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Spiral inductors are a key component of mixed-signal and analog integrated

circuits (IC's). Such circuits are often fabricated using silicon-based technology,

owing to the inherent low-cost and high volume production aspects. However,

semiconducting substrate materials such as silicon can have adverse effects on

spiral inductor performance due to the lossy nature of the material. Since the
operating requirements of many high performance IC's demand reactive compo-

nents that have high Quality Factor's (Q's), and are thus low loss devices, the
need for accurate modeling of such structures over lossy substrate media is key to
successful circuit design.

The Q's of commonly available off-chip inductors are in the range of 50-

100 for frequencies ranging up to a few gigahertz. Since off-chip inductors must

beconnected through package pins, solder bumps, etc., which all contribute addi-

tional loss and thus lower the apparent Q of an external device, the typical on-chip

Q requirement for a given RFIC design is generally lower than that for an off-chip

spiral solution. However, a spiral inductor that was designed and fabricated orig-

inally in a low loss technology such as thin-film alumina may have substantially
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worse performance in regard to Q if it is used in a silicon-based technology, owing

to the conductive substrate. For this reason, it is imperative that semiconducting

substrate effects be accurately accounted for by any modeling effort for monolithic

spirals in RFICs.

This thesis presents a complete modeling solution for both single and multi-

level spiral inductors over lossy silicon substrates, along with design considerations

and methods for mitigation of the undesirable performance effects of semiconduct-

ing substrates. The modeling solution is based on Spectral Domain Approach

(SDA) solutions for frequency dependent complex capacitive (i.e. both capaci-
tance and conductance) parasitic elements combined with a quasi-magnetostatic
field solution for calculation of the frequency dependent complex inductive (i.e.
both inductance and resistance) terms. The effects of geometry and process vari-

ations are considered as well as the incorporation of Patterned Ground Shields
(PGS) for the purpose of Q enhancement. Proposals for future extensions of this
work are discussed in the concluding chapter.
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INDUCTORS IN HIGH-PERFORMANCE SILICON RADIO
FREQUENCY INTEGRATED CIRCUITS: ANALYSIS,

MODELING, AND DESIGN CONSIDERATIONS

1. INTRODUCTION

The advent of silicon-based Radio Frequency Integrated Circuits (RFICs)

in the communications sector has led to a need for low-cost, small form factor

components. To visualize this, consider the evolution of cellular telephone hand-

sets, as shown in Figure 1.1, from the bulky, heavy and expensive phones that
were used by a small percentage of the world population in the 1980's, to the
small, lightweight phones of today used by millions of people worldwide. On the
left side of Figure 1.1 is the Motorola© [1] DynaTAC 8000X, the world's first
commercial cellular telephone, which had a retail price of approximately $3,500

and weighed 28 ounces, while the right side shows an example of a modern cellular

phone, which typically weighs 3 to 4 ounces and has a retail price in the range of
$100 $200. In addition to reduced-size, low-cost RFIC components, there is also

demand within the communications industry for higher levels of integration that
result in reduced component count for a given product. One method to lower the

component count is to integrate passive devices, such as inductors and capacitors

that are often implemented as off-chip components, onto the semiconductor die.

This reduces the assembly time and cost for equipment manufacturers. The need

to place passive components on an integrated circuit brings about different design

issues than for traditional off-chip components owing to the fact that integrated
circuits are fabricated on semiconducting substrates (i.e. silicon) rather than



FIGURE 1.1. Evolution of cellular telephone handsets.

low-loss materials such as alumina, duroid or semi-insulating Gallium Arsenide
(GaAs). An illustration of a spiral inductor integrated onto a semiconductor die
is shown in Figure 1.2.

Quality factor is traditionally defined as the ratio of angular frequency
times energy stored to the power loss [2]:

wU
(1.1)

where U represents the sum of electric and magnetic field energy storage and W
is the energy loss per second, or power loss. For purposes of spiral inductors in

integrated circuits, the industry-standard definition for Q as a figure of merit is
given as

[Zm]

(1.2)

where Z is the input impedance of the inductor at a given frequency for the
desired operating condition (i.e. single-ended or differential excitation), and Tj





inunications standards. Hence, the Voltage Controlled Oscillator (VCO) LC tank-

circuits and matching networks used in RFICs must use high-Q inductors and

capacitors. Often, the limiting factor for RFICs fabricated on silicon is the Q

of the inductors, since the on-chip capacitors generally do not interact as much

with the silicon substrate. Capacitors are usually of the Metal-Insulator-Metal

(MIM) variety, and thus the majority of the electric field is vertical and confined

to the upper-layers of dielectric material. Conversely, inductors are traditionally

fabricated on-chip using a spiral pattern on the upper layers of metal for the pro-

cess, resulting in a magnetic field that penetrates deep into the semiconducting

substrate below as well as the space above the spiral, which is usually some sort of

packaging material such as plastic. Semiconductors contain free charge, and when

these charges are moved by the electric fields and electro-motive forces (EMF's)

induced by the spiral inductor, the net effect on inductor performance is to lower

its Q as a result of the increased power dissipation.

Often, spiral inductors in an RFIC are the most easily recognizable feature

on the die, owing to their relatively large size compared to the transistors and

other components on the chip. Since the goal of industry is not only to produce

high performance chips, but to also offer them to customers at the lowest possible

price, the overall size of a silicon chip is, of course, a key concern for semicon-

ductor manufacturers. Methods for reducing the 'real-estate' occupied by on-chip

inductors are thus a high priority for the RFIC industry. One way to accomplish

such an area reduction is the use of multiple metal layers offered by modern sili-

con fabrication processes to create 3-D designs that have smaller footprints than

typical single-level spirals with the same inductance value.

