ABSTRACT

JAYANTHI SURYANARAYANAN. Design and Fabrication of Toroidal Inductors
for Mixed Signal Packaging. (Under the direction of Dr.Michael B. Steer.)

The demand for efficient, lightweight consumer products created the need for minia-
turization of passive components especially inductors which are some of the bulkiest
parts of an integrated system. The purpose of the work described here was to study
toroidal inductor structures since they were compact and self-shielding. Toroidal
inductors were modeled using a commercial electromagnetic simulator. The results
show that these structures have good characteristics in terms of inductance, quality
factor and area. Three different structures are fabricated and experimentally charac-
terized using the HP Vector Network Analyzer. We also make several observations
about the effect of the placement of each pair of top and bottom metal strips with
respect to each other on the flux linkage and hence, the inductance and quality factor

of the inductor.
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Chapter 1

Introduction

1.1 Background

There has been a large demand for passive components for consumer products like
pagers and cellular phones leading to a lot of work to improve passive component
fabrication and packaging. One of the main uses of inductors is in transistor biasing
networks, for instance as RF coils to short circuit the device to DC voltage conditions.

One of the major issues in passive component fabrication has been the fabrica-
tion of three-dimensional inductors on silicon and in mixed signal package, and their
miniaturization. The miniaturization technology of inductors is much less advanced
compared to other passive components (e.g. resistors and capacitors), greatly limiting
the integration of electromagnetic devices.

Inductors, in general, occupy a lot of area on the chip since large magnetic cross
sectional areas are required to obtain good inductance and Q-factor. This obviously
affects any attempts at miniaturization. There is a major attempt to take the inductor
or a huge portion of it off-chip and into the package.

In general, planar spiral inductors are fabricated in integrated circuits, the spiral
inductor being the dominant choice since it is a planar inductor and hence easy to
fabricate using two dimensional techniques. In integrated systems it is difficult to
achieve high Q and high inductance partly due to the geometry of the spiral inductor

and partly due to the finite conductivity of the silicon substrate on which the inductor



is fabricated.

1.2 Motivation

The issues we are trying to address when fabricating integrated inductors are max-
imizing Q, maximizing inductance, increasing the self-resonant frequency, reducing
the area occupied by the inductor and making them mechanically robust. The entire
motivation behind this research has been trying to address these issues especially in
trying to make the inductor more compact, at the same time, offering much higher
inductance than the spiral or solenoid inductors which are currently the popular in-
ductors used in integrated systems. This would lead to smaller, lighter, more efficient

components being used in consumer products.

1.3 Organization of Thesis

Chapter 2 is a literature review of the inductor, the types of inductors fabricated
in integrated systems and the issues involved in fabrication and miniaturization. In
Chapter 3, the working and analysis of the toroidal inductor is presented. Chap-
ter 4 describes the simulations and experiments performed to realize the toroidal
inductor structure and the results obtained from simulations done using HFSS and
measurements made on fabricated structures. Chapter 5 presents the conclusions and

describes future work.



Chapter 2

Literature Review

2.1 Classic Model of an Inductor

An inductor is basically a wire coiled in such a way as to increase the magnetic flux
linkage between the turns of the coil. This increases the self-inductance of the wire
beyond what it would have been without flux linkage.

An ideal inductor is characterized by a purely reactive impedance (Z = jX)
which is proportional to the inductance only. The phase of the signal across the ideal
inductor would always be +90 degrees out of phase with the applied voltage and there
would be no effect of DC current bias on its behavior.

Figure 2.1 shows what the inductor coil looks like at RF frequencies. The equiv-

Figure 2.1: Distributed capacitance and series resistance in the inductor.



Figure 2.2: Equivalent circuit model of an inductor coil at high frequencies.

alent circuit model of the inductor is shown in Figure 3.4.

Since the windings are adjacently positioned a minute voltage drop occurs between
adjacent turns giving rise to a parasitic capacitance effect. This effect is called the
distributed capacitance Cq. The parasitic shunt capacitance C and the series resis-
tance R, represent composite effects of distributed capacitance Cy and resistance Ry
respectively in the inductor coil as shown in Figure 3.4. When circuits are comparable
in size to the wavelength, effects are distributed rather than lumped and the electric
energy storage in parts of a primarily inductive element or the magnetic energy stor-
age in parts of a primarily capacitive element becomes important. In the present
case there is electric field (capacitive) coupling between the turns of the inductor. A
good way to represent this effect is to add a capacitive element between each pair of
adjacent turns. At high frequencies the effect of these capacitors is to bypass some
of the turns so that not all turns have the same current.

