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Abstract

In this report miniature spiral inductors on glass fabricated using IC pro
cessing techniques are discussed.

Only the spiral inductor and the single loop inductor are efficient structures
suitable for planar miniaturization. In order to translate the inductor struc
ture into electrical parameters, different approaches of modeling have been
studied and implemented into computer simulation programs. The lumped
element model is a simple model which gives electrical understanding. A
limitation is that it is only accurate for small inductors, because in general
the parasitic capacitive effects are distributed over the inductor structure.
Therefore the distributed element approach has also been persued: the in
ductor is cut into segments and the physical structure is maintained. The
simulation results show a good agreement with measurement results. This
distributed element simulation program allows accurate and fast (20 sec.)
modeling of circular, multi-turn spiral inductors. The most accurate method
of modeling of an arbitrary inductor structure is solving Maxwell's equations.
This can be done by computer simulation packages, e.g. FASTERIX, but is
very time consuming (l-q hr.).

To verify the validity of the inductor models over a wide range of inductor
structures, a new mask set has been designed containing over 400 different
inductors. After fabrication of the inductors using this mask set all inductors
have been measured and the measurements have been stored in a database.
Inductors have been measured with inductances in the range of 0.5 to 100 nH,
a maximum quality factor up to 30 for inductors with an inductance below
10 nH and resonance frequencies in the GHz range. There was no time left to
do extensive data processing on the measurement results. But a method is
proposed how, for the time being, an inductor structure can be selected from
the measured inductor database and included in a circuit design by means
of an equivalent RLC combination with component values extracted using
curve fitting techniques.
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Chapter 1

Introduction

In the past three decades a huge amount of effort has been spent on the
miniaturization of resistors, capacitors and active devices such as bipolar
and MOS transistors. The driving force behind this effort is of course the
integration of an ever increasing number of components onto an integrated
circuit either in Si (silicon) or in GaAs (gallium arsenide).

In contrast to these efforts the miniaturization of spiral inductors has received
relatively little attention. The reason for this is obviously that the driving
force for miniaturization concentrates on Si based technologies. There are
several reasons why it is impossible to integrate spiral inductors in a Si based
technology:

1. The relatively low operating frequencies lead to excessive large spiral
inductors and thus to expensive integrated circuits.

2. Capacitive coupling between the inductor and the conducting substrate
reduces the resonance frequency.

3. Substrate currents lead to high losses, thereby reducing the quality
factor of the inductor.
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4. The inductance is lowered due to imaging effects by the substrate which
can be considered as a ground plane.

If the inductors do not have to be combined with active elements (e.g. for
fabrication of inductor SMD components, baluns, filters, etcetera) a more
suitable substrate material such as glass can be chosen for the fabrication of
these miniature components.

The aim of this work therefore is to investigate whether it is possible to
fabricate high-quality spiral inductors on a glass substrate using standard Si
IC processing techniques.

First a literature survey has been done to investigate the work done on spiral
inductors so far. This study of literature is described in appendix A and the
references used in this report are mentioned in the literature list.

In chapter 2 several methods for the fabrication of inductors are discussed.

In chapter 3 the layout and electrical parameters of the inductor are defined.
Chapter 4 deals with the modeling of the spiral inductor. Several methods are
discussed how to translate the inductor layout into its electrical behaviour.
These models have been implemented into simulation programs which are
discussed in chapter 5.

Accurate modeling of the inductor turned out to be very difficult because
of the complex influence of different parasitic effects. Therefore it has been
decided to make a test mask with a great number of variations of spiral
inductors. Then after processing the measurement results can not only be
used to verify the simulation results over a large range of inductors, but they
can also be used to create a library for spiral inductor design. Layouting,
processing and measurements are dealt with in chapter 6 and 7. For practical
use a special paragraph in chapter 7 is dedicated to the design of spiral
inductors. It is explained how the optimum inductor structure can be found
for given input parameters based on simulation and measurement results.

Finally the conclusions and recommendations for spiral inductor design are

2



Chapter 2

Inductor miniaturization

2.1 Introduction

There are several ways to make inductive structures. However, planar minia
turization puts some restrictions on the possibilities for inductor components.
In this chapter several inductor structures will be discussed and a structure
most suitable for miniaturization will be selected.

2.2 Inductance

2.2.1 General theory

Inductance is the phenomenon that a change in current level leads to an
induced voltage. The coefficient between the change in current I and the
induced voltage V is called the inductance L:

V=L
dI
dt

5
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Fourier transformation of equation (2.1) for stationary harmonic signals with
radian frequency w yields:

V = jwLI (2.2)

The ideal inductor behaves according to equation (2.1) and equation (2.2)
and can be characterized by its inductance L.

The induced voltage V is caused by a change of the magnetic flux <I>:

V = d<I>
dt

where:
<I> = LI

(2.3)

(2.4)

with L the inductance and I the current. The magnetic flux <I> is given by
the magnetic flux density B or the magnetic field H enclosed in the inductor
inner area A:

<I> = BA = J.lHA (2.5)

with J.l the magnetic permeability. The magnetic field in an inductor is
excited by an electrical current (via electromagnetic interference).

The preceding expressions will be used to calculate the inductance in first ap
proximation and to discuss its structure. Distinction has to be made between
the self-inductance and the mutual inductance. The term self-inductance is
used for the induced voltage due to the inductive effect of the magnetic field
excited by the corresponding current, whereas the mutual inductance de
scribes the induced voltage due to the inductive coupling to the magnetic
field excited by another current. The self-inductance (L) is always positive.
The sign of the mutual inductance (M) depends on the directions of the
self-induced and the mutually induced magnetic field. If they coincide, then
M is positive, else M is negative [1].

2.2.2 Wire inductor and meander

The most simple inductor is a wire inductor (figure 2.1). A magnetic field
around the wire is excited by an electrical current in the wire. The self-
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Figure 2.1: Wire inductor.

Figure 2.2: Wire inductor in meander format.

inductance 6f a straight flat wire is given by [2] (eq. (6.2.2.1) and eq. (6.2.2.3),
p. 384).

The wire can be folded to a meander (figure 2.2). The inductance can then be
calculated from expressions for the self- and mutual inductance for straight
wires [2](eq. (6.2.2.3), p. 384 and eq. (6.6.2.1), p. 412).

2.2.3 Single loop inductor

The inductance can be increased if the magnetic field is collected by a current
loop. This leads to the single loop inductor (figure 2.3).

Consider a circular inductor with radius r. Then according to Biot and

7
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Figure 2.3: Circular and rectangular single loop inductor.

Savart's law the magnetic field in the core is equal to:

H=~
2r

The inductance becomes:

(2.6)

(2.7)

More accurate expressions for the inductance of single loop inductors are
given by [2] (eq. (6.4.3.1), p. 403 for a circular loop and eq. (6.4.4.1), p. 404
for a rectangular loop).

2.2.4 Multi-turn inductor

The effect of mutual inductive coupling can advantageously be used in the
case of multiple turns. If the different loops coincide then the magnetic field

8



Figure 2.4: Solenoidal inductor.

H and the magnetic flux <I> become coupled. The multi-turn inductor which
is shown in figure 2.4 is called solenoidal inductor or coil.

Consider a n-turn circular solenoidal inductor with radius r. Then the total
magnetic field in the core is equal to:

H= nI
2r

The inductance L due to the coupled magnetic flux <I> is:

(2.8)

L = n<I> = nBA = nJ.LHA = J.Ln
2
A

I I I 2r
(2.9)

A more accurate expression for the inductance L is given by [2](eq. (6.3.1.1),
p. 388).

The 2-dimensional pancake version of the solenoidal inductor is called the
(planar) spiral inductor (figure 2.5). Expressions for the inductance of the
spiral inductor are given by [2](eq. (6.4.1.6) and (6.4.1.12), p. 393-394), [3]'
[4]' [5] and [6] for a circular spiral, and by [2] (eq. (6.4.2.1), p. 399), [16] and
[17] for a rectangular spiral. Due to the 2-dimensional structure the inner
contact requires special attention. This inner contact can be connected to
the outer world by a bond wire, by a via to the other side of the substrate
or by a bridge track. The latter is most suitable.

9
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Figure 2.5: Circular and rectangular planar spiral inductor.

Another variation is the toroidal inductor (figure 2.6) whose inductance in
case of a rectangular cross-section is given by [2] (eq. (6.5.1.1), p. 408).

2.3 Miniaturization

In the previous section different inductor structures have been proposed. For
the miniaturization of these inductors there are two important criterions:

1. The structure of the inductor has to be (semi-)planar. Only a slight
variation in the third dimension is allowed.

2. The inductor has to be efficient with respect to the inductance per unit
of area.

Ad wire inductor: This inductor type has a very low inductance and is
therefore useless for most practical applications. But, the equations
can be used for modeling of the inductive parasitics of a straight wire.

10
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Figure 2.6: Toroidal inductor.

Ad meander inductor: In this case the total inductance is composed of
self-inductance and mutual inductance. The negative mutual induc
tance lowers the total inductance, resulting in an inefficient inductor.

Ad single loop inductor: This inductor is well suitable for miniaturiza
tion but has a low inductance per unit of area. Although the induc
tance per unit of area of a multi-turn inductor is higher, a one-turn
inductor has the advantage that there are no connection problems with
the inner contact.