While the Q's of on-chip inductors are often inferior to off-chip components

such as air-coil inductors, the cost savings and simplified circuit design aspects
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make on-chip integration attractive to manufacturers. Also, the manufacturing

tolerances of on-chip components fabricated in a typical silicon process are gen-

erally much tighter than those of external off-chip components, furthering the

argument for moving components such as inductors onto the die. Unlike an off-

chip inductor, an inductor fabricated on-chip does not require connection through

package pins and bondwires, and thus the parasitics associated with using off-chip

inductors are eliminated when an on-chip solution is used. This lack of package

parasitics translates to a lower on-chip Q requirement than that of an off-chip

spiral inductor, since the effective Q on the die of off-chip spirals is lowered by

the package parasitic resistance and capacitance. However, the Q's to which on-

chip spirals must aspire are still relatively large for high performance chip designs.

Hence, accurate modeling and design of on-chip spiral inductors are imperative

for ensuring successful RFIC design.

The conventional modeling techniques used for monolithic spiral inductors

fabricated in low-loss media are not adequate for spiral inductors in a lossy sub-

strate environment such as silicon. Because silicon is a semiconducting material by

nature, there is often significant power loss due to conduction currents in the bulk

substrate when a spiral inductor is energized above it. The conduction and dis-
placement currents in the bulk substrate may be decomposed into longitudinal and

shunt components and analyzed separately, making the model formulation more

straightforward and intuitive. The longitudinal current components result mainly

from magnetically induced EMF's by virtue of the magnetic field produced by the

spiral inductor, whereas the vertical current components are a product of the ver-

tical electric fields produced by the finite voltage excitation driving the inductor.

Thus, for conditions where the substrate dimensions are small compared to wave-

length, quasi-magnetostatic and quasi-electrostatic solution techniques may be



applied for the longitudinal and shunt current components respectively. In terms

of potentials, the problems reduce to one of magnetic vector potential and one

of electric scalar potential. The modeling methodology developed in this thesis

addresses the limitations of conventional spiral inductor modeling techniques by
including the impact of semiconducting substrates in terms of both longitudinal

and shunt substrate current components.

Two methods for enhancing the performance of conventional planar spiral

inductors in silicon technology are the implementation of multilevel structures and

the use of patterned ground shields. Multilevel spirals make use of the multiple

metal level systems offered by most silicon-based fabrication processes and allow

a high inductance per unit area to be obtained owing to the high coupling factor

between the metal levels where interlayer dielectric thicknesses are on the order
of 1-2 microns. Patterned ground shields generally consist of an arrangement of

conductive fingers that are orthogonal to the current flow in the inductor and can

raise inductor Q by shunting much of the vertical conduction currents through

a low loss path rather than through the iossy silicon substrate. The modeling

methodology presented in this thesis was used to simulate various structures that

utilize these two enhancement methods and evaluate their performance.

Since spiral inductors are such a key component of RFIC design, some of

the recent research work has focused on optimization and improvement of induc-

tor performance within various design constraints. The optimization technique

presented in [3] relies on the use of extensive experimental data to develop fitting

equations for the various spiral inductor model elements that are being optimized.

Others have relied solely on experimental data and are able to determine trends

in inductor performance through numerous process experiments [4]. Another re-

cently published work includes many of the significant parasitic effects of semi-
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conductor processes in the reported modeling tools, allowing for more accurate

predictions and optimizations of performance for an array of process variables [5].

This is particularly useful when a semiconductor process is under development

and the various process parameters such as doping levels and dielectric thicknesses

are constantly changing, which, as a matter of course, leads to variations in in-

ductor performance. Fabrication techniques that utilize air-suspended microstrip

technology have been presented in [6] and show significant spiral performance

improvement, although the high-volume manufacturability of such a process has
yet to be shown. The use of patterned metallization, polysilicon and well/trench
structures has also been shown to provide performance enhancements for certain

process conditions, as presented in [7] and [8].

Experimental studies presented in [9] and [10] demonstrate design meth-

ods that exploit the inherent performance advantages of multilevel interconnect
systems that have relatively thick metallization layers, namely constructing spiral

inductors that utilize more than one layer of metal, which offers additional degrees

of design freedom. The resulting structures are often referred to as dual-level or

multi-level inductors. These types of inductors are a main focus of this thesis,

particularly in terms of analysis, simulation and design optimization for RFICs.

Such dual-level designs have also been fabricated and tested on Gallium Arsenide

(GaAs) substrates in [11].

Chapter Two presents modeling techniques for both single and multilevel

spiral inductors. Both single and coupled line structures are studied as fundamen-

tal components of spiral inductors. The use of a complex virtual ground plane

approach is shown to be an efficient way to achieve accurate calculations of the

parasitic effects of silicon on inductance and series resistance of microstrip lines

and spiral inductor. The importance of inclusion of the so-called eddy-current



effects on inductance and series resistance of spiral inductors over high-loss sub-

strates is examined.

Chapter Three investigates the effects of silicon process and spiral geometry

on inductor performance. Specifically, variations in the parameters related to the

fabrication process such as bulk resistivity, as well as differing inductor geometries,

are considered as 'knobs' in determining a spiral inductor's quality factor and

inductance at microwave frequencies.

Chapter Four focuses on design considerations for multilevel spiral induc-

tors versus single level spiral inductors over silicon. The use of multilevel spiral

inductors is proposed as another degree of design freedom and is the main focus

of the chapter. The relationships between various designs and geometries and

performance metrics such as Quality Factor (Q) and usable frequency range are
presented.

Methods for mitigation of undesirable effects of silicon on inductor and

interconnect performance are presented in Chapter Five. Various configurations

and material properties are examined for so-called "patterned ground shields",

which electrically shield passive components from semiconducting substrate effects

without substantially affecting inductance.

