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Abstract SISP: A Brief Overview

A CAD tool for the modeling of planar and multi-layer Spiral Inductor Simulation Program (SISP) is a PC-
polygonal integrated inductors on silicon substrates, is pre- based CAD program developed in C++. The core algo-
sented. The algorithm extracts a complete lumped element rithm, that has been analytically presented in [1], extracts a
model for all the inductors existing on a common substrate.
Octagonal, square and two-layer inductors have been de-
signed and fabricated in three different silicon processes.
Experimental results confirm the accuracy of the model,
not only for a single inductor but also for two square in-
ductors on the same silicon substrate that are magnetically
coupled.

M

Introduction

Recently reported RF ICs (elg]) exhibit an increas-

ing trend to incorporate integrated inductors, aiming to

better performance and a higher level of integration. How-
ever, the lack of an accurate and generic model of mono-
lithic inductors on silicon substrates has often prevented
designers from employing them. In this paper, SISP, a two-port network consisting of lumped elements, segment
CAD tool that generates a generic and process-independentdy segment. The electrical equivalent of the segment two-
inductor model, is presented. The properties of any induc- POrt is shown in Fig. 2. Basic steps of the algorithmic proc-

tor structure laid out on silicon and in any process can be €ss are presented in Fig. 3. The main elements of the two-
accurately modeled. The extracted model comprises POrt are the series inductante the resistanc& of the

Fig. 1. SISP (Spiral Inductor Simulation Program) - Layout Editor

lumped elements in a SPICE subcircuit format and requires
no further adjustment after fabrication and measurement.
Therefore, the designer can avoid any extra fabrication
cycle. Calculation of inductance and quality factor versus
frequency is feasible even beyond first resonance. SISP,
furthermore, computes the magnetic coupling among two
or more adjacent spiral inductors of any polygonal shape.
Experimental results confirm the accuracy of this modeling
technique from a few megahertz up to several gigahertz.
The computer algorithm is integrated with a graphical

user interface (Fig. 1) to help the designer create the layouf™™**

of spiral inductors, initiate simulation and plot the results in
various ways.

Several inductor structures have been fabricated and
measured in three different silicon processes. Comparisons
between measurement and simulation results from SISP
which are presented for a two-layer inductor and an oc-
tagonal one, establish its accuracy. Equally important is the
accurate prediction of the coupling between two adjacent
square spiral inductors.
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Fig. 2. Equivalent two-port for one segment of the spiral inductor.

*segment and the capacitafy formed by the insulating
SiO, between the inductor and the Si substrate. The algo-
rithm also calculates the coupling capacitarnGesetween
parallel adjacent segments and the two elements modeling
the substrate layers under the insulator nandglgnd G



The mutual inductancd/ between the segments of the

spiral is modeled with a transformer. The equivalent circuit
of the spiral inductor includes a transformer for every pos-
sible couple of segments. SISP contains a layout tool that
can generate common spiral inductor structures or import
ready-made layout designs in CIF format. The first and '
important step in the design sequence is the entry of the
technology parameters. The designer can enter CMOS,
BiCMOS or bipolar process parameters before creating the
layout. A fast, segment by segment, extraction of the } ]
equivalent SPICE subcircuit can be done within seconds, Fig- 4(a). Due to the magnetic coupling between the two
while a similar model extraction with any EM software spirals, there is an increase in mducta_mce byafact_or of five
would take even days. Three distinct versions of the model compared to the inductance of a single planar inductor,
can handle typical, “fast” and “slow” technology varia- 40
tions. Passive elements may be frequency dependent to
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Fig. 4. Two-layer inductor: (a) current flow, (b) microphotograph.
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Fig. 5. Inductance of a two-layer inductor (m3-m1) with outer
dimension 250um and 4 turns.
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while the quality factor remains at the same level. In Fig. 5
a comparison between the modeled and the measured in-
— ductance of a two-layer inductor (metal3-metall, ES2-
CMOS 0.5um) is shown. Attention should be paid to the
accurate prediction of resonance and beyond even with
typical process parameters. This tool is extremely valuable
when the inductor is to be used, for example, as a LC-load
in a tuned amplifier. The model presented above can accu-
P |_,< o ) rately p(edict the tuning frequency pf suc;h an amplifier and

the designer has no longer to wait until the actual meas-
urement of the circuit. In Fig. 6, the equivalent S-
Fig. 3. Proposed algorithm for the SPICE model generation parameters of the two-layer inductor are also displayed.

incorporate conductor skin effect depending on the SPICE
simulator being used. Simulations can be initiated through
the user-interface. Finally, measurement and simulation
results of S-parameters, inductance and quality factor can
be combined in single plot in rectangular, in polar coordi- —— S2imod v
nates, or in a Smith chart. T4 32imeas
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Experimental Results - Comparisons with SISP
predictions

More than twenty different spiral inductor structures
have been fabricated and measured in three different sili-
con processes (SGS-THOMSON's hipolar HSB, ATMEL-
ES2's digital CMOS ECATO05 and SIEMENS' bipolar
B6HF). Three distinct cases from the above structures are
presented. A two-layer inductor formed by two planar ones
on different metal layers, one over the other, is shown in Fig. 6. S11 and S21 of the two-layer inductor.




Another important feature of
SISP is the accurate modeling of
the coupling between spiral in-
ductors. A test structure fabri-
cated by ES2 is shown in Fig. 7.
Two adjacent planar square in-
ductors were measured and
modeled and the results are
shown in Fig. 8. The magnetic
coupling modeling enables de-
signers to use two or more inte-
grated inductor in RF ICs and
accurately model their perform-
ance prior to fabrication.
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Fig. 7. Adjacent square
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Fig. 8. Modeled and measured S21 for two adjacent square inductors.

Finally, the comparisons for the inductance and the
quality factor of an 8.5-turn octagonal inductor fabricated
by ST are presented in Fig. 9.
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Fig. 9. Experimental results of an 8.5-turn octagonal spiral inductor

SISP as a powerful design aid

Having proven the efficiency, accuracy and generic
nature of our inductor simulation tool, it can now be used

as a powerful design aid for the optimization of the usage

of integrated inductors in silicon RF IC designs. In Fig. 10

two nomographs developed with SISP are presented. In
these nomographs, the L and Q values of a square inductor[2]

as functions of inductor turns and trach width are plotted.

Such families of curves can be easily produced with SISP

and help the RF IC designer to properly select the inductor
that best fits his needs. Another important feature of SISP,
is its ability to accurately predict the magnetic coupling
between two or more inductors, thus helping the design of
a robust floorplanning of the circuit
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Fig. 10. (a) Inductance and (b) quality factor of square inductors
with outer dimension Dy=250pum and s=3um versus track width w
and number of turns n.

Conclusions

A concrete and generic CAD tool for the analysis and
design of integrated spiral inductors on silicon substrates

has been presented. Comparisons with measurements have

exhibited the accuracy of the modeling technique of po-
lygonal and multi-layer inductors. The tool enables the
designer to safely analyze the geometry, the type and the
positioning of all the inductors in a single RF IC prior to
fabrication.
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