Ad solenoidal inductor or coil: This type is often used as a discrete in
ductor, but planar miniaturization is difficult due to its 3-dimensional
structure.

Ad spiral inductor: This inductor type is suitable for miniaturization and
has a high inductance per unit of area, but attention has to be paid to
the influence of the bridge.

Ad toroidal inductor: In spite of the good inductor perfomance the 3
dimensional structure makes it unsuitable for miniaturization.
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So in fact two inductor types allow efficient miniaturization [7]: the single
loop inductor and the spiral inductor. In the next sections these two inductor
types will be described more detailed. However, first a method to obtain a
higher inductance will be discussed.

The inductance L depends on the magnetic permeability J.L given by:

J.L =J.LoJ.Lr (2.10)

with J.Lo the magnetic permeability of vacuum (J.Lo = 4 7r.1Q-7 Him) and J.Lr the
relative magnetic permeability. The inductance L can further be increased
by using magnetic materials with J.Lr > 1 [6]. But one should be aware of the
fact that J.Lr is complex and frequency dependent:

J.Lr(f) = J.L~(f) - jJ.L~(f) (2.11)

Attention should not only be paid to the high frequency characteristics of
J.L~, but also of J.L~, because J.L~ represents the losses of the magnetic material.
In this work we have not used magnetic materials.

2.4 Description of the spiral inductor

As already mentioned the spiral inductor is the pancake version of the solenoidal
inductor. An example of a spiral inductor is shown in figure 2.7. The in
ductor consists of a number of spiral turns side by side which are made of
a well conducting material. The consequence of pancaking is that an inner
contact is created. The most suitable method to connect this inner contact
is a bridge. The bridge is made in another conducting layer and connected to
the inner contact through a via in the dielectric layer which separates the two
conducting layers. Unfortunately the bridge which is necessary to connect
the inner contact also introduces parasitic capacitances thereby degradating
the high frequency behaviour.

The overall shape of the spiral inductor does not have to be circular. Other
possibilities which are easier to layout are the square, rectangular and oc
tagonal shape. For a given square area the square spiral inductor yields the

12



Figure 2.7: Layout example of a spiral inductor (top view): dim = 600 J-Lm,
n = 5, wsp = 30 J-Lm, wspls = 3, Wbr = 30 J-Lm.

maximum inductance per area. However, the area to length ratio which is ap
proximately proportional to the inductance to spiral resistance ratio (LIR)
and thus to the quality factor (Q), reaches its maximum in the case of a
circular shape. Moreover, angle discontinuities at the corners of the spiral
cause additional capacitive coupling [8]. These parasitic effects are elimi
nated by the circular inductor structure. So, although the circular spiral
shape is more difficult to layout and less efficient with respect to inductance
per unit of area, this type has been chosen for its better perfomance. Note
that the difference in area between a square and a circular spiral shape is
not completely lost, for a spacing between the inductor and neighbouring
elements should be forced because of cross-talk and to reserve area for the
magnetic field lines to close their contours outside the inductor core.

Another parameter of freedom is the way in which the spiral is rolled. The
three most important types are:

1. Archimedes:

2. logarithmic:

r = ro + c¢

r = rO exp(c¢)

13
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3. hyperbolic:
1 1
- = - - c</J
T TO

(2.14)

with T the radius from the (mathematical) center of the inductor to the center
of the track, TO the starting inner radius (</J = 0), </J the angle of a point at
the spiral track measured clock-wise and c an arbitrary constant.

Although Olivei [6] concluded that the hyperbolic type has the best perfor
mance, the Archimedes type is commonly used so that the track spacing is
constant. We have also used the Archimedes type because:

1. A small track spacing is preferred to obtain the highest positive mutual
inductive coupling between adjacent turns.

2. A small track spacing results in a maximum available inner area which
is approximately proportional to the inductance.

3. Simulations showed that the capacitive coupling between spiral tracks
is less important than the capacitive coupling due to the bridge track.
Decreasing the track spacing will cause a higher capacitive coupling
between spiral tracks, but is allowed, because the bridge capacitance is
dominating.

2.5 Description of the single loop inductor

The single loop inductor is a special case of the spiral inductor: the single
loop inductor can be seen as the one-turn version of the multi-turn spiral
inductor and therefore in this report attention will be focussed on multi-turn
spiral inductors. An example of a single loop inductor is shown in figure 2.8.
The inductance of single loop inductors is relatively low compared to multi
turn spiral inductors, but the single loop inductor has better high frequency
performance because of the absence of the bridge and adjacent tracks.

14
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Figure 2.8: Layout example of a single loop inductor (top view):
dim = 600 11m, wsp = 30 11m.

2.6 Conclusions

Two inductor types allow efficient miniaturization: the single loop inductor
and the spiral inductor. The single loop inductor has a lower inductance
but better high frequency performance due to the absence of the bridge and
adjacent tracks.

Although square inductors have maximum inductance per unit of area, the
circular shape has been chosen because this yields the best quality. The spiral
is of the Archimedes type, which means that the radius increases lineary with
the angle.
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Chapter 3

Device characterization

3.1 Introduction

Before we can start modeling of the spiral inductor the characteristic inductor
parameters have to be defined. In this chapter the layout and electrical
parameters for device characterization are discussed. These parameters will
be used as input and output for simulations and measurements.

3.2 Layout parameters

The structure of the inductor can be described by its layout parameters,
which form the input for simulations and measurements. Figure 3.1 shows a
spiral inductor with its layout parameters.

dim maximum outer dimension in x- or y-direction
including (average) track width

TO inner radius,

17
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Figure 3.1: Layout of the spiral inductor with its parameters: dim = 600 f-Lm,

ro = 156.3 f-Lm, n = 3, wsp = 40 f-Lm, s = 5 f-Lm, Wbr = 40 f-Lm.

radius from (mathematical) center of the inductor
to the center of the first track without overlay due to the bridge

n number of turns
wsp (average) width of spiral track
s (average) track spacing
Wbr width of bridge track

The input parameters for simulation are: dim, n, wsp , wsp / S, Wbr' As an
additional input parameter the inductor structure type can be mentioned:

type e.g. circular or square

18
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Figure 3.3: Measured characteristics of the spiral inductor.

3.3 Electrical parameters

3.3.1 Inductor characteristics

The output of simulations and measurements is described in terms of elec
trical quantities. Therefore we consider the spiral inductor as a one-port
which can be described by its impedance Z as a function of the frequency f
or the radian frequency w. Before we can define the electrical characteristic
parameters we need to know something about the inductor characteristics.
Figure 3.3 and 3.2 show the characteristics of the spiral inductor inductor in
figure 2.7 and the single loop inductor in figure 2.8.

Two important inductor parameters are the inductance L and the quality
factor Q. The inductance L is equal to the ratio of the imaginary part of
the impedance Z and the radian frequency w (equation (2.2)). The quality
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Figure 3.4: Impedance Z, inductance L and quality factor Q of an ideal
inductor.

Re(Z Im{Z L Q

f f f f

Figure 3.5: Impedance Z, inductance L and quality factor Q of an inductor
with DC-resistance.

factor Q is the ratio of the imaginary and real part of the impedance Z.
These definitions hold for linear inductors.

The impedance Z, inductance L and quality factor Q of an ideal inductor
are shown in figure 3.4. The inductance L is independent of the frequency
f and, because Re{Z} = 0, the quality factor Q = Im{Z}/Re{Z} becomes
infinite.

Practical inductors always have a DC-resistance due to conductor losses, so
that now the quality factor Q increases lineary with the frequency f (figure
3.5).

At high frequencies the resistance increases due to the skin effect. The skin
effect is approximately proportional to the square root of the frequency f
[2](p. 25). Although the inductance remains constant and independent of

20
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Figure 3.6: Impedance Z, inductance L and quality factor Q of an inductor
with DC-resistance and skin effect.
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Figure 3.7: Impedance Z, inductance L and quality factor Q of an inductor
with DC-resistance, skin effect and parasitic capacitive effects.

the frequency f, the quality factor Q now increases with the square root of
the frequency f (figure 3.6).

However, often at high frequencies parasitic capacitive effects are more im
portant. The combination of inductance and capacitance causes resonance
which is illustrated in figure 3.7.

The inductor characteristics shown in figure 3.7 form the basis for the def
inition of the electrical inductor parameters. The frequency domain is split
into three frequency ranges: f « fres, f :::; fres and f ~ fres. In the next
sections the electrical parameters for characterization will be discussed for
each frequency range and application.
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Figure 3.8: Equivalent circuit of an inductor.

3.3.2 Inductor (f « fres)

Far below resonance, i.e. for f « fres, the parasitic capacitive effects are
negligible and the structure behaves like a linear inductor. In this case the
impedance Z behaves as shown in figure 3.5 or figure 3.6. The equivalent
circuit of an inductor is shown in figure 3.8.