Chapter Six presents conclusions and suggestions for future work in the

area of high-performance inductors and other passive components on silicon. The

ongoing design challenges faced by the wireless and datacom industries are con-

sidered in terms of their future modeling requirements for on-chip passive compo-

nents.



2. MODELING TECHNIQUES FOR SINGLE AND MULTILEVEL
SPIRALS

2.1. Introduction

RFIC designs in lossy media incorporating passive structures, such as mi-

crostrip spiral inductors, require modeling techniques that properly address the
loss mechanisms involved, particularly those losses due to semiconducting sub-
strate effects. Spiral inductors fabricated in Si-based circuits often have poor

quality factors due to high-resistivity metallization and lossy substrates. In ad-
dition, substrate currents can adversely affect the inductance of a spiral inductor

for certain frequencies and substrate conductivities. Figure 2.1 illustrates these

substrate currents. However, because of the low-cost aspects of silicon technol-.

ogy, such structures remain attractive, thus prompting the formulation of accurate
modeling and design techniques.

Although an inductor's primary function is to provide magnetic energy

storage and a particular reactance at a given frequency, the geometries of spiral

inductors fabricated in typical silicon-based technologies, in general, have dimen-

sions such that their so-called 'parasitic' reactances and losses have a substantial

impact on the overall inductor performance. Thus, the problem of modeling a
spiral inductor in silicon is not one of simply calculating an inductance value from

some closed-form approximation, finding the net DC resistance of the metal, and

constructing a simple series 'LR' branch to represent the spiral inductor in an

equivalent circuit. While the magnetic field is the quantity of interest for a spi-

ral inductor, its interaction with surrounding substrate materials as well as with

other parts of the spiral inductor itself give rise to losses that must be properly

accounted for. Additionally, because spiral inductors in silicon are typically only
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spirals [13]. One area of focus in this chapter is analysis and modeling of enhanced-

inductance/area-ratio multilevel spiral inductors (MLS), such as those being fab-

ricated currently in silicon-based RFICs and GaAs MMICs [10, 14].

Even though a number of experimental results have been reported, accu-

rate distributed models and modeling methodologies for both single and multilevel

spiral inductors incorporating all of the conductor and substrate losses and reac-

tive coupling are generally not readily available. Often, as mentioned previously,

computationally intensive 3-D EM simulators are invoked to model these struc-

tures. The modeling techniques for spiral inductors fabricated on iossy substrates

in [9] and [15] address the shunt currents in the silicon substrate and prove to

perform quite well for relatively high resistivity substrates such as those found in

BiCMOS processes. However, longitudinal substrate currents can have a domi-

nant effect in an environment such as CMOS, where substrate resistivities are on

the order of p = 0.01 1kcm (a = 10,000 S/rn), as addressed in [16]-[18]. Hence, a

general analysis of the substrate effects and development of a modeling technique

is necessary for both simple single-level spirals (SLS) as well as more complex

multilevel spiral (MLS) structures, such as the designs described in [9], [13].

In this chapter, a complete modeling methodology for single (SLS) and

multilevel spirals (MLS) on lossy substrate is presented. Two example structures,

a SLS and MLS, are illustrated in Figures 2.2 and 2.3. The multilevel configuration

in Figure 2.3 consists of two series-connected spirals and may be viewed as a top

level coil, which spirals inward, placed directly on top of an identical coil on the

lower level, which spirals outward in the same sense (e.g. clockwise). Such series-

connected spirals are often referred to as enhanced inductance spirals, as they

yield a substantial increase in base inductance value over a single level spiral of

equal area due to the mutual inductance between the two coils, which is often, in
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M=-(O.9...O.95)xL

L

FIGURE 2.5. Schematic representation of parallel-connected spiral inductor

showing typical mutual inductance achievable with modern IC processes.

inductance expressions combined with both closed-form skin effect formulae as well

as spatial-domain or complex virtual ground plane height techniques [18] in order

to include the semiconducting substrate effects. The complete equivalent circuit

formulation can be described as a Partial Element Equivalent Circuit (PEEC) [19]

type of distributed model, where the spiral inductor is partitioned and the corre-
sponding self and mutual impedance and admittance terms are solved for using
the methods outlined above.

The losses in a spiral inductor in silicon are primarily due to finite con-
ductivity metallization and EM interaction with the semiconducting substrate.
Because the modeling approach developed here addresses these mechanisms sepa-
rately, the net effect of each loss component may be analyzed by selectively turning

'on' or 'off' the corresponding parts of the model (e.g. set conductor losses to zero

in order to see the effect of longitudinal currents in the semiconductor on effective

series resistance).
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FIGURE 2.6. General flow-chart of spiral inductor modeling technique.

2.2. Limitations of Simple Compact Models for Low-Loss Spiral Induc-
tors

For a general spiral inductor structure above a low-loss substrate, the mod-

eling methodologies are well known and generally consist of simple lumped element

equivalent circuits [20]. Partial inductances and capacitances may be determined

from closed-form equations [19], [21] and, when included with the strip resistance,

form the basis of an equivalent circuit representation for a low-loss structure. Ad-

ditional losses due to conductor metallization skin depth and imperfect dielectrics

may also be easily incorporated.

Likewise, equivalent circuit models for spiral inductors based in Si-Si02 sys-

tems have been developed for 'high'-resistivity substrates (e.g. 10 S/m) [9], [15].