So in a real inductor the distributed capacitance Cy affects the reactance of the
inductor. Initially, at lower frequencies, the inductor’s reactance parallels that of an
ideal inductor. However the reactance deviates from the ideal curve and increases at
a much faster rate until it reaches a peak at the inductor’s self-resonant frequency
(SRF). The SRF is given by SRF = 1/2xy/LC;. As the frequency continues to in-
crease the distributed capacitance Cy becomes dominant. So the inductor’s reactance

begins to decrease with frequency, a voltage phase shift of -90 degrees is observed and
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Figure 2.3: Frequency response of the impedance of an ideal inductor and a practical
inductor.

the inductor begins to look like a capacitor. This behavior of the inductor is shown
in Figure 2.3.

Theoretically the resonance peak would occur at infinite reactance. However, due
to the series resistance of the coil, some finite impedance is seen at resonance. The
series resistance also serves to broaden the resonance peak of the impedance curve of
the coil. To characterize the impact of the series resistance the quality factor @ is
commonly used. The Q is the ratio of an inductor’s reactance to its series resistance
(Q = X1 /R) and characterizes the resistive loss in the inductor. For tuning purposes,
this ratio should be as high as possible. If the coil were a perfect conductor, its )
would be infinite and the inductor would be lossless. But since there is no perfect
conductor an inductor always has a finite Q).

At low frequencies, the @) factor is very good because the only resistance seen is

the dc resistance of the wire which is very small. But as the frequency increases, skin
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Figure 2.4: Change in @) factor with frequency

effect ! and winding capacitance begin to degrade the quality of the inductor. At low
frequencies, () will increase directly with frequency because its reactance is increasing
and skin effect has not yet become noticeable. Soon however the skin effect becomes
factor with the @ rising but a lower rate and we get a gradually decreasing slope in

the curve. The change in the () of an inductor with frequency is shown in Figure 2.4.

The flat portion of the curve occurs because the series resistance and the reactance
are changing at the same rate. As the frequency increases beyond this point, the
winding capacitance and skin effect of the windings combine to decrease the @ of the

inductor to zero at its self-resonant frequency.

1Skin effect is characterized by skin depth, 6 = 1/y/fmuc where u is the permeability and o is
the conductivity of the metal
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Figure 2.5: An on-chip spiral inductor.

2.2 Comparison of Inductors Fabricated in Inte-

grated Systems

Integrated inductors are typically formed on-chip or embedded in the chip package
or board. Now the three-dimensional nature of an inductor makes it difficult to
fabricate it in an IC using conventional two dimensional fabrication techniques. In
general, spiral or solenoid-type inductors are fabricated in integrated circuits, the
spiral inductor being the dominant choice since it is a planar inductor and hence
easy to fabricate using two dimensional techniques. A common type of on-chip spiral
inductor is shown in Figure 2.5. This is contrary to macro-inductor structures which
are typically solenoidal or toroidal. In integrated systems it is difficult to achieve
high @ and high inductance partly due to the geometry of the spiral inductor and
partly due to the finite conductivity of the silicon substrate on which the inductor is
fabricated. Another major issue in fabricating an on-chip inductor is that it takes up
a lot of real estate. Inductors up to 10 nH can be fabricated on-chip. Beyond this it
is better to have either the entire inductor or a majority of it off-chip as a part of the
RFIC package.

One of the major sources of loss for inductors on silicon is substrate loss due to

the finite conductivity of the substrate and the resulting current flow. These induced



currents follow a path under the conductors of the spiral and, just as with ground
plane eddy currents, lower the inductance achieved. Eddy currents are also excited
in the metal backing of dies or package metallization.

Most silicon substrates are at least slightly doped, usually of p-type. With heavily
doped n-type strips arranged radially from the center axis of the spiral, the eddy
currents are blocked. They achieved an increase of the ) from 5.3 to 6.0 at 3.5 GHz
and from 4.3 to 4.5 at 2.0 GHz. In the spiral inductor model, the effect was also to
reduce the shunt resistance and capacitance to the substrate.