The impedance Z of the inductor can be written as:

Z=R+jwL

The electrical parameters of an inductor are:

(3.1)

• R = Re{Z}

• L = Im{Z}
w

resistance

inductance

quality factor of the inductor

The quality factor QL is used as a figure of merit and is defined for an
inductance L with parasitic series resistance R by:

Q def Im{Z} _ wL
L - Re{Z} - R (3.2)

So, an ideal inductor has no parasitic series resistance R and the quality
factor QL is infinite.
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Figure 3.9: Equivalent circuit of a resonating inductor.

3.3.3 Resonating inductor (I < Ires)

In practical inductors the parasitic capacitive effects usually are not neg
ligible for frequencies below resonance, i.e. f::; fres, so that we have a
resonating inductor. The parasitic capacitive effects can be modeled by a
parallel capacitor (figure 3.9).

The impedance Z of the resonating inductor is equal to:

Z _ R + jwL(l - w2LC) - jwR2C "J R jwL
- (1- w2LC)2 + w2R2C2 "J (1- w2LC)2 + 1 - w2LC

(3.3)

The approximation is valid if R2 « LIC which is generally true for normal
inductors.

When the elements of the equivalent circuit of the inductor (figure 3.8) have
index 1 and the elements of the equivalent circuit of the resonating inductor
(figure 3.9) have index 2 then transformation shows the influence of reso
nance:

(3.4)

(3.5)

The electrical parameters of a resonating inductor are:
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• R = Re{Z} (f « Ires)

• L = Im£Z} (f « Ires)

• Ires
or:
C - I

- (27r Ires)2 L

resistance

inductance

resonance frequency

equivalent resonance capacitance

Other electrical parameters which are used to indicate the inductor quality
are: Q, Qmax, Imax, hand QL.

Quality factor Q
The quality factor of a resonating inductor is not defined! Though we will
use the quality factor as auxilary parameter defined by (inductor definition):

Q clef Im{Z}
Re{Z}

(3.6)

An expression for the quality factor Q can be derived from equation (3.3)
and equation (3.6):

WL( 2)Q=-1-wLC
R

(3.7)

Equation (3.7) indicates that for a given inductance L and operating fre
quency I the DC-resistance Ro results in an upperbound for the quality
factor, Qlim:

Q . _ wL _ 27fIL (3.8)
lzm - R

o
- Ro

At higher frequencies the resistance R is dominated by the skin effect:

(3.9)

(3.10)

Substitution of equation (3.9) and equation (3.10) in equation (3.7) yields:

(3.11)
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Maximum quality factor Qmax at frequency fmax
As shown in figure 3.7 the quality factor Q reaches a maximum before reso
nance. The maximum quality factor Qmax and the corresponding frequency
I max can be found by setting the derivative of the quality factor Q (equation
(3.11)) to the radian frequency w to zero:

dQ = ~[~JW(l _ w2LO)] = 0
dw dw Ro

Elaborating this expression results in:

wmax Imax 1
W res - Ires - v's

(3.12)

(3.13)

(3.14)

The maximum quality factor Qmax can be found by substitution of equation
(3.13) in equation (3.11):

Q
_ 81rLyJ;;;;; _ 81rLVI::;

max - 5Rh - 50Ro

Consider the measured inductor characteristics in figure 3.3. The ratio
Imax/ Ires is about 0.38 (calculated: 1/v's ~ 0.45). The maximum quality
factor Qmax is equal to 20.8 corresponding to Rh ~ 1.2· 10-4

.

Linear inductor frequency range
Resonance causes an apparent increase of the inductance L: the imaginary
part of the impedance Z increases more than lineary with the frequency I,
although the inductance L remains (nearly) constant! Resonance therefore
limits the frequency range where the inductor is linear. The maximum fre
quency for use as inductor is called h. For a given error or deviation it
indicates up to which frequency the parasitic capacitive effective are negligi
ble so that for I ~ h the inductor can be considered as linear. The quality
factor at the maximum inductor frequency h, called QL, then represents the
(true) quality factor of an approximately linear inductor.

Suppose that on the inductance value a maximum relative error € is allowed:

Im{Z}
(l-€)L~ ~(l+€)L

w
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Figure 3.10: Plot of the maximum relative error c versus the square root of
the new maximum inductor frequency variable FL.

Substitution of equation (3.3) yields:

1
-----l<c
1- w2LC -

Now we introduce a new frequency variable F defined by:

(3.16)

(3.17)

for 0 ~ F ~ 1 and FL is the value of F at the maximum inductor frequency
h. Then the new maximum inductor frequency variable FL can be expressed
in terms of the maximum relative error c and vice versa:

c =

(3.18)

(3.19)

A plot of the maximum relative error c versus the square root of the new
maximum inductor frequency variable FL is shown in figure 3.10.

Figure 3.10 shows that the inductor structure can only be used as a linear
inductor far below resonance, h ~ 0.3fres (c = 0.1 or 10 %). At the frequency
fmax where the quality factor is maximum the new frequency variable F is

26



L

z ....

Figure 3.11: Equivalent circuit of the inductor structure in resonance.

equal to t and the maximum relative error c is equal to i or 25 % ! The
quality factor of the inductor QL is found by substitution of the maximum
inductor frequency h in equation (3.11): I

1. '

Q = 271" L.Jfi(1_ ( h )2) = 271" L.Jfi(1_ F ) = 271"L~Flfres(1_ F )
L R' f R' L p' Lo res 0 ~ 'il

(3.20)
with FL the new maximum inductor frequency variable. The ratio of the
quality factor of the inductor QL to the maximum quality factor Qmax is
given by:

3.3.4 Resonator (I ~ Ires)

Although the structure was designed to be an inductor, in resonance it can
also be used as a LC-resonator. The resonance capacitor is formed by the par
asitic capacitances and the quality factor of the resonance inductor is only
determined by the resistance due to conductor losses and dielectric losses.
Figure 3.11 shows the equivalent circuit for the inductor structure in reso
nance.

The admittance of the equivalent parallel resonance circuit is given by:

1 1
Y = - + - + jwC (3.22)

R jwL
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and the impedance Z = l/Y.

The equivalent circuits of a resonating inductor and a resonator can be trans
formed into each other. If the equivalent circuit of the resonating inductor
has index 2 and the equivalent circuit of the resonator has index p, then the
transformation is described by:

(3.23)

and

or:

R2[1 + (W~2)2] = R2[1 + QL/]

L2[1 + ( RL2 )2] = L2[1 + 1/QL22]
W 2

The electrical parameters of a resonator are:

(3.24)

(3.25)

(3.26)

(3.27)

• fres resonance frequency

parallel resonance resistance

quality factor of resonator

The quality factor of a resonator QR is defined by:

Q def Rp fres

R - JLp/Cp !:If

with !:If the 45° bandwidth given by:
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The parallel resonance resistance Rp indicates the losses and the quality
factor QR is a measure for the bandwidth of the resonance peak. For an
ideal resonator both the parallel resonance resistance Rp and the quality
factor QR are infinite. The quality factor of a non-ideal LC-resonator QR
can be expressed in terms of the quality factor of the inductor QL and the
quality factor of the capacitor Qc. The quality factor of an inductor QL
of an inductance L with parasitic series resistance R is defined by equation
(3.2). The quality factor of a capacitor Qc of a capacitance C with parasitic
parallel conductance G (total admittance Y) is defined by:

_1_ _ $; clef Re{Y} _ £
Qc - tanu - Im{Y} - wC (3.30)

(3.31)

(3.32)

(3.33)

with tan 6 the loss tangent. In order to find an expression for QR we suppose
the resistance Rp to be the parallel connection of a resistance R due to
inductor losses and a conductance G due to capacitor losses. Substitution of
Rp in the reciprocal of QR (equation (3.28)) yields:

_1_=~ {L;+G (L;
QR Rye; ye;

Since the radian frequency w in resonance equals:

1
w = ----===

VLpCp

substitution of equation (3.32) in equation (3.31) results in:

_1_ = wLp + 5!...
QR R wCp

The second term in equation (3.33) is the reciprocal quality factor of a ca
pacitor Qc (equation (3.30)). Since the quality factor of an inductor QL is
defined for an inductance with a resistance in series, the parallel connection
of the inductor L and the resistor R have to be transformed into a series
connection. Using the equations (3.26) and (3.27) the first term in equation
(3.33) becomes:

(3.34)
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with QL2 the quality factor of the inductor. So the final expression for the
quality factor of the resonator QR becomes:

(3.35)

3.4 Simulation and measurement character
ization

Because of the enormous amount of possibilities for simulation and the large
number of integrated inductors which had to be measured, it is impossible
to extract all parameter values. From a first measurement the resonance fre
quency can be extracted, but for the accurate determination of the resonator
parameters a second measurement with many frequency points around reso
nance is needed.

Although the complete simulation and measurement results can be stored, for
the total characterization of the inductor structure with a limited number of
frequency points in one simulation or measurement the following parameters
have been used:

• Ro

• Lo

• ires

• Qrnax

• irnax

low-frequency (DC) resistance

low-frequency inductance

(first) resonance frequency

maximum quality factor Q
(before resonance)

frequency at which Q = Qrnax

with the quality factor Q as defined in equation (3.6).
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The maximum quality factor Qmax is an auxilary parameters which is used
as a figure of merit for the inductor quality. Though one should be aware
of the fact that at the frequency fmax the inductor structure behaves like a
resonating inductor! In fact we should have to take the quality factor QL at
the maximum inductor frequency fL. But the maximum inductor frequency
h depends on the maximum allowed relative error c for the inductance L
(see also equation (3.18) and equation (3.19)). Moreover, due to the slow
change of the slope of 1m{Z}, it is difficult to give an accurate value for h,
and thus for QL.