Typically, the substrate losses are addressed via inclusion of shunt conductances

to represent the silicon substrate and associated transverse (shunt) currents. An

example of such an equivalent model is shown in Figure 2.7. This type of model

proves to be sufficient for conductivities on the order of 10 S/m or less, frequen-
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FIGURE 2.7. Simple equivalent circuit for 'high'-resistivity Si substrates.

cies in the low Gigahertz range (i.e. not broadband), and typical semiconducting

substrate heights (e.g. 500 itm). However, when the product of conductivity
and frequency (aw) becomes significantly large and the skin depth, ö = 1/\/7r[wf,
of the semiconducting substrate is small relative to its thickness, such equivalent
circuit models for spiral inductors are not adequate. Thus, additional effects, par-

ticularly those due to longitudinal substrate currents, must also be addressed and

included in an accurate model for these spiral inductors with higher conductivity

substrates and frequencies of operation. These effects will be discussed in more
detail later in this chapter.
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2.3. Why Compact Models Fail for Some Spiral Inductors

In addition to the limitations of previously published models described in

the preceding section, compact spiral inductor models also suffer from limitations

associated with the overall simplicity of their topology. To best illustrate the
limiting factors that cause compact inductor model topologies to fail, consider an

ideal transmission line that is represented by a single-ir-network. Above a certain

frequency, this type of line model breaks down because it does not properly capture

the distributed nature of a transmission line. The same can be said for a spiral

inductor whose total line length (i.e. when it is "un-coiled") is on the order of

a wavelength at its operating frequency. This supports the case for construction

of more accurate distributed spiral inductor models. A 'double-ir' type model
that yields better broadband accuracy was presented in [22]. This may be viewed

as a compromise in terms of accuracy versus simplicity between the distributed

modeling techniques presented in this thesis and the simple single-ir inductor
model.

2.4. Fundamental Modeling Techniques for Microstrip Structures on
Silicon

Microstrip structures fabricated in conventional silicon technologies are a

common component of many mixed-signal and analog integrated circuits. Spi-

ral inductors along with simple single and coupled line structures are a class of
microstrip devices. Because of the multiple conductivities and relative permit-

tivities involved in modern silicon processes, the propagation characteristics of

even a simple strip of metal are complex functions of frequency. Additionally, the

lossy nature of semiconducting substrates at microwave frequencies has added to
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the design difficulties. However, if microstrip can be successfully analyzed and
modeled for a particular process over a wide range of geometries, then successful

RFIC design is possible at frequencies above 1 GHz.

2.4.1. Analysis and Modeling of Single and Coupled MIS Struc-
tures

Consider the propagation characteristics of a Si-Si02 microstrip configu-
ration as a basic element of the planar spiral inductor, as shown in Figure 2.8.

The planar conductor is above a double layer substrate consisting of silicon diox-

ide (Si02, commonly referred to as simply 'oxide' for a silicon based process),

over bulk silicon. As described in the literature [23], three fundamental modes,

namely, slow-wave, skin-effect, and dielectric quasi-TEM, can propagate in such a
system, each having a certain frequency range for a given set of material param-

eters and geometry. Of particular interest for the case of the microstrip spirals in

technologies with relatively low bulk resistivity (i.e. 0.01 a-cm) is the skin-effect

mode, which is characterized by significant longitudinal, often called 'eddy', cur-
rents that serve to increase the effective series resistance and also decrease the net

inductance with increasing frequency. Many production CMOS processes today
utilize such low resistivity bulk materials.

The skin-effect mode [23] exists when the skin depth, ö, of the substrate
material is on the same order as or less than the semiconducting substrate height.
The quantity is calculated by

6= 1

\/lrfJw (2.1)

and represents the depth at which current density in a conductor is reduced to
1/e of its value at the surface, as well as the effective thickness of a conductor
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FIGURE 2.8. Equivalent circuit for Si-Si02 microstrip coupled lines in skin effect

mode.



at a particular frequency for purposes of resistance calculations. In other words,

with increasing frequency, the semiconducting substrate begins to behave as a
lossy conductor wall and the longitudinal currents, which lower inductance per-

unit-length, are closer to the substrate/oxide interface. This in turn yields an
inductance and associated loss that are both frequency dependent. An equiv-
alent circuit model for a Si-Si02 coupled microstrip line configuration is shown

in Fig. 2.8. The capacitances, both shunt and nearest-neighbor line-to-line, and

shunt conductances ares determined via a quasi-static Spectral Domain Analy-

sis (SDA) [24] with complex dielectric constants to represent the semiconducting

layers. The equivalent shunt elements in the common CO3 or simply C-G-

C, topology may be determined by evaluating the microstrip structure using SDA

at one frequency and then calculating the element values of the corresponding

equivalent circuit subject to the relationship:

= C8.

Cs
(2.2)

The relationship in 2.2 can be derived by examining the formula for capacitance

and conductance in terms of the field quantities for charge, current and electric
field. Assuming that the silicon/oxide interface is an equipotential plane, a po-
tential difference V may exist between this plane and the ground plane below, as

shown in Figure 2.9. The expression for conductance may be written as

8JdS
V

.1;O5E.dS
V

' (2.3)

while for capacitance,
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FIGURE 2.9. Illustration of voltage applied across silicon substrate in Equa-
tions 2.3-2.4.

and hence,

s-7
iD.dS

V
.fsEsE.dS

V (2.4)

j;O-8E.dS
CS

o_s- (2.5)
Es

This C-C-C configuration yields a frequency-dependent total capacitance and con-
ductance that is in good agreement with SDA results over a broad range of fre-
quencies. Distributed series resistances and inductances (including mutual terms)

may be calculated using an SDA algorithm [25] or a spatial domain solution [26]

(see Appendix B) in conjunction with a modified Partial Element Equivalent Cir-

cuit (PEEC) [19] methodology that includes frequency dependence to account for
the skin effect mode. The frequency-dependent series resistances incorporate the
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skin effect in the finite thickness metallization [27] as well as loss in the semi-

conducting substrate. The formula used for the metallization skin effect for a

conductor of thickness, t, is given by

where

'-yt(l - e_2tr) )
= RDC

1 - e_2t
' (2.6)

= \/W/icTcod (2.7)
77o 3(/h/0cond.

