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Abstract- The impact of parasitic effects of integrated inductors for RFIC is not negligible so an accurate model of
their behaviour is necessary. This paper presents a numerical
parameterized model of integrated inductor with hollow planar
spiral geometry and poly-ground-shield. The model allows to
choose the inductor geometry with better quality in relation to
its spiral side length and number of turns. A validation of the
model has been achieved by a 3D electromagnetic field solver.
The inductor model has been applied to the synthesis of matching
networks for a Low Noise Amplifier operating in the (5 to 6) GHz
frequency band.

The proposed scalable numerical model of square planar
spiral inductors is based on data extracted from simulations
accomplished by the partial-element-equivalent-circuit (PEEC)
based solver ASITIC [3]. The model depends only by spiral
side length and number of turns. The other geometrical parameters are related to these by an analytic relation that has been
found optimizing the average quality factor on the frequency
band of interest. This parameter space reduction could be
achieved once chosen the technology and the frequency band

I. INTRODUCTION
Planar spiral inductors are widely employed in RF and Microwave Integrated Circuits for different applications, among
which the synthesis of integrated impedance matching networks is one of the most important since spiral integrated
inductors are relatively small and easy to integrate. Indeed
the use of external reactive components is not feasible when
package and bond-wires have parasitic reactances comparable
to those of the network components. Moreover integrated
distributed structures like stubs have too wide dimensions at
frequencies in the range between I GHz to l0 GHz.
The realization of a parametric model of spiral inductor is
extremely difficult due to the complexity of the structure and to
the large number of geometric parameters necessary to define
it. This paper presents a parameterized numerical model, based
on data derived by electromagnetic simulations, that depends
on a reduced number of geometric parameters.
There are various approaches for modelling planar spiral
inductors. One method is to realize an equivalent circuit
model of the structure. The most common circuit model is the
classical 11 circuit [1]. In this mrodel the circuit elements are
expressed in function of geometric parameters by analytic or
numerical relations that are in general frequency-independent,
not taking into account of the high-frequency behaviour. The
2-Fl frequency-independent circuit model, proposed in [2] is
more complex than the single I circuit, and it models more
accurately the frequency dependence of the inductor series
resistance up to the Self-Resonant-Frequency (SRF).
An other methodology makes use of electromagnetic field
solvers to characterize the inductors. This technique is generally more accurate than circuit models but requires long time
of computation. Moreover electromagnetic field solvers give
the characterization of a single inductor but they don't provide
a parameterized model.

The model presented has validity from 5 GHz to 6 GHz and
can be employed in the realization of matching networks for
RFIC. RF front-end design in this band is driven by both the
European and U.S. standards for wide-band Wireless LAN,
respectively HYPERLAN2 and IEEE 802.11 la.
In the first part of the paper we describe the model and
the methodology employed to reduce the parameter space.
The second part shows the model validation by the fullwave simulator EM3DSIM [4]. The last part illustrates the
application of the model to the synthesis of two integrated
matching networks for a Low Noise Amplifier (LNA) that
operates in the chosen band.
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of operation.

II. MODEL DEVELOPMENT

The proposed model has been developed for square planar
spiral inductors designed on 0.35 jim SiGe BiCMOS technology and shielded by Patterned-Ground-Shield (PGS) [5]. The
inductors are realized on the top level metal, while the PGSs
are realized on the lowest polysilicon layer and connected to
the circuit ground to reduce electrical induced losses in the
substrate.
The procedure adopted to realize the model consists of the
following steps:
A. Simulate the inductors, by an electromagnetic field solver,
in order to find a relationship between their geometric
parameters for reducing the degrees of freedom in the

parameter space.
B. Computation, for a subset of inductors accomplishing the
relationship obtained at point A, of inductance and quality
factor values.
C. Development of a parameterized numerical model based
on data achieved in the previous point.
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Fig. 1.

Quality factor, averaged in (5 to 6) GHz band, as
winding width w, for different side lengths 1.