In chapter 7 two other methods of characterization for incorporation in a
circuit design will be discussed: using S- or Y-parameters or by curve fitting.

3.5 Conclusions

In this chapter the parameters for characterization of the inductor structure
have been defined. These layout parameters and electrical parameters will
form the input and output for simulations and measurements. At high fre
quencies resonance is caused by parasitic capacitive effects. Therefore for the
characterization of the inductor structure distinction has been made between
use as a (linear) inductor, as a resonating inductor or as a resonator. Atten
tion has also been paid to the first order characterization during simulations
and measurements.
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Chapter 4

Modeling

4.1 Introduction

In this chapter the modeling of the resonating inductor up to frequencies
somewhat beyond resonance is discussed. Implementation of the resulting
model into a computer simulation program allows calculation of the inductor
characteristics based on the layout parameters. The layout and electrical
parameters have been defined in chapter 3. Computer simulation will be
dealt with in chapter 5.

Here only the modeling of circular multi-turn spiral inductors on glass will
be treated. Global expressions for the inductance of non-circular or single
loop inductors were already given in chapter 2.

4.2 Methods of modeling

Different methods of modeling can be used depending on the operating fre
quency, the presence and importance of parasitics effects and accuracy.
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Lumped element approach [9]: The first and most simple way to model
the spiral inductor is the lumped element approach. This approach is
valid for structures with physical dimensions small compared to the op
erating frequency. Note that for a spiral inductor not only the inductor
diameter but also the spiral track length is of interest when consider
ing physical dimensions. The inductors are designed for operation at
2.5 GHz corresponding to a wavelength of 12 cm and will be analysed
and measured up to 18 GHz where the wavelength equals 1.7 cm.

Distributed element approach [10]: When the wavelength approaches
the physical dimensions or becomes smaller, or when the effects to
be modelled are related to virtual nodes (e.g. coupling between bridge
and spiral), then the distributed element approach can be used. The
spiral inductor is cut into smaller segments which are modeled as small
lumped elements with mutual interference.

Transmission line approach [11], [12], [13], [14]: When the spiral of the
inductor is divided into an infinite number of distributed elements, the
structure changes into a transmission line in which electromagnetic
energy flows. The characteristics of the electromagnetic field can be
calculated from results of transmission line theory.

Distributed line approach [15]: A disadvantage of the transmission line
model is, that the bridge is modeled using lumped elements. The dis
tributed line approach offers a solution to this problem. Both the spiral
and the bridge are replaced by single and coupled trasnmission lines and
lumped capacitors for the coupling between the spiral and the bridge.
In this way the distributed nature of the inductor can be maintained.

Electromagnetic field theory (Maxwell's equations): The most accu
rate method is to try to solve Maxwell's equations for a given structure.
This extremely difficult and time consuming activity can be performed
by computer simulation packages.

Because of the difference in complexity, accuracy and use, not all approaches
have been persued. In the next sections and in chapter 5 only the lumped
element approach, the distributed element approach, the transmission line
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Figure 4.1: Lumped element model.

approach and simulation based on electromagnetic field theory will discussed.
The transmission line approach is used to examine the resonance character
istics due to spiral coupling. Equivalent circuits based on the transmission
and distributed line approach have not been used because of the increased
complexity at the expense of similar accuracy.

4.3 Lumped element model

4.3.1 Model

The equivalent model of the resonating inductor can be used as lumped
element model (figure 4.1).

The impedance Z equals:

Z R + jwL(1 - w2LC) - jwR2C R jwL
= (1- w2LC)2 + w2R2C2 :::::: (1- w2LC)2 + 1 _ w2LC (4.1)

In this model R is the resistance, L the inductance and C the capacitance
which determines the resonance frequency ires = 1/(21rVLC). For the special
case when the parasitic capacitive effects are negligible (f « ires) the parallel
capacitor can be omitted and equation (4.1) reduces to:

Z= R+jwL
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4.3.2 Inductance L

The inductance has been calculated by Remke and Burdick [3] using a circular
loop approximation. Then the spiral is replaced by a series connection of
circular loops. The total inductance is the sum of external and internal
self-inductances I and mutual inductances:

n n n-I n

LT = L Lek + L Lik + 2 L L Mkj
k=I k=I k=I j=k+I

(4.3)

with Lek the external self-inductance of turn k, Lik the internal self-inductance
of turn k and M kj the mutual inductance between turn k and j. The internal
self-inductance is negligible, so that elaborating the self- and mutual induc
tances yields for the total inductance of a circular spiral inductor without
ground plane LT , e.g. on glass:

LT = 2I: t w./;;E[(: - kI)K(ki) - : E(ki)]
k=Ij=k+I I I

n k2
+ L f-L(2c - wI)[(l - --.l )K(kD - E(kiJ] (4.4)

k=I 2

where:

1 (4.5)a To + (k - 2") (Wsp + s)

b
. 1 (4.6)To + () - 2") (Wsp + s)

k2 4ab (4.7)I (a+b)2
1 (4.8)WI 2"Wsp

1 (4.9)c To + (k - 2") (Wsp + s)

IThe external self-inductance is defined for a loop (loop inductance), whereas the inter
nal self-inductance is defined for a track (wire inductance). The external self-inductance
L e is defined as the ratio of the magnetic flux ~ passing through the loop and the current
I flowing in the loop. The internal self-inductance Li is related to the energy stored within
the magnetic field within the track with current I, which is equal to ~LitotalI2.
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(4.10)

with a and b the average radii for turn k and j, TO the beginning inside radius,
wsp the spiral track width and s the track spacing. K(kD and E(kD are the
complete elliptic integrals of the first and second kind [18],[19]:

r/2 d¢

Jo Jl-k2 sin2 ¢

17r

/

2 VI - k2 sin2 ¢ d¢

(4.11)

(4.12)

If a ground plane such as a conducting substrate or measurement chuck is
present then the equations (4.3) and (4.4) have to be modified for mutual
coupling due to imaging effects (MR ) [20], [21]. If the ground plane is con
sidered as a perfect conductor then equations (4.3) and (4.4) become:

n n n-l n

LTgp = L Lek + L Lik + 2 L L Mkj - MR (4.13)
k=l k=l k=lj=k+l

LTgp

(4.14)

where:

1
(4.15)aR TO + (k - 2)(WsP + s)

bR
. 1

(4.16)TO + (J - 2)(WsP + s)

k2 4aRbR (4.17)3 (2h)2 + (aR + bR)2
(4.18)
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with aR the loop radius of the real inductor, bR the loop radius of the reflected
inductor and h the height from the inductor to the ground plane. Equations
(4.3) to (4.14) hold for frequencies well below self-resonance. From compar
ison of equation (4.4) with our measurement results we found an accuracy
of about 10 % for an inductance up to 25 nR and about 5 % for higher
inductances. These equations are often used and incorporated in microwave
engineering CAD packages like AppCAD [22].

Other equations for circular spiral inductors are given by [4], [5] and [6], but
the simplifications or approximations which are used are not always allowed.

At high frequencies the inductance slightly decreases due to phase shifts
concerning the mutual inductance [23]. This decrease depends on the spiral
track length lsp and the number of turns n, but is often obscured by the
resonance effect which raises 1m{Z}.

4.3.3 Resistance R

The resistor in the lumped element model represents the conductor losses of
the spiral turns and the bridge track. The DC-resistance can be written as:

(4.19)

(4.20)

If the spiral turns have a specific resistivity Psp, metallization thickness t sp ,
track width wsp and spiral length lsp given by:

127rn wsp + S 2
lsp= (TO + ¢)d¢=27fTOn+(Wsp+s)7fn

o 27f

and the bridge track has resistivity pbr, metallization thickness tbr, track
width Wbr and length lbr given by:

1
hr = TO + (2n + 4)(wsP + s)

then the DC-resistances of the spiral and the bridge are:

R _ Psplsp
SPO - twsp sp
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(4.24)

(4.23)

The high-frequency resistance is dominated by the skin effect, which means
that at high frequencies the current concentrates in the skin ofthe conductor.
We can try to derive an expression for the high frequency resistance by
calculation of the normalized current density j I jo as a function of the depth
z [24]:

! = exp( -zVjwJLa) = exp( -[1 + j]zV
WJLa

)
~ 2

with radian frequency w, permeability JL and conductivity a. The skin depth
8 is defined as the depth where the normalized current density j Ijo is atten
uated to lie:

8-J 2 _ 1
- wJLa - V7ff JLa

Integration of the current density over the total depth z yields:

10
00

I j I dz = 8 I j 0 I

(4.25)

(4.26)

so the skin depth represents a kind of effective depth which can be used to
define an equivalent resistance of a track with resistivity p, length l, width
wand metallization thickness t for 28 < t:

Rs =~ = _lJ7f fJL ex Ii
w28 2w a

(4.27)

Equation (4.27) shows that the skin effect Rs is proportional to the square
root of the frequency f.