(2.8)r= __________
lJo + \/j5LL/aCOfld.

170 = l2Oir (fl). (2.9)

This formula for Rcond.,skin is valid for frequencies at which the skin depth, (5, is

less than t, that is, when
1

2
(2.10)

lr/uTcond t

The substrate losses due to longitudinal currents are computed by solving

the magnetic vector potential equation in each layer i [26]

V2A(x, y) = jwji0aA(x, y) (2.11)

where z is the direction of propagation, subject to the appropriate boundary

conditions (e.g. A = 0 on the ground plane). In the semiconducting substrate

region, the current density is computed as

J(x,y) = jwu3bA(x,y) (2.12)

Fig. 2.11 shows the current density below the oxide as a function of frequency

and depth for a typical Si-Si02 microstrip structure, as shown in Figure 2.10 with

h01 = 4 tim, h3b = 120 ,um, and cr3b io S/rn. Similarly, Fig. 2.12 displays

the normalized longitudinal current density, J, in a cross section of the substrate
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FIGURE 2.10. Example Si-based microstrip showing definition of h0 and h5b.

for various frequencies. It can be deduced that there is current crowding in the

vertical dimension at the substrate/oxide interface, and also in the horizontal

dimension in the area beneath the strip, as evidenced by the overall magnitude

increase of the peak longitudinal substrate current density with frequency.

2.4.2. Complex Virtual Ground Plane Height and Expansion to
Multilayer Substrates

As can be deduced from the preceding section, the effect of longitudi-

nal substrate currents on microstrip structures fabricated in semiconducting sub-

strate environments must be accounted for properly. One method for inclusion

of the semiconducting substrate's effect on inductance is to utilize the portion of

Wheeler's Incremental Inductance Rule [28] relating to inductance, which states

that the effective inductance of a device over a conductor is equal to inductance

calculated with the assumption that the conductor below is perfectly conducting

(i.e. perfect ground plane) plus the increment of additional inductance gained if

the conductor wall is receded by 5/2, where 8 is the skin depth. Also according
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FIGURE 2.11. Normalized longitudinal substrate current density for f= 0.001

GHz (-), 0.1 GHz (-.) and 10 GHz (- -)
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FIGURE 2.12. Longitudinal substrate current density vs. frequency and depth
below oxide/Si interface.
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to Wheeler's rule, the net increase in resistance is proportional to the change in
inductance by the following relationship, R8 = wLL3. However, Wheeler's rule is

not directly applicable to the 2-D and 3-D problems associated with spiral induc-

tors, since the stated relationship between resistance and inductance does not hold
for these complex cases where . But it will be shown that the 1-D parallel-plate

waveguide case examined in the proceeding paragraphs is in exact agreement with

Wheeler's rule, lending validity to this alternative approach.

While the formulation for solving the frequency-dependent per-unit-length
series impedance for a microstrip structure over an insulator/semiconductor (MIS)

substrate is a 2-D problem, a simplified 1-D approach for parallel-plate waveguides

can provide accurate results through the use of a complex height virtual ground

plane [29]. Recall that the magnetic field pattern in the semiconducting substrate

can be characterized in terms of a frequency- and spatially-dependent magnetic

vector potential function. If the microstrip problem is replaced by an ideal parallel-

plate waveguide structure that is partially filled with a semiconducting material,

the problem reduces to that of a 1-D magnetic vector potential. This approach
is discussed in terms of its application to interconnects in [29] and [30], and is

summarized in the following paragraphs. It has also been applied to inductors in
[18] and [31], building upon the'real' virtual ground plane approach developed in
[16] and [32].

To derive the "complex height virtual ground plane" approach, first con-
sider the inductance of an ideal air-filled parallel-plate waveguide, as shown in
Figure 2.13,

L = ;i0 1!:1 (2.13)
Lwj

where h and w are the total height and width, respectively. Note that the electric

and magnetic fields only have one component each, E and H, respectively. If the
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FIGURE 2.13. Ideal parallel-plate waveguide, front and side views.

bottom ground plane is replaced by a semi-infinite semiconducting bulk substrate,

as illustrated in Figure 2.14, the net inductance, as well as series resistance due

to the substrate's finite conductivity, will now be a function of frequency owing

to the non-uniform frequency-dependent longitudinal current distribution in the
semiconducting material. This problem may be solved in terms of the magnetic

vector potential, in which the semiconducting substrate is replaced by a virtual
perfectly conducting ground plane at a distance of a1 below the semiconductor

interface [29]. Here a is defined as

(1+j)
S

' (2.14)

where S is the skin depth for the semiconducting material, and j
Upon examination of the preceding formulation, it is clear that as fre-

quency approaches infinity, the net inductance approaches that of the case where

the semiconducting substrate is perfectly conducting, since the skin depth is ap-

proaching zero. However, note that the distance a' is complex, which thus
implies a complex inductance, or more generally a complex series impedance. Un-

like the inductance, which drops and approaches a finite value as frequency goes
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FIGURE 2.14. Parallel-plate waveguide with bottom plate replaced by
semi-infinite semiconducting bulk substrate.

to infinity, the net resistance continues to increase as the square-root of frequency

and is hence unbounded, as will be shown in the following derivation.

The solution for A in the semi-infinite semiconducting substrate is

[L0
.

A(x)I>o = -e (2.15)

where J8 is the assumed surface current density on the top plate of the waveguide.