Parasitic capacitance results in resonance of the on-chip inductance structure and
hence the frequency of operation. With GaAs (g, = 12.85) the effective permittivity
of the medium can be reduced by adding a polyimide layer (¢, = 3.2) and using
metallization on top of this layer [14]. Thus, the capacitance is substantially reduced.
This is at the cost of poorer thermal management as the thermal conductivity of
polyimide is substantially lower (about 100 times) than that of GaAs, and so the
power handling capability is compromised. Coupling this with thicker metallization
to reduce resistance can result in a Q) that is 50% larger and a self-resonant frequency
that is 25% higher [14].

We now return to the issue of the finite conductivity of the silicon substrate. The
inducement of charges in the silicon and the insignificant skin depth of the silicon
substrate has the effect of increasing the capacitance of an interconnect line over
silicon as the electric field lines are terminated on the substrate charges. (This effect
is in addition to the induction of eddy currents in the substrate as discussed earlier.)
Now the magnetic field lines penetrate some distance into the substrate so that the LC
product is greater than if the substrate was insulating (as with GaAs). The effect is
that the velocity of propagation along the interconnect (= 1/v/LC) is reduced, leading
to what is called the slow wave effect. This means that very small inductances can
be realized using short lengths of interconnect arranged so that fields, particularly
the magnetic field, penetrates the substrate. This effect can be adequately simulated
using planar electromagnetic simulators that allow the conductivity of media to be
specified. Simulation is necessary as the effect is a complex function of geometry

and substrate conductivity, and generalizations available for use in design are not



available.

The lowest loss inductors are obtained by etching away the underlying substrate
or by using insulating or very high resistivity bulk material. Loss is also reduced by
separating the planar inductor from the ground plane and additional dielectric layers
have been deposited on a chip to achieve this. Volant and Groves [15] obtained a
Q@ of 18 at 10 GHz with a 4 pum thick aluminum-copper spiral inductor using this
approach. When all steps have been taken then the dominant loss mechanism is
current crowding [16]. This is a particular problem with multi-turn spiral inductors
which are required to realize high inductance values. Current crowding results when
the magnetic field of one turn penetrates an adjacent trace creating eddy currents
so that current peaks on the inside edge of the victim trace (towards the center of
the spiral) and reduces on the outside edge. This constricts current and results in
higher resistance than would be predicted from skin effect and DC resistance alone
[16]. The key requirement then is that magnetic flux be confined while still achieving
flux linkage. The proposed toroidal inductor does just this.

Planar inductors are often fabricated in close proximity to each other. The cou-
pling of adjacent planar inductors depends on the separation of the inductors, shield-
ing, geometry and the resistivity of the underlying substrate. An effective measure of
shielding is to use a discontinuous guard ring [17]. This however reduces the originally
designed inductance values because of the image currents induced in the ring [18].

In summary the best that can be achieved for conventional spiral inductors on low
resistivity silicon is around 20.

The issues we are trying to address when fabricating integrated inductors are:

e Maximizing Q,
e maximizing inductance,
e increasing the self-resonant frequency and

e reducing area occupied by the inductor.

The most severe problem that degrades Q) factor at high frequencies (above 500MHz)

is the 12 R losses from eddy currents in the metal traces that make up the spiral induc-
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tor. The spiral’s B-field generated by nearby turns passes perpendicularly through
the traces, setting up eddy currents and pushing currents to the trace edges. The
result is a quadratic increase in resistance with frequency with the frequency decided
by the trace width, pitch and sheet resistance. The problem is not reduced by using
traces of lower resistance either.

Fields produced by the spiral inductor penetrate the substrate and as a ground
plane is located at a relatively short distance, the eddy currents on the ground plane
reduce the inductance that would otherwise be obtained. The eddy current in the
ground conductor rotates in a direction opposite to that of the spiral itself. Conse-
quently the inductance of the image inductor in the ground is in the opposite direction
to that produced by the spiral itself, with the consequent effect that the effective total
inductance is reduced.

Since the spiral inductor requires a lead wire to connect from the inside end of
the coil to the outside a capacitance is introduced between the conductor and the
lead wire. This is one of the dominant stray capacitances of the spiral inductor and
it serves to reduce the self-resonant frequency of the inductor.

The spiral inductor takes up large two-dimensional spaces compared to other
inductor types with the same number of turns. Also the direction of flux of the spiral
inductor is perpendicular to the substrate which can cause more interference with
underlying circuitry or other vertically integrated passives.