However, this theory is only a simple approximation. Accurate modeling of
the 2-dimensional skin effect is very difficult [25], [26]' [27]' [28], especially
when magnetic coupled conductors are concerned [5]. Sometimes it is easier
and more accurate to use an expression based on curve fitting of measurement
results, e.g. by [2] or [29].
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The resulting high frequency resistance can be written as:

R = max{Ro, R s } (4.28)

At low frequencies the resistance is equal to the DC-resistance. At high
frequencies the resistance equals the skin effect resistance. Using equation
(4.28) leads to a sudden change of the resistance value. Simulations showed
that better results can be obtained if instead of equation (4.28) we use:

4.3.4 Capacitance C

R = Ro+ Rs (4.29)

The parasitic capacitance C is composed of: spiral-to-bridge coupling (Cbr ),

coupling between side-walls of adjacent spiral turns (Csw ) and coplanar cou
pling between spiral turns (Csp ) through the glass substrate.

The capacitance of one crossing between the bridge track and the spiral turns
Cbr is given by:

(4.30)

with EO the dielectric constant of vacuum (EO = 8.85.10-12 F/m), Ersp-br

the relative dielectric constant of the dielectric layer between the spiral and
the bridge with thickness t diel , wsp the spiral track width and Wbr the bridge
track width. The total bridge capacitance Cbr equals:

(4.31 )

Additional coupling exists between the side walls of the bridge and the plane
of spiral turns. For Wbr » 2tdiel this effect can be taken into account if
instead of equation (4.30) we use [20]:

Cbr = EOEOWsp (Wbr + 2tdiel [(2 + tbr ) In(2 + tbr ) _ tbr In( t br )]) (4.32)
t diel 1r t diel t diel t diel t diel

with tbr the metallization thickness of the bridge.
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The capacitance between the side-walls of adjacent tracks per unit of length
Csw is given by:

(4.33)

with crsp the relative dielectric constant of the material between the spiral
turns, tsp the metallization thickness of the spiral turns and s the spiral track
spacing.

Coplanar coupling exists between each arbitrary pair of parts of the spiral
turns. Since the coupling between adjacent and non-adjacent turns dom
inates, the capacitance can be approximated by the coplanar capacitance
between two straight conductor tracks. The coplanar capacitance per unit of
length csp between two tracks with width wsp and spacing s is given by [20]:

_ EOErglass K(m')
csp - 2 K(m)

where:

s
m

m'

and K(m) the complete elliptic integral of the first kind [18]'[19]:

K(m) = r/2
de/>

Jo VI - msin2 e/>

(4.34)

(4.35)

(4.36)

(4.37)

Although the expressions for the parasitic capacitances are rather straightfor
ward, it is difficult to give an expression for the total capacitance C because
the parasitic capacitive effects are distributed over the inductor structure.

But, for tsp « wsp , Csw is often negligible compared to c sp ' Concerning
the resonance frequency the coupling between the spiral turns Csp is often
of minor importance, but not negligible, compared to the bridge capacitance
Cbr • In order to calculate the capacitance C a distributed-like approximation
can be used (figure 4.2 and section 4.4):
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Figure 4.2: Distributed approximation to calculate the lumped capacitance C.

C·t

C

(4.38)

with li the spiral track length of turn i (section 4.4) and Cbn Csw and csp as
defined by the equations (4.30) or (4.32), (4.33) and (4.34).

4.4 Distributed element model

4.4.1 Model

Although the lumped element model is suitable for understanding and man
ual calculations, the distributed nature of the inductor structure, especially
resonance, is not well modelled. This problem can be solved by using the
distributed element approach.

The inductor is divided into n turns, each turn is divided into m segments.
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Figure 4.3: Distributed element model.

Segment j of turn i will be indicated as segment (i,j) for i = 1, .. , nand
j = 1, .. , m. Each segment is replaced by its equivalent circuit and elements
for coupling between segments are added. The equivalent circuit of one
segment resembles the lumped element model, but now the physical structure
is maintained (figure 4.3).

4.4.2 Inductance L( i, j)

In the distributed element model the inductance is shared over the different
segments. L(i,j) is the inductance of segment (i,j). Equation (4.3) shows
not only how the inductance can be computed, but also how the inductance
can be distributed. Inductor elements L(i, j) represent the internal and ex
ternal inductances and mutual inductor elements M(il,jl; i2,j2) are added
for the mutual inductance between segment (il,jl) and (i2,j2)' However, we
have used another distribution based on:

LcxcI>cxA (4.39)

The inductance L is distributed proportional to the enclosed open inner area
A:

The enclosed open inner area A(i, j) of segment (i, j) is given by:

r</>(i,i+ l ) l R
A(i,j) = iii . . rdrdej>

</>(~,J) r=O
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with:

¢(i, j)

R

1
27r[i - 1 + -(j - 1)]

m

[TO - WSP
] + [WSP + S]¢ = a + b¢

2 27r

(4.42)

(4.43)

Solving the integral of equation (4.41) yields for the enclosed inner area
A(i,j) of segment (i,j):

A(i,j) = A(¢(i,j + 1)) - A(¢(i,j)) (4.44)

with the function A given by:

1 1 1
A(¢(i,j)) = "2a2¢(i,j) + "2ab[¢(i,j)]2 + (ib2[¢(i,j)j3 (4.45)

The total enclosed open inner area A is equal to:

n m

A = L L A(i,j) = A(¢(n, m + 1))
i=lj=l

(4.46)

4.4.3 Resistance of spiral Rsp( i, j) and bridge Rbr ( i)

The resistance due to conductor losses in the spiral is given by equation
(4.22), (4.27) and (4.29). Now the distribution of the resistance Rsp over the
segments (i, j) is proportional to the spiral track length:

R ( . .) - lsp(i, j) R
sp 'l, J - I sp

sp
(4.47)

The total spiral track length is given by equation (4.20). Since in equation
(4.20) n does not have to be an integer, this equation can also be used for
the spiral track length lsp(i,j) of segment (i,j):

lsp(i,j) = £(¢(i,j + 1)) - £(¢(i,j)) (4.48)

with the function £ given by:

£(¢(i,j)) = 27rTo ¢(i,j) + (wsp + S)7r(¢~,j))2 (4.49)
27r 7r
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The total spiral track length is equal to:

n m

L L lsp(i,j) = £(</J(n, m + 1))
i=l j=l

21rron + (w sp + s )1rn2 (4.50)

The resistance due to conductor losses in the bridge is given by equation
(4.23), (4.27) and (4.29). The bridge is split up into the contact, the tracks
between two spiral-bridge crossings and the track to the bond pad. The
distance between two spiral-bridge crossings is wsp + s and the length of the
bond pad track equals n(wsp + s).

4.4.4 Capacitances of bridge and spiral: Cbr ( i), Csw ( i, j)
and Csp(i 1,jl;i2,j2)

Capacitors are used to indicate the coupling between two segments. The
spiral-to-bridge capacitance per crossing cbr(i) is given by the equations (4.30)
and (4.32) and can immediately be placed in the distributed element model.
The exact position of the spiral-bridge crossings is given by the non-linear
equation:

(
wsp + s )

ro+ 21r </J cos</J=ro (4.51)

for 2k1r ~ </J ~ 1r /2 + 2k1r (k E N). But in approximation the position of the
bridge can be taken at </J = 90°.

The capacitance between the side-walls of adjacent tracks Csw(i, j) and the
coplanar capacitance between spiral turns Csp(i1,jl; i2,j2) are equal to the
product of the capacitances per unit of length and the average partial track
length of the segments. The capacitances per unit of length are given byequa
tion (4.33) and equation (4.34). The average partial track length lsp(iI, jl; i2, j2)
of the segments (iI, jl) and (i2,h) is equal to:

(4.52)
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with the spiral segment length lsp(i, j) as in equation (4.48). The nodes for
connection of the capacitors for the coupling between spiral turns are always
taken at the physical middle of both segments.

The model has been refined by the addition of the dielectric losses of the
glass. At frequencies in the GHz range vibration losses of the ions in the glass
cause heating [30] which can be modelled by a resistor parallel to the coplanar
spiral capacitor. The dielectric resistance per unit oflength r diel (ii, jl; i 2 , j2)
is equal to:

(4.53)

with tan 8 the loss tangent, defined as the ratio of the imaginary and real
part of the total admittance of the glass. So, the dielectric loss resistance
equals:

(4.54)

with Isp(i1,jl; i2,j2) the average spiral segment length given by equation
(4.52) and csp (i1,jl;i2,j2) the coplanar spiral capacitance per unit oflength
given by equation (4.34). Like the capacitor csp (i1,jl; i2,j2), the resistor
Rdiel(il,jl; i2,j2) is connected between the physical middle of both segments.