A. Geometric relationship for parameter

a

function of

reduction
The following geometric parameters characterize inductor
layout:
. I spiral side length,
. w spiral winding width,
s spacing between spiral windings,
number of turns.
We have decided to model hollow inductors since the inner
windings don't improve the inductance and reduce the quality
factor. To this regard simulations and measurements, presented
in [6], show that in these windings magnetic field determines
current crowding, increasing series resistance. Furthermore the
spacing between the windings has been set to the minimum of
s = 3itm, because the mutual inductance between near parallel
metallizations, in which equiverse currents flow, increases
spiral inductance as evidenced in [7].
Results of ASITIC simulations have shown that in practical
winding width interval the quality factor, averaged on the
chosen frequency band, presents a parabolic trend with an
absolute maximum. Fig. I shows this behaviour for spiral of
different side length and number of turns n = 1.75.
Therefore we have chosen to consider only the spiral that,
for each value of I and n, presents the maximum quality
factor. In the following the winding width of these spirals
space

n

will be referred as w(1,n) To this aim it has been realized
a program, that employs ASITIC to characterize inductors,
for the parabolic optimizationi in the width dimension. This
optimization has been repeated for inductors with side length
I and number of turns n belonging to the following sets:
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different side lengths 1, and the approximating hyperbola.
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for

of turns, independently from the side length 1, as shown in
Fig. 2.
Let us define ca as the average of the ratios w
for
all the inductors that have the same number of turns,

av(1 =average (wQ')

C S

i)

1oc

(2)

The inductors that accomplishes the following relation:
w) = Cv(n) . I
1 Uw

(3)

identify a class of inductors that has optimum quality factor
relatively to their side length and number of turns. Furthermore
it can be noticed that the a(') has an hyperbolic trend. In
particular, as enlightened by the continuous curve in Fig. 2,
c(n)

approximates

very

k

n

with k

=

well the values of

(a (n) * n)

(4)

(1')

B. Calculation of inductance and quality factor values
A set of inductors that has spiral side length I C Y and
number of turns n C X and width w that accomplishes (3)
has been simulated to evaluate their inductance and quality
factor. Simulations has been conducted in three frequency
points S = {5.25, 5.45, 5.65} GHz, in order to have a 2-port
characterization y(l,n,f) of this set of spirals.
Inductance and quality factor, defined as shown below, has
been evaluated from each element of y(l,nj):

Q(lnrf)

Ir

(f it)
it

=

1,2

(5)

i) Re (lnf)

Such optimizations evidence that the ratio of WQ('n) and I is
approximately constant for all spirals that has the same number
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Planar spiral inductors are reciprocal components, so
y(12
2,1 ,therefore only six of the eight parameters
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Fig. 3. Effective inductance L(1 n,f) at 5.45 GHz as
length 1, for different num-ber of turns n.

a

220

v

240

60

function of side

defined in (5) are sufficient to have a description of the spirals
equivalent to the 2-port characterization Y("'f).
In circuit applications spiral inductors could be employed
in two possible configuration:
. one-port (or single-ended): when one of the two port is
shorted.
. two-port: when neither of the two ports are shorted.
In the first case to describe electrical behaviour of the spirals
it is necessary to know only L(1'n'f) and Q(l,n,f), that are
respectively the effective inductance and the quality factor at
the i-th port, which is not shorted. When an inductor is used
as a two-port component all the six parameters L1 Qll, L22,
Q22, L12, Q12 are necessary to characterize it.
Figs. 3 and 4 show respectively the effective inductance and
the quality factor of the chosen inductors, shorted at port two
and simulated with PGS at 5.45 GHz, versus spiral side length
for each number of turns.
,

C. Parameterized numerical model
Data, achieved from simulations as previously described,
has been exploited for the realization of the parameterized
numerical model. We developed a tool that effects a bidimensional interpolation, in order to obtain a continuous function
of side length I and frequency f, by means of a tensor product
of cubic B-spline, as given by
L () (1, f)

=

2D-spline(L(l' nf) I C

Q ( ) (1, f)

=

2D-spline(Q'(nf), I

C

,

f C A)

f C)

(6)

The proposed tool, implementing (6), provides a model of
spiral with side length in the continuous range from
to 225 jim, n C A and that accomplishes (3).
75
The user could employ this tool essentially in two way.
The first consists on requiring the model, as a function of
frequency, of an inductor of a given I and n. The second
consists on requiring a spiral that has a particular value of
any square
jim
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inductance LdA at a frequency fo. In this case the tool chooses
from different spirals that present the same value of inductance
Lde at fo, the onie that presents higher quality factor. The tool
obtains all the spirals of inductance LdA at fo finding solutions
j in the one-port case
of L (n) (1, fo) -Lde = 0, where
and i 4j in the two-port case.
III.