Though the solenoid-type inductor has better electrical properties (high Q and
high inductance) and is more compact than the spiral inductor it has its problems.
These can be discussed in comparison with the toroidal inductor.

The air-core solenoidal inductor requires more number of turns than the toroidal
inductor for a given inductance. So there is more ac resistance in a solenoid compared
to the toroid which reduces its Q factor at a given frequency.

In a typical air core inductor, the magnetic flux lines linking the turns of the
inductor take the shape shown in Figure 2.6.

The air surrounding the inductor is definitely part of the magnetic-flux path.
So the solenoid tends to radiate RF signals flowing within. To reduce radiation

the inductor has to be surrounded by a bulky shield which tends to reduce available
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Figure 2.6: Solenoid-type inductor

space and the Q of the inductor it is shielding. On the other hand a toroid completely
contains the magnetic flux within the material itself thus preventing RF signals from
radiating. Practically some minimal radiation occurs. But bulky shields are not

required surrounding the inductor.
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Chapter 3

Toroidal Inductor

3.1 Introduction

Having explained the advantages of toroidal inductors over other types of inductors
fabricated on silicon this chapter discusses the theory behind the proposed inductor.

The inductor is also analyzed for turns of rectangular cross section.

3.2 Theory

If a long solenoid is bent into a circle and closed on itself, a toroidal coil, or toroid,
is obtained as shown in Figure 3.1. When the toroid has a uniform winding of many
turns, the magnetic lines of flux are almost entirely confined to the interior of the
winding, B being substantially zero outside. If the ratio R/r is large, one may
calculate B as though the toroid were straightened out into a solenoid.

The magnetic lines of flux produced by a current in a toroidal coil form closed
loops. Each line that passes through the entire toroid links the current N times. This
is shown in Figure 3.2. If all the lines link all the turns, the total magnetic flux linkage
A of the toroid is equal to the total magnetic flux v, through the toroid times the
number of turns.

A = Ni. (3.1)

The unit of flux linkage is Wbturns.



Figure 3.2: Toroidal inductor and magnetic flux lines

13
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Thus, the magnetic flux linkage is

uNI 5  pN2Imr?  uN?r?0
A= Ny, = NBA=N——mr" = = :
v 2rR" T 2R 2R

By definition the inductance L is the ratio of the total magnetic flux linkage to

(3.2)

the current I through the inductor.
N, A

L=—"="> (3.3)

This definition is satisfactory for a medium of constant permeability. Inductance has
the dimensions of magnetic flux (linkage) divided by current.

The inductance of the toroid is then
A uN?r?
L=== )

I 2R

(3.4)

where, I = inductance of toroid, H

p = permeability (uniform and constant) of medium inside coil, Hm™!
N = number of turns of toroid, dimensionless

r = radius of coil, m

R = mean radius of toroid, m.

At higher frequencies, when turns are relatively close together current elements
in neighboring turns will be near enough to produce nearly as much effect upon
current distribution in a given turn as the current in that turn itself. The separation
between internal and external inductance that is done at low frequencies to take into
consideration the cross section of the wire (provided it is small compared to the loop
radius r) in the expression for the internal inductance may not be possible for these
coils because a given field line may be sometimes inside and sometimes outside of the
conductor. Distributed capacitance is also an important issue at high frequencies as

explained before.

3.3 Analysis

Designing the toroidal inductor with turns of rectangular cross section

The isometric view of the toroidal inductor structure as simulated on HFSS is shown

in Figure 3.3.
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Figure 3.3: Toroid-type inductor structure as simulated on HFSS.

Figure 3.4: Equivalent circuit model of an inductor coil at high frequencies.

The equivalent circuit of the high frequency toroidal inductor is as shown in Figure
3.4.

Since the inductor is being designed to operate in the range of 100 MHz to 1 GHz
the design of the toroidal inductor for an impedance of 50 2 at 100 MHz is done here
as an example. For an impedance of X; = 50 €2 and frequency f = 100 1IMHz the
inductance is found to be around 80 nH.