4.5 Transmission line approach

In order to get better insight into the coupling between the spiral turns the
transmission line approach has been regarded. The spiral inductor can be
considered as a kind of rolled coplanar waveguide. Although coupling also
exists between non-adjacent turns, for wsp « s or wsp » s the coupling
between adjacent turns is dominating.
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For wsp « s the spiral inductor can be considered as a single microstrip line
(a metal track on a dielectric substrate). Its length 1 is equal to the spiral
track length lsp (equation (4.20)):

(4.55)

For wsp » s the spiral inductor can be considered as a slotline (a gap between
2 metallization tracks of infinite width). Its length 1is then equal to the spiral
gap length:

1= 27f[ro + ~(wsp + s)][n - 1] + (w sp + s)7f[n - 1]2 (4.56)

Both the single microstrip line and the slotline resonate if the effective length
le!! equals a quarter wavelength A:

A C
lei! = lJEre!! = - = --

4 4ires
(4.57)

with Ere!! the effective relative dielectric constant [31], [32] which can be
computed by e.g. AppCAD [22], c the speed of light (c = 3.00.108 m/s) and
ires the resonance frequency.

4.6 Conclusions

In this chapter several methods for modeling of the spiral inductor have been
proposed. This has resulted in different models for different purposes.

The lumped element model is the basic model which can be used for char
acterization, understanding and manual calculations. The transmission line
model can be used to get insight into the coupling characteristics of the
spiral turns. For more accurate modeling of the inductor characteristics a
distributed element model has been generated. The most accurate method
of modeling is by solving Maxwell's equations.

47



Simulations based on these methods of modeling will be discussed in the next
chapter.
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Chapter 5

Simulation

5.1 Introduction

In the previous chapter the modeling of the circular multi-turn spiral inductor
is presented. This chapter explains how the modeling can be used for simula
tion of the inductor characteristics: the translation of the layout parameters
into electrical parameters (defined in chapter 3). A simulation program is
used to compute the electrical parameters or to generate an equivalent circuit
as input for a circuit simulator.

5.2 Lumped element simulation program

The lumped element model (figure 4.1 and equation (4.1)) has been imple
mented into a computer simulation program. This program called LMP
SPIND (LuMPed element model for SPiral INDuctors) is written in FOR
TRAN77 and uses the NAG library for the computation of elliptic integrals
(equations (4.11) and (4.12)).
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The input for the simulation program is formed by the layout parameters
(chapter 3) and the material parameters (chapter 6). The output is the
electrical parameters computed from the inductance L (equation (4.4)), the
resistance R and the capacitance C (equation (4.38)). For the skin resistance
R an expression is used which is similar to equation (4.27), but multiplied by
a correction factor obtained from curve fitting of measurement results [2] (eq.
(6.2.2.4), p. 385).

Figure 5.1 on page 56 shows the simulation and measurement results of the
inductor in figure 3.1.

For inductors with a few number of turns (n small) the simulation results
are in good agreement with the measurement results. However if the number
of turns n increases, the difference between the simulation and measurement
results becomes becomes much larger. This indicates that the lumped ele
ment model is not suitable for accurate modeling. Probably this is caused
by the distributed nature of the inductor structure. Nevertheless it can be
used as a simple model for understanding and manual calculations.

Simulations have also been done without bridge capacitance. The results
showed that the influence of the bridge capacitance is of significant impor
tance.

5.3 Distributed element simulation program

The distributed element model (figure 4.3) has been implemented into a
computer simulation program. This program called MOCSPIND (Modeling
Of Circular SPiral INDuctor) is written in FORTRAN77 and uses the NAG
library for the computation of elliptic integrals (equations (4.11) and (4.12)).
The manual file is called MOCSPIND.MAN and is stored on the computer.

The input for simulation is formed by the layout parameters (chapter 3)
and the material parameters (chapter 6). Besides these, the total number of
segments m has to be entered. The computer generates a list of elements of
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the distributed equivalent circuit consisting of:

1. inductors,

2. resistors for the spiral resistance (including skin effect),

3. resistors for the bridge resistance (including skin effect),

4. spiral-to-bridge capacitors,

5. capacitors for the coupling between side-walls of adjacent tracks,

6. capacitors for coplanar coupling between adjacent and non-adjacent
spiral turns,

7. resistors for the dielectric losses of glass.

The equivalent circuit serves as an input for a circuit simulator (PSTAR).
The inductance L is computed using equation (4.4) and distributed according
to equation (4.40). The skin resistance R is computed using an expression
which is similar to equation (4.27), but multiplied by a correction factor
obtained from curve fitting of measurement results [2](eq. (6.2.2.4), p. 385)
and distributed according to equation (4.47). Capacitances of the bridge and
spiral (Cbr(i), Csw(i,j) and Csp(il,jl; i2,j2)) are computed and implemented
as explained in section 4.4.4.

The equivalent circuit of the inductor in figure 3.1 was already shown in
figure 4.3 for m = 4. The simulation and measurement results can be found
in figure 5.2 on page 57.

Simulations for different inductors showed rather good agreement with the
measurement results and better accuracy than the lumped element model.
Distributed modeling of the inductor structure leads to more accurate results
because the bridge capacitance and the capacitive coupling of the spiral are
better described. Even after resonance the high-frequency behaviour is de
scribed rather well. In general there was no difference between the simulation
results for four or more segments, so m = 4 is satisfactory.
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Deviation between the simulation and measurement results are probably due
to modeling incertainties and simplifications, measurement inaccuracies and
to deviations of processing:

1. The high-frequency resistance of the magnetic coupled spiral turns is
dominated by the skin-effect. An approximate expression derived from
literature has been used, because accurate modeling of the skin effect
of coupled lines is very difficult.

2. At high frequencies the inductance slightly decreases due to phase shifts
concerning the mutual inductance. Calculation of the high-frequency
inductance might improve the accuracy at the expense of much addi
tional effort.

3. Another simplification is the position of the spiral-bridge crossings. The
exact position of the crossings is given by equation (4.51). To avoid
solving this non-linear equation the crossings are taken at taken at 90°.

4. Inductors have a very low DC-resistance. Therefore the contact resis
tance of the measurement probe should be low in order not to disturb
the measurement results.

5. In resonance the spiral inductor is a high-ohmic device. So the mea
surement results might be inaccurate due to mismatching between the
measurement circuit and the inductor.

6. Processing can change the layout parameter values because IC fabri
cation processes always have a certain spreading. Other deviations are
caused by e.g. wet etching.

Simulations have been done for different inductors. In order to get a well
organized overview of the simulation results for further data processing of
the layout and electrical parameters we have used the following plot method.
For each electrical quantity a plot is made of that electrical quantity (vertical
axis) versus n (horizontal axis), for different wsp (parameter) at fixed values
for dim, w / sand Wbr' Afterwards these plots can be combined to e.g. a plot
of L versus Q. Consider the plots with the inductance L and the quality
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factor Q on the vertical axis. In the L-plot the inductance L (with a given
maximum deviation) corresponds to different combinations of nand wsp for
fixed dim, W / sand Wbr' The corresponding quality factor Q for those values
of nand wsp for fixed dim, W / sand Wbr can then be found in the Q-plot.
Doing this for different inductance yields a plot of L versus Q.

In this way a plot of the quality factor Q versus the inductance L has been
made of the simulation results of the distributed element model. The plot
showed that the maximum quality factor Qmax is about 35, independent of
the inductance L and the available area (related to the inductor dimension
dim). A selection by distributed element simulations based on high Q-values
in the GRz range for inductance between 1 and 100 nR has led to the following
layout parameters:

Dimension dim: The dimension dim is related to the inductance Land
should not be too small. The maximum dimension dim is set by reso
nance:

600 /-Lm :S dim :S 1200 /-Lm

The inner radius TO is mainly determined by the dimension dim and
the number of turns n.

Number of turns n: A large number of turns n causes a high mutual in
ductance and a high inductance L, but unfortunately n is limited due
to the capacitive parasitics:

Spiral track width wsp : The quality factor Q is limited by the DC-resistance
(equation (3.8)). Therefore the spiral track width wsp should be not
too small:

15 /-Lm :S wsp :S 75/-Lm

Spiral track spacing s: A small track spacing s results in the maximum
inner radius TO. Since the spiral-to-bridge capacitance is dominating,
wsp / s can be large:
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Bridge track width Wbr: The track width of the bridge Wbr can be var
ied in order to exchange bridge resistance (Rbr ) and spiral-to-bridge
capacitance (Cbr ):

10 J1m ~ Wbr ~ 50 J1m

The distributed element simulation program forms an optimum between com
plexity and accuracy: the CPU-time is rather low, the accuracy is rather
good. It is suitable for inductor characterization and to examine the influ
ence of the inductor parameters.

5.4 Electromagnetic field simulation pack
age

The most accurate method of modeling is solving Maxwell's equations. We
have used the computer simulation package FASTERIX which generates an
equivalent circuit based on physical modeling. The equivalent circuit forms
the input for a circuit simulator (PSTAR).

The input for simulation are a description of the inductor structure and
the material parameters. The description can be either a descriptive list of
geometric figures or a layout (e.g. GDS2-format).

The simulation and measurement results of the inductor in figure 3.1 can be
found in figure 5.3 on page 58. The simulation results are in good agreement
with the measurement results. Reduction of the equivalent circuit must not
be applied, because this reduction deals with small inductive effects.

The electromagnetic field simulation package FASTERIX is suitable for the
accurate characterization of inductors. Since the inductor does not have to
be a circular multi-turn spiral inductor, the simulation package can be used
as a tool for optimization of the inductor structure. A disadvantage of this
method is the long CPU-time.
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5.5 Conclusions

In this chapter simulations based on different methods of modeling (chap
ter 4) have been discussed.