The series inductance per-unit-length for a parallel-plate waveguide filled with

oxide of height, h0, may be computed as

L A(h0) A(0)
2 16

J8w (. )

where

A(x)I<o = 1i0J3x + A0 (2.17)

= A(0). (2.18)



The solution for the case of oxide and semi-infinite semiconducting bulk is

where

This reduces to

L A(h0) A(oo)
(2.19)Jsw

= ,i0J3x + (2.20)

A(oo) = 0. (2.21)

L poJ(h0 +

J5w

h0 1= fLo + f2o
w cw
h0

/Lo+(l -j)0-. (2.22)w w

Clearly the solution for the complex series inductance consists of the ideal parallel-

plate inductance for a waveguide of height, h0, plus a term that represents the
complex inductance of the semi-infinite bulk semiconducting substrate,

(2.23)1__ I

Upon examination of the secondary term,

b

(2.24)w

the complex series inductance term for the semi-infinite substrate is observed to
be that of a parallel-plate waveguide of height

hb,ff = (1 j)(8/2) (2.25)

as shown in Figure 2.15, which is a complex value. Thus, the complex induc-

tance for the entire waveguide may be represented as the solution for two plates
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FIGURE 2.15. Illustration of effective substrate height for two-layer Si-filled par-

allel-plate waveguide.

separated by a complex distance hoff,

where

L heff
Lcompiex = = (2.26)w

he11 = h0 + hsub,ef I

= h0 + (1 j)(8/2). (2.27)

The resulting net complex series inductance for the entire waveguide may

also be written in terms of a complex impedance per-unit-length,

= jWLcompiex (2.28)

I- heiil=jw I/oH (2.29)wj
When divided into real and imaginary components, the net real inductance and

resistance per unit length are computed as
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{jwLcompiex}

w

R{Lcompiex}

Id + (8/2)1
(2.30)Lw]

R3 IR{Z8}

J{jwLcompiex}

ü!{Lcompiex}

8/2= p0w (2.31)w

As discussed previously, Wheeler's Incremental Inductance Rule states that
the contribution to net resistance from a finite conductivity ground plane is corn-
puted as

R = wLL8 (2.32)

where ziL is the net increase in inductance due to magnetic field penetration into

the conducting plane over the inductance of the same structure with a perfectly
conducting ground plane. This incremental change in inductance, according to
Wheeler's Rule, is equal to the increase resulting from a recession of the per-
fectly conducting plane by a distance equal to 8/2. For the case of a parallel
plate waveguide of height h0 with a semi-infinite semiconducting substrate as the
bottom conductor, the inductance will be, according to Wheeler,

L3=p0+LL3
w
h0 + (8/2)

= P0 . (2.33)w

This is the same result already derived in Eq. 2.30. The net resistance should be,

according to Wheeler's rule,
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FIGURE 2.16. Parallel-plate waveguide partially filled with semiconducting sub-
strate.

R8 = wLL8

(5/2)
= WI-I0

w (2.34)

which is equivalent to Eq. 2.31. Thus, the formulation presented here for a parallel-

plate waveguide with a semi-infinite semiconducting substrate as the bottom con-
ductor is consistent with Wheeler's Incremental Inductance Rule.

A more practical case of the parallel-plate waveguide is that of an oxide
layer over a finite thickness semiconducting substrate with ground plane on the
backside, as illustrated in Figure 2.16. The effective height for this case is [30]

heff,groundplane (1 j) tanh ((1 + j) (Lb))

= tanh (ah8b) (2.35)a
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FIGURE 2.17. Parallel-plate waveguide partially filled with 2-layer semiconduct-

ing substrate.

Similarly, for the case of two different semiconductor layers, shown in Fig-

ure 2.17, the effective height is given by [30]

1

(-i_tanh(ah2)

+ itanh(aihi)\
heff,2!yrsemi,groundplane = -i + 1. tanh(c2h2) tanh(aihi)) (2.36)

1 2

An examination of the two-layer semiconductor solution in Eq. 2.36 reveals

that the equation is of the same form as that of the generalized input impedance

of a series of cascaded transmission lines with arbitrary lengths and impedances

with the end termination impedance equivalent to a short circuit [30]. As will be

shown in the following section, this method can greatly simplify the problem of

solving for the series impedance of interconnects over multilayer substrates as is

typical in silicon process environments.



h

h1

h2

h0

x

Js

ox

E a1

2
2

n n

33

FIGURE 2.18. Parallel-plate waveguide partially filled with N-layer semiconduct-

ing substrate.
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FIGURE 2.19. Illustration of transmission line impedance analogy used for corn-

puting he11 for N-layer parallel-plate waveguide.
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2.4.3. Using the Complex Virtual Ground Plane to Solve Mi-
crostrip Impedance Problems

In general, a microstrip-type structure requires some sort of 2D field solu-

tion or a closed-form expression in order to determine its propagation characteris-

tics and line impedance. The technique presented in the previous section employs

a ground plane spaced at a complex distance to represent a mutlilayer substrate.

Many closed-form expressions already exist for single microstrip and even finite

length strips above a ground plane [33]. One of the most common formulations

for microstrip is presented in [34] and is given as

Zo=ln(+60 /8h
for w/h < 1\w 4

l2Oir= for w/h 1 (2.37)[w/h + 1.393 + 0.667 ln (w/h + 1.444)]
Er+l Er1 1

2
+

2 i + 12h/w (2.38)

If these expressions are evaluated for the case of an air dielectric = 1), then

the inductance per-unit-length is given by

zo
= (H/m) (2.39)

Co

where C43 is the speed of light in a vacuum. As in the case of the parallel-plate

waveguide, the resulting inductance per-unit-length will be complex when the

value for h is complex. This is true when there are semiconducting substrate

layers present, implying a net series resistance per-unit-length, The method

for obtaining the frequency-dependent complex inductance for a single microstrip

using this closed-form expression for impedance is as follows [29]:

Z0 (w/h(w))
compiex(W) (H/m) (2.40)

Co

L3,..i.(w) = compiex} (2.41)

R3,..1(w) = w [ compiex}] (2.42)
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where h(w) is calculated from a formula such as Equation 2.36.

