CA 91362

Abstract—An accurate CAD-oriented modeling metho-
dology for multilevel rectangular spiral inductors with
enhanced inductance and/or quality factor is presented.
The method is based on a distributed equivalent circuit
model whose elements are computed using Spectral Do-
main and Partial Element Equivalent Circuit (PEEC)
techniques. Examples of typical two layer spirals in Bi-
CMOS and CMOS technologies are presented to illus-
trate the accuracy of the model as well as the enhanced
performance of the multilevel structures.

I. Introduction

Multilevel spiral inductors have been used to en-
hance the quality factor and inductance/area ratios
of spiral inductors in silicon based RFICs and GaAs
MMICs (1], [2]. Enhanced Q multilevel spirals gen-
erally consist of identical spirals placed on multiple
metallization layers and shunted together by vias. En-
hanced inductance can be achieved by judiciously plac-
ing multiple spirals on different metallization layers in
a series configuration in order to increase the mutual
inductive coupling. Even though a number of exper-
imental results have been reported, accurate models
and modeling methodologies incorporating all of the
conductor and substrate losses and inductive and ca-
pacitive coupling are not available.

In this paper a complete modeling methodology for
multilevel spirals on a lossy substrate is presented. An
example multilevel spiral (MLS) structure is illustrated
in Figure 1. This particular configuration consists of
two series-connected spirals and may be viewed as a top
level coil which spirals inward placed directly on top of
an identical coil on the lower level which spirals out-
ward in the same sense. The modeling methodology
presented in this paper takes into account all signifi-
cant coupling effects between the different segments of
the spiral as well as the lossy substrate. In particular,
our model takes into account the substrate skin effect
which leads to higher losses and reduced inductance,

0-7803-5135-5/99/810.00 © 1999 IEEE
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Fig. 1. Example of a two level series-connected spiral inductor
on lossy silicon substrate.

especially for heavily doped CMOS substrates.

II. Modeling Spiral Inductors on

Lossy Substrates

The modeling methodologies for planar spiral induc-
tors on low-loss substrates are well known, and models
typically consist of lumped element equivalent circuits
[3]. In general, such lumped element circuits involve
very simple topologies which can accurately model the
characteristics of a spiral on a low-loss substrate. Sim-
ilarly, equivalent circuit models for spiral inductors in
silicon (Si-SiO2) technology have been developed for

1999 IEEE MTT-S Digest
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moderately doped substrates (e.g. p = 10 Q-cm) [4],
[5]). Here, substrate losses are typically modeled in the
equivalent circuit in terms of a shunt conductance to
represent the silicon substrate and associated trans-
verse (shunt) currents. This proves to be sufficiently
accurate for substrate conductivities on the order of
10 S/m or lower (p = 10 Q-cm or higher), and frequen-
cies in the low Gigahertz range. However, for higher
substrate conductivities such as in CMOS technology,
the skin depth, § = 1//mucf, of the semiconducting
substrate can become sufficiently small (e.g. on the or-
der of the substrate thickness), such that longitudinal
substrate currents can be significant [6], [7]. Due to
their proximity to the spiral inductor, the longitudinal
substrate currents can lead to a significant reduction
in inductance and increase in series resistance of the
spiral with rising frequency. This frequency dependent
substrate skin effect is not included in models for spiral
inductors on lower loss substrates.

The model described in [8] incorporates the effects
of the longitudinal substrate currents (substrate skin
effect) for single level spirals (SLS), especially for
substrates with high conductivities including heavily
doped CMOS substrates. This paper describes an ex-
tension of the model for SLS to multilevel spirals (MLS)
for improved quality factor and/or enhanced induc-
tance. The details of this augmented model for MLS
are presented in the following section.

III. Modeling Procedure for Multilevel Spirals

The distributed model for multilevel spirals incor-
porates a new spectral domain approach [9] combined
with a modified Partial Element Equivalent Circuit
(PEEC) formulation [8], [10] to obtain the frequency-
dependent distributed series resistance and series in-
ductance components. The distributed capacitances
and conductances are computed using a spectral do-
main approach for multilevel coupled transmission lines
on a multi-layered substrate. Each leg or segment of
the spiral is modeled in terms of a lumped element
equivalent circuit which is appropriately coupled both
capacitively and inductively to all other elements of the
circuit for which the coupling terms are significantly
large. Figure 2 illustrates the relationship between the
model elements and the physical structure. The shunt
elements utilize the common C-G-C topology. The fre-
quency dependent response of the C-G-C model is in
good agreement with values computed from the spec-
tral domain approach over a wide frequency range. The
frequency-dependent self and mutual series resistances
and self and mutual partial inductances incorporate the
effects of longitudinal substrate currents, as well as the
skin effect in the metallizations.
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Fig. 2. Equivalent circuit modeling of multilevel structure.