The lumped element simulation program computes the electrical parameters
from the layout parameters and material parameters. This model is not very
accurate, but already showed the significant importance of the bridge capac
itance. The distributed element model uses electrical modeling to generate
an equivalent circuit for a circuit simulator (PSTAR). The input for sim
ulation are the layout parameters and material parameters. The accuracy
is rather good, the CPU-time is rather low. The electromagnetic field sim
ulation package FASTERIX translates the layout parameters and material
parameters into an equivalent circuit for a circuit simulator (PSTAR) based
on physical modeling (Maxwell's equations). The input can be a descriptive
list or a layout (e.g. GDS2-format). The accuracy is high at the expense
of a much higher CPU-time. Although the lumped and distributed element
model are only suitable for circular multi-turn spiral inductors, FASTERIX
can be used for any inductor structure. In this way structure optimization
is possible.
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Chapter 6

Layouting and processing

6.1 Introduction

The equivalent models of the inductor structure and simulations have been
used for parameter and structure optimization. But because of the difficulty
to forecast the inductor characteristics from its layout and material parame
ters, it has been decided to make a new mask set, called STIENKE with a
lot of different inductor structures.

The purpose of making and measuring the inductors was two-fold: in the first
place, a comparison between measurement results and simulation results over
a large range of inductors enables us to improve modeling and, secondly, the
ensemble of measured inductors forms a library for e.g. designers.

First the layouting of the STIENKE mask will be explained briefly. Next
some aspects about processing concerning the material parameters which are
necessary as input for simulations will be dealt with.
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6.2 Mask generation

A mask set composed of a large number of different inductors has been de
signed. The mask set is generated by computers programs. The computer
layouting programs to create single inductors or a complete mask set are
available. More detailed information can be found in the layout manual file
STIENKE.READ_ME in the directory .. /MASKERS/STIENKE. The com
puter layouting programs translate the layout parameters of the inductor
into a layout in CMSK-format which can be compiled to GDS2-format. The
reason for computer generation is not only the great number of inductors,
but also the fact that a spiral is an uncommon figure in computer layouting
packages. The problem of layouting a spiral has been solved by the appli
cation of bit mapping. So the use of a real spiral leads to high CPU-times
and large output files. Layouting of inductors composed of half circles is
less time consuming and results in smaller output files. The CPU-time and
memory needed to generate the total STIENKE mask is about 4 hours and
400 Mbyte.

For the processing of spiral inductors four masks are needed:

1. IN (light field) : first metallization layer

2. CO (dark field) : contact between metal 1 and metal 2

3. INS (light field) : second metallization layer

4. CB (dark field) : contact to bond pads

Because inductors have relatively large dimensions (dim), widths (w sp and
Wbr) and spacings (s) contact printing could been used. Moreover, contact
printing enables us to use large dies with many different inductors. The
distances and overlaps between patterns on each mask are mainly set by the
contact printing inaccuracy, so that the minimum mask spacings are set to:

mIN,CO

mINS,CO

mIN,CB
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Figure 6.1: Spiral inductor after processing.

The minimum track width (CO) is equal to 5 f-Lm and the minimum track
spacing (INS) is equal to 1.5 f-Lm.

6.3 Material parameters

The inductors are fabricated on a glass substrate using standard IC pro
cessing techniques and the STIENKE mask set is used for contact printing
(batch N44522M). The inductor structure after processing is shown in figure
6.1.

The spiral turns and the bridge are made of aluminium (AI or AISi) sepa
rated by a planarising oxide layer(Si02). An overview of the most important
material parameters is given in table 6.1.
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Table 6.1: Material parameters

Al j AlSi:
resistivity
conductivity (cr == !)

p

thickness

relative dielectric constant
(average) thickness at bridge crossing

glass substrate:
relative dielectric constant
loss tangent
thickness

6.4 Remarks

Psp == Pbr

crsp == crbr
tbr (bridge)
tsp (spiral)

Cr (2.5 GHz)
tan 8 (2.5 GHz)
h

3.0 ·10-6 nem
3.3 .105 Sjcm

0.7/-Lm
( 3.0 1- 0.7 == ) 3.7 J

3.9
1.0/-Lm

6.2
1 .10-3

0.15 em

1. If the aluminium is etched wet, then the track width has to be adapted
accordingly (w :== w - 3 /-Lm).

2. The upperbound of the quality factor depends on the total DC-resistance
(equation (3.8)). So, the DC-resistance has to be minimized as far as
possible:

Resistivity P j Conductivity cr: Well conducting layers should be
used with a high conductivity: aluminium (AI or AlSi).

Total inductor length: Extra track length causes additional resis
tance and thus lowers the quality factor. Therefore tracks which
do not contribute to the inductor performance, e.g. the tracks to
the bond pads, should be short and wide.

Metallization thickness: In the planar inductor structure the met
allization thickness is a limiting factor, because the vertical dimen
sions are small compared to the horizontal dimensions. If possible
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multiple layers can be used to increase the thickness and lower the
resistance.
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Chapter 7

Measurements

7.1 Introduction

In spite of the enormous amount of inductors on the STIENKE mask all
inductors have been measured manually in order to compare the measure
ments to the simulation results and to improve the modeling, and to create
a library.

7.2 Measurement set-up

For the measurements of the inductors a HF measurement set-up has been
used. The set-up is schematically shown in figure 7.2.

A HP8510 Network Analyser with test set HP8516 (and a HP4145 for biasing)
controlled by the computer program MESPAM / section SPAR [33] have been
used for the measurement of the S-parameters at fixed biasing for frequencies
from 100 MHz to 18 GHz (logarithmic sweep, 30 points). The inductors have
been measured unbalanced as one-port using a Cascade Microtech RF probe
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Figure 7.1: HF measurement set-up.

with a fixed pitch of 200 J.Lm: one terminal as signal and the other terminal as
ground 1 2. Before the measurements a one-port calibration was performed
using a short, an open and a 50 n load on a calibration substrate (ISS).

After visual inspection under a microscope a HF-measurement was done.
The calculated values of Ro (equations (4.19), (4.22) and (4.23)) and Lo
(equation (4.4)) were included in the layout manual and could be used to
check the HF-measurement instead of doing a DC-measurement first 3.

1Although the inductor structure is not completely symmetric, reversing signal and
ground did not change the measurement results.

2The glass substrate had a thickness of about 1.5 mm. An extra glass plate could
be used if the grounded chuck could have a capacitive influence on the measurements.
However, even large inductors of 2.4 mm did not show any difference.

30f some inductors the DC-resistance Ro has been measured and good agreement was
found with the calculated value. From earlier use it was known that the formula for the
inductance L o gives a good prediction.
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7.3 Measurement results

All 480 inductors on the STIENKE mask have been measured. The mea
surement results of the inductor in figure 3.1 were already shown in chapter
5, e.g. in figure 5.3. For each inductor the S- and V-parameter files are stored
on disk and the characteristic parameters Ro, Lo, Qmax and fmax have been
written in the layout manual. The inductance Lo ranges from 0.5 nH to 100
nH with a maximum quality factor Qmax up to 30 for frequencies fmax in
the GHz range. The best results were obtained for spiral inductors with (c.£.
layout parameter selection on page 53):

Dimension dim:

600 /-tm ~ dim ~ 1200 /-tm

Inner radius TO:

TO
0.2 ~ dim ~ 0.4

Number of turns n:

Spiral track width wsp :

30 /-tm ~ wsp ~ 50 /-tm

Ratio of spiral track width wsp to spiral track spacing s:

1 < wsp < 3
- s -

Bridge track width Wbr:

10 /-tm ~ Wbr ~ 50 /-tm
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Figure 7.2: Resonance due to coupling 01 the spiral (no bridge).

Figure 7.2 shows the measured resonance frequency Ires versus the spiral
length lsp for inductors which had no bridge, but an inner and outer contact.
Although they cannot be used for practical applications, the measurement
results show that the resonance frequency Ires due to coupling of the spiral
varies reciprocally with the pirallength lsp (equation (4.57)).

Unfortunately there was no time to perform data processing on the measure
ment results and so to derive scaling rules. However, in the next section will
be explained how for the time being the measurement results can be used for
the design of spiral inductors.

7.4 Inductor design

7.4.1 Introduction

This section is dedicated to the selection of an inductor structure in cir
cuit applications: how can electrical parameters be translated into a layout?
It will be explained how to find the best inductor and how to include the
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inductor in your circuit design.

7.4.2 Specification, selection and optimization

When a circuit designer needs an inductor, then he can use the electrical
parameters for characterization (chapter 3). A spiral inductor can be speci
fied as a (linear) inductor by its inductance L, the quality factor Q and the
operating frequency! (figure 3.8 and equation (3.1)). Because of resonance
in practical spiral inductors the maximum allowed relative inductance error
E: must be given, so that then the minimum required resonance frequency
ires can be calculated (equation (3.18)). Instead of specifying the maximum
relative error E: the spiral inductor can also be treated as a resonating induc
tor characterized by the parameters mentioned above (L, Q and J) and the
resonance frequency ires or the equivalent resonance capacitance C (figure
3.9 and equation (3.3)).