Although it was shown to be equivalent to a complex virtual ground plane

height for the 1-D parallel-plate waveguide case, Wheeler's method is not appro-

priate for the 2-D and 3-D structures analyzed for spiral inductors. As stated

previously, the substrate's effect on resistance is not necessarily directly propor-

tional to the product of frequency and relative change in inductance when the

electromagnetic fields involved are non-uniform. However, the closed-form ex-

pressions available for inductance are able to account for the 2-D or 3-D nature

of the structure under analysis, and when combined with a ground plane spaced

at a complex distance provide a higher level of accuracy when tested against the

SDA algorithm [25] than what is predicted by Wheeler's rule. Additionally, the

complex virtual ground plane method is much less computationally taxing and

hence faster than SDA for complex inductance of interconnects, since it is used in

conjunction with simple closed-form expressions.

The complex virtual ground plane height concept is applicable to coupled

line structures as well, which are fundamental building blocks of spiral inductors.

This will be discussed in later sections.

2.4.4. Proximity Effects on Resistance for Two Adjacent Lines

In addition to the influence of longitudinal currents in the silicon on effec-

tive series resistance of a microstrip, the relatively close proximity of additional

metal traces running in parallel can also adversely affect the series loss terms. Fig-

ure 2.20 illustrates the current distribution for two parallel microstrips with the

same current direction. In this case, a majority of the current flows in the outer

edges of each conductor, due to the fact that the effective mutual inductance is
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FIGURE 2.20. Current distribution in two parallel lines at high frequency.

largest in the area of the inner edges and thus the impedance in this inner region

will consequently be higher relative to the outer edges. The proximity effect can

be directly included in the spiral inductor model by subdividing each conductor
cross-section into filaments, as demonstrated, for example, in [31]. However, this

approach is computationally inefficient. On the other hand, this effect may be
included in a coupled line model through the application of an effective complex

current penetration depth for each conductor, which results in an effective complex

separation distance between the parallel conductors. This method is considered

as a topic for future work in Chapter 6.

2.4.5. Partial Inductance Calculations for Rectangular Bars

Since spiral inductors are made up of many finite length sections of metal,

it is necessary to have a means for calculating the self and mutual inductances

associated with these sections. The method presented by Hoer and Love in [33]

for calculating the exact self and mutual inductance of rectangular conducting

bars of arbitrary dimension is employed in the following modeling methodologies
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and throughout this thesis. It is best summarized by referring to Figure 2.21 and

the following expressions:

where

and

1 P+c b

Mb = f f Mdyidy2 (2.43)
bc p o

E+d a

Mt=J_f f Mdxldx, (2.44)
ad

1311,13+12
Mf = 0.001 in (z + z2 + p2) - z2 + p21 (z), (2.45)

i 12+13-11,13

4

'' '8 S3iJizi ' (z)
:i:

(i)k+1
f(sk). (2.46)L \ J52,84

k=1

Equation 2.45 is the closed-form solution for the mutual inductance between two

filaments of current of arbitrary length and spacing, as shown in Figure 2.22. The

expression for Mb is recognized to be the Neumann mutual inductance formula

M12 0.00lf
L

d11d12
(2.47)

integrated over the cross-sections of the two rectangular bars. Equation 2.43 may

be computed explicitly by the following formulae [33]:



FIGURE 2.21. Two parallel rectangular bars for mutual inductance calculations.

z

FIGURE 2.22. Two parallel filaments for mutual inductance calculation in Equa-
tion 2.45.
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Equation 2.48 can be summarized as the partial mutual inductance between

two rectangular bars of arbitrary dimension and relative positiOn, assuming a
uniform current distribution in both cross-sections and one-dimensional current

flow in the z-direction (see Fig. 2.21), with assumed return currents at an infinite

distance from both conductors. While this may at first seem to be a substantial

set of constraints, it is quite applicable to the geometries found in typical spiral

inductor structures, where skin depths are still slightly larger than the conductor

thicknesses at operating frequencies in the low gigahertz range and current flow

is nearly confined to the lengthwise dimension for each straight section being

analyzed.

Note that if in 2.48 the values of 13, E and P are all set to zero, and if
a = d, b = e, and Ii = 12, then the mutual inductance formula in 2.48 yields the

partial self inductance of a rectangular bar with length 11, width a and thickness



b. This realization provides insight into the meaning of self inductance for a single
conducting bar, that it is simply the sum of the mutual inductances between all of

the infinitesimal current filaments within the conductor. Clearly, if the conductor

is assumed to be a perfect, zero-cross-section filament, this expression is invalid,

since the kernel M1 becomes infinite. In this case, Equation 2.48 must be used
with caution to ensure that none of the functions are approaching infinity, that

is, that relative dimensions are not approaching that of a filament (i.e. 11 >> a, b).

Because Equation 2.48 is the cornerstone of all of the inductance calcula-

tions used in the modeling methodologies in this thesis, it was necessary to gen-

erate a programmed form of these expressions to allow them to be implemented
in a simulation tool. Matlab© [35] was selected as the script-based language to

accomplish this task. Appendix D contains the actual code for this function, aptly

named 'mrebar.m' for 'mutual inductance between rectangular bars'.

2.5. Distributed Spiral Inductor Models

As stated previously, compact models have limitations in that they are

not representative of the distributed nature of spiral inductors whose overall trace
lengths are comparable in size with wavelength at their operating frequency. To

this end, distributed models have been developed that allow for more accurate

modeling and characterization of spiral inductors. This is often the preferred
method when inductors are being prototyped and there is little or no measurement

data available for the fabrication process being considered. All results in the
following sections utilize a virtual ground plane approach, referred to as a modified

PEEC approach, to calculate the effect of longitudinal substrate (eddy) currents

on inductance, as illustrated in Figure 2.23. This approach was initially developed
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Si02

h'

1

FIGURE 2.23. Illustration of virtual ground plane concept for inductance calcu-

lations.

in [16] and [32], and is different than that in [18] and [31] in that it utilizes a virtual

ground plane at a real distance for inductance calculations rather than a complex

distance that captures both inductive and resistive effects simultaneously. Models

utilizing the complex virtual ground plane are presented later in this thesis.