Inductance of a toroidal inductor structure is:

[ = Holtr N2 A (3.5)
le

where, A, is the cross sectional area of the winding and [. is the mean length of
the toroid. This implies that the inductance L is proportional to the square of the
number of turns (N?) keeping the remaining parameters constant. Clearly increasing
the number of turns increases the inductance but there is also a winding capacitance

associated which increases as the inductor turns come close together. The effect of

this capacitance is given by the shunt capacitance Cs shown in Figure 3.4.
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The distributed capacitance resonates out the inductance of the toroid at a par-
ticular self-resonant frequency. At this frequency, the ) of the inductor drops to
zero ideally as the impedance approaches infinity. To approximate the effect of the

capacitance C, the formula of an ideal parallel-plate capacitor as given in Equation
3.6 is used.
Cs = €6, A/d (3.6)

In our case the separation d between the plates is assumed to be equal to the

distance between the turns. Therefore
d=1/N=2rR/N (3.7)

where,
[ is the length of the toroid and

R is the mean radius of the toroid. The area can be estimated as
A=2(w. +h.)d N (3.8)

where

w, is the width of the metal strip,
h. is the height of the via,

d is the diameter of the via, and

N is the number of turns of the inductor. So it can be concluded that
C, = €6, [2(w, + he)d|N? /27 R. (3.9)

For a 20 turn inductor with w, = 50 pym, h, = 250 pum and diameter of via, d = 20 pm
and assuming the dielectric constant of the substrate to be ¢, = 3.2 the distributed
capacitance is found to be Cs = 17.31 {F.

So the self-resonant frequency, f, of the structure is given by

1
fo= VIO (3.10)

The self-resonant frequency has to be higher than the operating frequency of the

structure so that the inductor has a band of frequencies in which it can be operated
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before the distributed capacitance starts becoming dominant. With the calculated
values of inductance and distributed capacitance, f, is found to be 42.8 GHz.
Since the thickness of the metal is taken to be 20 microns, to compute the series

resistance Ry as a DC resistance the following formula shown in Equation 3.11 is used.

d? d?
R, = Z/O—CU(%> - 2WR/UCU(”T) (3.11)
where
[ is the length of the toroid,
d is the diameter of the via, and
R is the mean radius of the toroid.

The mean radius R has to be found from the equation for the inductance of the toroid.

The Q factor of the inductor is given by
Q= X./R; =2rfL/R,. (3.12)

For a rectangular cross section,

I Lroftr N?Ae oty N*weh,
B l,  27R

(3.13)

For a 20 turn inductor with w. = 50 pm and h. = 250 um the mean radius of the

toroid is found to be
 pottr N?weh,

2L
The calculated value of R with the given values is 12.5um. Substituting it back

R (3.14)

in Equation 3.11 the series resistance R, is found to be 4.3 mS2.
At high frequencies the thickness of the metal strip need not be considered in the
formula for inductance because of skin effect which causes most of the current to be

on the surface of the metal. So it is not used to derive L.

3.4 Modeling the Inductor

As seen in Figure 3.3 due to the way in which the toroidal structure is built the

inductor is essentially modelled as a one-port network. Si; is the input reflection co-
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R

Figure 3.5: One port network model of the inductor.

efficient at port 1 which is used to calculate Z11, the input impedance seen from port 1.
Z71 is calculated using the formula for conversion from S-parameters to Z-parameters
which is

Zn = Zo((1+S1u1)/(1 = Sn)). (3.15)

where,

Z, is the characteristic impedance of the port. This is normally 50 €2.

3.5 Summary

So from discussions carried out so far the toroidal inductor is found to be compact
and self-shielding. This structure requires fewer turns for a given inductance than
does a solenoidal inductor. There is less ac resistance and the () factor of the toroid
can be increased dramatically.

Since the structure completely contains the magnetic flux within the material
itself ideally no radiation occurs though practically some minimal radiation occurs.
So there is very little loss due to radiation from the toroid and hence the @) factor

does not reduce as much as it does in the solenoid.
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Chapter 4

Results

4.1 Introduction

This chapter describes the simulations and experiments performed to realize the
toroidal inductor structure. Comparisons are made between the results obtained
from the simulations performed using Agilent’s High Frequency Structure Simulator

and measurements taken for the two fabricated structures.

4.2 Design goals

The design goals for the toroidal inductor include
e less area occupied on the package,
e high @,
e high inductance; almost twice that of a solenoid-type inductor, and

e high self-resonant frequency so that the inductor can be operated over a wide

band of frequencies.

The initial goal is to achieve good inductance in the range of 100 MHz to 1 GHz
with low flux leakage for a higher () factor. In the simulation and fabrication of

the inductor the width of the metal strip at the top of the substrate is taken to be
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Y

Figure 4.1: Isometric view of the toroidal inductor with unequal angles between each
pair of top and bottom metal strips.