After inductor specification these parameters can be used to come to a selec
tion of one or more inductors on the STIENKE mask. The first method to
do this is using the measurement characterization parameters Ro, Lo, Qmax

and !max in the layout manual. But, although Qmax@!max is an indicator
for the total quality of the inductor structure, it is preferred to use the exact
parameters at the specified operating frequency. Therefore, a second method
is to make a selection based on the S- or V-parameter measurement result
files. In order to do this a computer program has to be written.

If one or mbre good inductors have been found, one can try to optimize
the inductor by variation of the layout parameters using accurate computer
simulation packages.
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Figure 7.3: Equivalent circuit for curve fitting.

7.4.3 Characterization based on S- or V-parameters
and on curve fitting

The inductor can now be included into the circuit design, but for circuit
simulations the inductor characteristics have to be known. In chapter 3 was
said that this can be done using the electrical inductor parameters and the
equivalent circuit. Here two other possibilities will be discussed:

1. S- or Y-parameters:
If the S- or V-parameters of the inductor are available, e.g. from mea
surement, then they can be used for accurate modeling. The inductor
is defined as a one-port black box which characteristics are specified in
a table with S- or V-parameters.

2. Curve fitting:
Another way of modeling is using curve fitting on an equivalent circuit.
Figure 7.3 shows the equivalent circuit of the inductor with curve fit
parameters R1 , R2 , Land C.

The equivalent model for curve fitting is based on the lumped element
model (figure 4.1), where the resistance R of the lumped element model
is now composed of DC-resistance (parameter R1 ) and skin-effect re
sistance (parameter R2 ).

The curve fit procedure is as follows:
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(a) The Y-parameter measurement file is read:

j, Re{Y}(j) and Im{Y}(j)

(b) Conversion from Y- to Z-parameters:

(7.1)

with:

Re{Z}

Im{Z}

Re{Y}

1 Y 1
2

Im{Y}

I Y 1
2

(7.2)

(7.3)

(c) Curve fitting with parameters Rb R2 , Land C:
The curve fitting is based on the lumped element model:

(7.4)

Re{Z}
R

(7.5)
(1 - w2LC)2 + w2R2C2

Im{Z}
wL(l- w2LC) - wR2C

(7.6)
(1- w2LC)2 + w2R2C2

with:

R max{R1,Rs } (7.7)

R s R2/f (7.8)

Running the curve fit program showed that a better fit is obtained
if we use (equation 4.29):

(7.9)

instead of equation (7.7).

The (global) meaning of the parameters R1 , R2 , Land C of the
equivalent model for curve fitting is:
R1 ~ DC-resistance (R1 in 0)
R s = R2v1 ~ skin-effect resistance (R2 in O/VRZ !)
L ~ low-frequency inductance (L in H)
C ~ equivalent resonance capacitance (C in F)
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Using the global meaning of the different curve fit parameters the
initial values and boundaries can be calculated as follows:

R1
R _ Re{Y}(100 MHz)

(7.10)
o - 1 Y 12 (100 MHz)

R2 RI/V2.2 GHz (7.11)

L
L _ _ Im{Y}(100 MHz)

(7.12)
o - 27r 100 MHz 1 Y 12 (100 MHz)

C
1

(7.13)
(27rires)2L

Here we have used that the skin effect resistance Rs is equal to the
DC-resistance R1 when the metallization thickness of the spiral
tsp = 3.7J.Lm is approximately equal to the double skin depth 6: at
about 2.2 GHz (equation (4.25)). The resonance frequency is the
frequency at which Im{Z} = O.

The advantage of this way of modeling is that it is not only ac
curate but that it also gives insight. The curve fit program has
another input parameter called K. All frequency points above
K . ires will automatically be omitted during curve fitting.

The curve fit results on the measurement results of the inductor in figure 3.1
are shown in figure 7.4 on page 73. At low frequencies the fit is very good.
But around resonance the error increases.

Maybe a better fit can be obtained if the curve fit model is refined. Though
the advantage of this simple model is, that the curve fit model is not only
suitable for accurate modeling of the spiral inductor in a circuit, but also
that it supplies insight.
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Figure 7.4: Measured characteristics (dashed line) of the spiral inductor with
curve fit (straight line).
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Chapter 8

Conclusions and
recommendations

First a literature survey has been done in order to investigate the research
done so far. The results, presented in appendix A, are mainly used for
modeling and simulation.

Although inductors can be made in several ways, only two structures allow
efficient planar miniaturization: the single loop inductor and the spiral in
ductor. The best inductor quality is obtained for a circular shape (chapter 2).

After definition of the layout parameters and electrical parameters of the in
ductor (chapter 3), modeling of the spiral inductor and implementation into
computer simulation programs is discussed (chapter 4 and 5). Although the
lumped element model is not very accurate, it is suitable for manual calcu
lations and understanding. The accuracy of the distributed element model
is rather good. At the expense of a much longer CPU-time more accurate
results can be obtained if an electromagnetic field computer simulation pack
age like FASTERIX is used. A transmission line approach is used to examine
the capacative coupling of the spiral.

Accurate modeling turned out to be very difficult because of the complex
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influence of different parasitic effects. Therefore a new mask set has been
made and inductors are fabricated using standard Si Ie processing techniques
(chapter 6).

A comparison between the simulation and measurement results allows further
improvement of the modeling. Moreover the measurement results can be used
to create a library (chapter 7). Finally, a method is proposed how, for the
time being, an inductor structure can be selected and included in a circuit
design using a S- or V-parameter table or curve fitting.

So: different models and computer simulation programs are available for the
calculation of the inductor characteristics and a great number of different
spiral inductors have been fabricated and measured. Though, the research
of spiral inductors has not finished:

1. The simulation and measurement results have to be compared over
a large range of inductors and if possible modeling has to be further
improved.

2. Data processing on the measurement results has to be performed in
order to derive scaling rules.

3. In this report single spiral inductors have been dealt with. Maybe the
performance can be further improved by connecting several inductors
in series. Though one should be aware of the complex inductive and
capacitive coupling between separate inductors, which depends on the
inductor dimensions and the spacing between inductors.

4. So far attention has been focussed on the inductor structure as a res
onating inductor. Parasitic capacitive effects limit the use as an induc
tor. Though in resonance these parasitic capacitive effects are used to
form a high quality resonator. Accurate characterization as a resonator
requires further study.
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Appendix A

Study of literature

A.I Introduction

The research on spiral inductors has started with a study of literature in
order to investigate the research which has been done so far. In this way
results about the design, optimization, maximum realized performance and
information on the different ways of modeling could be found. When creating
a model for computer simulation of the inductor, literature references have
also been used to find more detailed information especially about parasitic
effects. Attention has been paid both to inductors on Si and to inductors
on GaAs. Some articles about active inductors and transmission lines are
regarded as these often serve as a substitute for the spiral inductor. A few
articles concerning applications of spiral inductors have been studied.

1



A.2 Searching

A.2.1 List of sources

For this study of literature the following sources have been used:

1. R. Dekker (coach):
Concerning results of research performed before at Philips Research
Laboratories.

2. Other members of the group Semiconductor Device Architecture and
related groups (e.g. designers).

3. INSPEC:
The following items have been used for s~arching on-line (from 1969)
with INSPEC:

• inductor

• spiral

• integrated

• silicon

Searching on "spiral AND inductor AND integrated" gave the best
result concerning the entire subject.

4. Bibliographies and references of found articles, books and computer
programs:
These sources were used to find the most important articles and arti
cles with more detailed information in the same way as with the snow
ball method. This tree selection method also indicated where initial
formulas could be found ('root' articles).

5. Philips library catalogue (BAS):
This system has only been used for tracing references.
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Note that the last two sources mentioned above were used in the second
place, especially to trace bibliographies and references.

Because of the enormous amount of useful information already found from
these sources, the Science Citation Index has not been used.

A.2.2 Selection of references

Selection of found references has taken place using the following criterions:

1. Theoretical and practical/experimental information for the complete
design of a high quality spiral inductor is wanted.

2. Therefore first it is necessary to have an overview of the total research
till now.

3. Information for the accurate calculation of the inductance is needed.

4. And I need a description of all important parasitic effects. This can
be a theoretical analysis (verified by measurements), or numerical data
(from of verified by measurements).

5. Then a model for computer simulation can be generated. References
containing models or modeling tools can simplify the modeling process.

6. Some information about active inductors and transmission line struc
tures, and applications of inductors are needed.

Hereby there were no limiting restrictions of geographies, language or availi
bility.
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A.3 Results

The study of literature resulted in a lot of new useful references covering the
whole subject.

I have used a few books with general information. But the most important
and most recent information from research can only be found in publications
and conference proceedings. The most important references are:

• AppCAD [22]
Hewlett Packard, 1990 (version 1.02)

• Remke, R.L. and G.A. Burdick:
Spiral inductors for hybrid and microwave applications [3]

• Wadell, B.C.:
Transmission line design handbook [2]

• Weber, K:
Electromagnetic fields, theory and applications [20]

The references used in this report are mentioned in the literature list.
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