MODEL VALIDATION BY 3-D ELECTROMAGNETIC
SIMULATIONS

In order to validate the accuracy of the proposed model
used the 3-D electromagnetic field solver EM3DS. This
simulator is more accurate than ASITIC and it allows to take
into account of more parasitic effects. On the contrary EM3DS
presents considerably higher computation time than ASITIC:
this factor leads us to employ ASITIC for the procedure of
parameter space reduction and model development.
We have carried out a comparison between the simulation
results of shielded inductors obtained with ASITIC and those
obtained with EM3DS. It can be noticed that while there is a
substantial agreement in terms of inductance estimation, there
is a difference in terms of quality factor.
Fig. 5 reports a comparison between quality factors obtained
from EM3DS simulations and those obtained with ASITIC at
the frequency of 5.45 GHz. Quality evaluated by EM3DS is
always less than the one evaluated by ASITIC because this
last simulator neglects the currents that flow in the PGS, not
taking into account of the shield resistance.
we

IV. APPLICATION EXAMPLE TO MATCHING NETWORKS
SYNTHESIS
The proposed inductor model has been applied to the design
of integrated matching networks for an LNA that operates in
the 5.15 GHz to 5.825 GHz frequency band.
There are several advantages in using this parameterized
model in matching network synthesis. First of all it is possible
to change with continuity the parameters of the spirals without
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TABLE I

L

2G75H

740.65 fF

225 ,m, n = 3.00
1
Lil = 3.69 nH at 5.45 GHz

157.8 fF

mL

M2

=.952 nm
II

2.42nH at5 545GHZ

> 18.2
> 11.7
19.2 - 20.6
< 2.35

The simulated performance of the LNA are summarized in
table II. It can be noticed that the networks MI and M2 achieve
good impedance matching in the whole band.

C
n

Performance (dB)

Input Matching
Output Matching
Gain
Noise Figure
I.

MATCHING NETWORK COMIPONENT VA UES

1

Item

reiterate time consuming electromagnetic simulations. Moreover it is possible to have an accurate behavioural description
of inductors, that takes into account of parasitic and high
frequency effects just in the first stage of the amplifier design.
Synthesis of losses matching networks is generally done
substituting a model with losses to the inductors of a lossless
matching network, synthesized with traditional methods, or
optimizing by a CAD tool, which takes into account of losses,
the performance of the matching network itself.
Therefore we have developed a numerical tool for matching
networks synthesis that, employing the proposed inductor
model, optimizes the matching requirements of the network
changing the geometric parameters I and n of the spirals.
The LNA has been designed as a single stage cascode to be
enclosed in a LPCC package. Both the input and the output
ports are closed, outside the package, on load of 50 Q. Since
the presence of the package changes considerably the value
of the input and output impedance seen from the amplifier
it has been necessary to consider the package model in the
optimization. Fig. 6 shows the configuration of the whole
system. The cascode is composed by two HBT of emitter
with ft = 59.51 Glz, biased by Vdd = 3.3 V,
length 2 x 35
Rbl = 2 kQ, and Rb2 = 28 kQ at Ic = 2 x 5.95 rnA. The
common emitter has a feedback inductor Le with I = 75 jim,
n = 1.25, and Ll, = 204 pH at 5.45 GHz.
Both the matching networks are composed by a parallel
inductor and series capacitor, whose values are shown in table
jm
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V. CONCLUSION
This paper describes the development of a parameterized
model for hollow planar spiral inductors oriented to the synthesis of RFIC matching iietworks. The accuracy of the model
has been verified by using a Full-Wave 3-D electromagnetic
field solver. The usefulness of the model in the synthesis of
matching network with losses has been shown by the design
and simulation of an LNA.
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