6 mm, the height of the substrate is 1.5 mm, the diameter of the via is 1.15 mm, the
thickness of the metal strip is 20 microns, the mean radius of the toroid is 10 mm,
the relative permittivity of the substrate is €, = 3.2 and the relative permeability of
the substrate is 1. The simulations have been carried out with a 20 turn toroidal

inductors of the same dimensions as above.

4.3 Simulations

The toroid was simulated using Agilent’s High Frequency Structure Simulator (HFSS).
The metal strip was modeled as a thin metal in HFSS. Two new toroidal inductor
structures were simulated with the aim of reducing flux leakage and reducing phase
reversal of magnetic flux lines. The isometric views of the two structures are shown
in Figures 4.1 and 4.2.

Figure 4.1 shows each pair of top and bottom metal strips placed at unequal angles
with respect to each other. Figure 4.2 shows another way to construct the toroidal
inductor structure.

In the simulation environment each of these structures is surrounded by an airbox
100 mm by 100 mm by 10 mm in size. In simulating these structures the airbox
is assigned a radiation boundary condition. This boundary is also referred to as an
absorbing boundary enabling you to model the surface as open. Therefore waves

radiate outward, infinitely far into space. Because of the radiation boundary, the
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Figure 4.2: Another isometric view of the toroidal inductor with a different coil
geometry.

calculated S-parameters include the effects of radiation loss.

Now consider the structure shown in Figure 4.1. The inductance (H) and @ factor
versus frequency (Hz), magnitude and phase of Si; versus frequency (Hz) with the
radiation boundary condition applied to the airbox are shown in Figures 4.3, 4.4, 4.5
and 4.6 respectively.

The inductance achieved with a radiation boundary is from 67 nH at 100 MHz
to 0.2 pH at resonance. The resonant frequency is 900 MHz. With the radiation
boundary condition the @) is down to around 36 which could be a more realistic figure
since there will be some radiation from the structure into space. The radiation loss is
incorporated in the Smith chart of Figure 4.7. The field plot shows that the magnetic
flux lines are essentially completely inside the turns of the toroidal inductor with little
or no radiation into space implying good flux linkage between the inductor turns.

Now consider the structure shown in Figure 4.2. The inductance (H) and @ factor
versus frequency (Hz), magnitude and phase of Si; versus frequency (Hz) with the
radiation boundary condition applied to the airbox are shown in Figures 4.9, 4.10,
4.14 and 4.14 respectively.

The inductance achieved with a radiation boundary is from 67 nH at 100 MHz
to 0.26 pH at resonance. The resonant frequency is around 800 MHz. With the
radiation boundary condition the () is down to around 33 which could be a more
realistic figure since there will be some radiation from the structure into space. The

radiation loss is incorporated in the Smith chart of Figure 4.7. The field plot shows
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Figure 4.4: () factor with the radiation boundary condition.
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Figure 4.8: Plot of magnetic field in the XY plane for radiate boundary condition.
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Figure 4.14: Plot of magnetic field in the XY plane for radiate boundary condition.
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that the magnetic flux lines are essentially completely inside the turns of the toroidal
inductor with little or no radiation into space implying good flux linkage between the
inductor turns.

Comparing the two structures we find that the inductance offered by the structure
shown in Figure 4.2 is higher than that offered by the other structure as frequency
increases implying better flux linkage. Till about 600 MHz the two structures seem
to offer the same inductance approximately. But the self-resonant frequency of the
latter structure is less than that of the first one. This could simply be the effect of

the latter structure being electrically longer than the previous one.

4.4 Calibration and Measurements

The direct measurement of the model parameters (inductance, resistance and stray
capacitance) of the toroidal inductor is difficult because of the distributed nature and
strong interaction of the parasitic effects. Typically, any of these parameters can
only be obtained from measurable parameters such as impedance, quality factor and
resonant frequency. We cannot ignore phase because of the frequency dependence
of the model. Therefore, scalar (magnitude only) measurements are not adequate.
Calibration structures are designed and fabricated on the same board as the inductor.
The measurement is done using a Model 40A probe with Ground, Signal, Ground
configuration and with 1250 microns pitch and the Vector Network Analyzer (HP
8510).