IV. Simulation Results and Discussion

The new modeling approach described above has
been applied to both series-connected and parallel-
connected two-level spiral inductors on silicon sub-
strates with medium and high conductivities.

A. Series-Connected Spirals

Figures 3 and 4 show the inductance and quality
factor (Q = wLess/Re[Z;s]) as functions of frequency
for a four turn, two level series-connected spiral over
a typical BiICMOS substrate with p = 12 Q-cm, as
well as for a CMOS substrate with p = 0.01 Q-cm, as
illustrated in Figure 1. In both cases, the lower spi-
ral is located 4.5 pm above the silicon substrate. The
dimensions of both spirals are w = s = 13 uym and
area = 226 x 226 um?. The inductance and quality
factor were computed using the distributed model de-
scribed in this paper and compared with full wave re-
sults obtained from HP Momentum. In addition, the
case with the CMOS substrate includes the results ob-
tained from a distributed model that only accounts for
the shunt substrate currents in order to exemplify the
need for inclusion of the substrate skin effect for spiral
inductors on substrates with high conductivity.

It is evident that the inductance enhancement from
the two level series configuration, which in this case
is an increase in base inductance from ~2.3 nH to
~8.8 nH, comes at the expense of a lower self resonant
frequency. However, for a given inductance value, the
series resistance of the multilevel series configuration
will be reduced, which can be advantageous. Also, in a
lossy environment such as in BiICMOS and CMOS tech-
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Fig. 3. (a) inductance and (b) quality factor obtained with
the proposed distributed model and HP Momentum for a
multilevel spiral inductor in a typical BiCMOS environment
(p =12 Q-cm).

nologies, the multilevel structures can often achieve a
higher quality factor in the low frequency range than
their single level counterparts, as previously noted in

(1].
B. Parallel-Connected Spirals

Figure 5 shows the simulated inductance and quality
factor for two eight turn spiral inductors on a typical
CMOS substrate (p = 0.01 Q-cm). One of the spi-
rals exists only on the upper metallization layer (SLS),
and the other structure uses two metallization layers
in parallel and shunted together by vias (MLS). The
total area of both structures is 226 x 226 um?. The
width and spacing for both spiral inductor structures
are 6 um, and the heights above the silicon substrate for
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Fig. 4. (a) inductance and (b) quality factor obtained with
the proposed distributed model and HP Momentum for a
multilevel spiral inductor in a typical CMOS environment
(p = 0.01 2-cm). Results obtained with a distributed model
which neglects the substrate skin effect are also shown.

the two metallization layers are 4.5 ym and 7.5 pym, re-
spectively. The via connections are taken to be at each
corner and are assumed to be perfectly conducting.

As expected, the quality factor achieved with the
shunted two-level structure is greater than that of the
single level counterpart. However, the self-resonant fre-
quency of the parallel-connected spiral is slightly lower,
mainly due to the increased shunt oxide capacitance
which results from the lower level being closer to the
substrate. The low frequency inductance values for
both structures are virtually identical, indicating that
inductance is lowered only slightly by the parallel con-
nection.
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Fig. 5. Comparison of (a) inductance and (b) quality factor for
a two level parallel-connected spiral inductor and a single
level spiral in a typical CMOS environment (p = 0.0192-cm).
All results are computed using distributed equivalent circuit
models including the substrate skin effect.

V. Conclusion

A new modeling methodology for multilevel spiral
inductors on lossy substrates has been presented. It
has been shown that the multilevel series configuration
yields a higher inductance/area ratio as well as higher
quality factors for low frequencies, although the us-
able frequency range is reduced as compared to a single
level spiral with the same inductance value. Parallel-
connected multilevel spiral inductors yield a lower se-
ries resistance and can often achieve a higher quality
factor than the identical single level structure. This,
however, comes at the expense of a slightly reduced self
resonant frequency. It was shown that in a high con-
ductivity environment, it is necessary to account for the
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substrate skin effect in order to accurately model spiral
inductor structures. In conclusion, it was shown that
multilevel spiral inductors for enhanced inductance and
quality factor can be accurately modeled for a wide
range of substrate conductivities, including those typi-
cally used in CMOS technologies. The proposed mod-
eling methodology should be very useful in the design
of RFICs on silicon substrates, and in particular on
heavily-doped CMOS substrates.
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