The calibration plane for the measurement of the S-parameters is at the probe
tip. Error correction of the measured S-parameters involves calibration of the cable
effects, connector mismatches, transmission line loss and phase compensation, up to
the calibration plane. The SOLT (Short Open Load Thru) calibration procedure
involves defining the standards precisely to the Network Analyzer (NA) in terms
of what are known as calibration constants and performing a user calibration. The
fabricated short and open structures are shown in Figure 4.16. The load was achieved
by connecting a 50 ) termination directly to the Network Analyzer cable and then

performing the load calibration. The calibration structures have been fabricated in



Figure 4.15: A snapshot of the 40A-GSG-1250-P Picoprobe.

Figure 4.16: Fabricated short, open and load structures.
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Figure 4.17: Top view of the toroidal structure with approximately equal angles
between each pair of top and bottom metal strips.

the way shown in order to take care of the capacitance at the feed lines so that the
effect it has on the measurement of the inductor is reduced.

The top and bottom views of the two structures fabricated are shown in Figures
4.17,4.18, 4.19 and 4.20. The feed lines were designed to be 50¢) anywhere along the
lines. This was done using Sonnet.

The comparison between the measured and simulated results for the first structure
is shown below.

Looking at the smith chart in Figure 4.21 we see that the structure is inductive
till around 700 MHz. The inductance achieved is from 84 nH at 100 MHz to 0.2 uH
at resonance. The inductance achieved from the simulation in HFSS is from 83 nH at
100 MHz to 0.32 pH at resonance. The self-resonant frequency for the measurement
is around 450 MHz. The inductance values obtained from the measurement and the
simulation are quite comparable in Figure 4.22. The @) factor for the measurement is
around 170 which is far beyond what is obtained from the simulation as can be seen
in Figure 4.23.

The comparison between the measured and simulated results for the second struc-
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Figure 4.18: Bottom view of the toroidal structure with approximately equal angles
between each pair of top and bottom metal strips.

Figure 4.19: Top view of the second toroidal structure.
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Figure 4.20: Bottom view of the second toroidal structure.

ture is shown below.

Looking at the smith chart in Figure 4.24 we see that the structure is inductive till
around 500 MHz. The inductance achieved is from 93 nH at 100 MHz to 0.39 pH at
resonance. The inductance achieved from the simulation in HFSS is from 80.4 nH at
100 MHz to 0.32 pH at resonance. The self-resonant frequency for the measurement
is around 450 MHz. The inductance values obtained from the measurement and
the simulation are quite comparable as seen in Figure 4.25. The () factor for the
measurement is around 150 which is far beyond what is obtained from the simulation
as can be seen in Figure 4.26.

The working of the inductor was verified in many ways, for example by introducing
a break in the metal strip. It was also verified using varying sizes of airbox around
each of the three variations of the toroidal inductor. Different values of width of metal
strip, different substrates (different values of dielectric constant), different metals for
the metal strip, different number of turns keeping the mean radius of the toroid

constant were some of the other techniques used.
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Chapter 5

Conclusions

5.1 Conclusions

The toroidal inductor has been presented as a viable candidate for use in RF and
microwave circuits on-chip or in-package. The structure has been simulated and
measured in a frequency range of 100MHz to 1GHz. Two variations of the toroidal
inductor have been simulated using Agilent’s High Frequency Structure Simulator
(HFSS) to study the effect of the placement of the top and bottom metal strips on
the flux linkage and hence, the inductance and quality factor of the inductor.

In the first structure, each pair of top and bottom metal strips are placed at
unequal angles with respect to each other. In the second structure, the top and
bottom metal strips are placed uniformly around the circumference. A radiation
boundary condition was applied to the airbox surrounding the toroid.

The simulation in HFSS yields a peak ) of 40 and a low frequency inductance
of 0.8nH compared to a measured low frequency inductance of 0.9nH. The mea-
sured peak Q) is very large, greater than 40, and the traditional reflection coefficient
procedure cannot be used to determine a reliable value.

Both structures exhibit high inductance and high quality factor. The inductances
of the two structures have been found to be comparable except at resonance where the
inductance of the second structure becomes almost twice that of the first structure.

The self-resonant frequency of the first structure (900MHz) is better than that of the
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second structure (800MHz). The quality factor of the second structure is observed to
be slightly lower than the first one. This could be simply because the second structure
is electrically longer than the first one.

Three toroidal inductor structures have been fabricated and measured using the
HP Vector Network Analyzer. The measurements indicate the self-resonant frequency

for these structures to be around 400MHz.
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