The method for obtaining the effective ground plane height for inductance

calculations consists of solving for the equivalent inductance at a given frequency

for a single microstrip using the spatial-domain formulation in [26], then calculat-

ing the equivalent height, h, of an ideal microstrip with the same per-unit-length

inductance in air (i.e. ,. = 1). Given the characteristic impedance of a single line

in air with per-unit-length inductance, L(w),

Z0ICDZ1(w) = L..i.(w)c0, (2.51)

then
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alculate L(f) for single line

Find equivalent w/h ratio

Position virtual ground plane at h

T SiO2

h' Si

------

FIGURE 2.24. Flow-chart of virtual ground plane method for inductance calcu-
lations.

where

w 8eA
for w/h < 2 (2.52)h e2A 2

=[B-1--1n(2B-1)} for w/h>2 (2.53)

zoA = (2.54)

377irB
2Z0 (2.55)

This method is illustrated by the flow chart in Figure 2.24.

Figure 2.25 shows the schematic representation of a distributed equivalent

circuit model for a rectangular spiral inductor over a semiconducting substrate.
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FIGURE 2.25. Distributed equivalent circuit model for spiral inductors.

Given that for even a two-turn spiral, there will be a relatively large number of
nodes, it is advantageous to have a robust method for calculating the frequency-

dependent input/output characteristics of spiral inductor that can handle any
arbitrary number of nodes and also that does not rely on an external SPICE-like

simulator, since such a simulator does not handle complex expressions for lumped

elements that are frequency-dependent. The modeling engine used to implement

the modeling methodology presented in this thesis is a Matlab® [35] program,

which allows for testing (during development phases) of various expressions and

methods for calculating the composite R, L and C terms that make up the circuit

in Figure 2.25. If the circuit is broken down into series impedance (Z8) and shunt

admittance (Y3h) terms, it may be analyzed in terms of a nodal admittance matrix

defined by the following equations for an N-turn spiral:
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ZS,4N4N(w) = RS,4NX4N(w) + jwLS,4NX4N(w) (2.56)

Ysh,(4N+1)x(4N+1) (w) = GSh,(4N+1)X(4N+1) (w) + jwCSh,(4N+1)X(4N+1) (a)) (2.57)

Yfl,(4N+1)X(4N+1) AZs(cJ)_lAT + Ysh (2.58)

where A is the nodal incidence matrix for the branch admittance matrix Z5(w)'

and is given by

10... 0
1 1 .. 0

A(4N+1)4N = 0 1 ... o . (2.59)

0 0 0 1
Consider the following example of how to solve for the frequency-dependent input

impedance of the spiral. Define nodes 1 and (4N+1) as ports 1 and 2, then solve

for voltage between ports 1 and 2 when a unity current source is attached across

them:

Yn,(4N+1)x(4N+1)V(4N+1)x1 = 111(4N+1)xl, (2.60)

where

1

0

11(4N+1)xl = 0 . (2.61)

1
Then V may be solved as

Y-1V(4N+1)X1 n,(4N+1)x(4N+1)'(4N+1)x1 (2.62)
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and the input impedance is simply

Zin = (Vl, V(4N+l)), (2.63)

since the excitation is a unity current source.

For the modeling methods developed in this thesis, Z contains mutual
coupling terms for all sections that are parallel to one another, and Ysh contains

all nearest neighbor coupling capacitances.

Further modeling work has incorporated the virtual ground plane at a
complex distance approach [18], [30], [31] presented earlier in this chapter, which

results in frequency-dependent inductance as well as resistance. Example simula-

tion results are presented in Chapter 5.

2.5.1. Single Level Spiral Inductor Modeling and Network Re-
duction

The coupled line model described in this chapter forms the basis for an
equivalent circuit model for a complete spiral inductor on lossy substrate. As
stated in the preceding section, such a distributed model is constructed by subdi-

viding the structure and computing an equivalent circuit for each straight section
(or leg) of length im and including the capacitive and inductive coupling terms,

using a combination of SDA and modified PEEC techniques, as well as conductor

skin effect [27]. This distributed model may become unnecessarily complex for a

large number of discretizations, hence, it is desirable to have a means for model

reduction [32]. This may be accomplished via construction of an n-section ladder

network, as shown in Fig. 2.26, where Ti is the number of turns. The elements of

the ladder network are given by
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Lm=(4k_3) j
The order of the reduced circuit model is, in general, high enough to sufficiently

approximate the response of the original distributed model. The reduced model

gives virtually the same performance in the frequency range of interest, which is

usually from dc to the first self resonance.

2.5.2. Multilevel Spiral Inductor Modeling

As with the distributed single-level spiral model, the distributed model

for multilevel spirals also incorporates a spectral domain approach [25] combined

with a modified PEEC formulation [16], [36] to obtain the frequency-dependent

distributed series resistance and series inductance components. The distributed

capacitances and conductances are computed using a spectral domain approach

[24] for multilevel coupled transmission lines on a multi-layered substrate. Each

leg or segment of the spiral is modeled in terms of a lumped-element equivalent
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FIGURE 2.26. Distributed model and synthesis of a corresponding ladder net-

work for turns of a spiral inductor.
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FIGURE 2.27. Equivalent circuit modeling of multilevel structure.

circuit that is appropriately coupled both capacitively and inductively to all other

elements of the circuit for which the coupling terms are significantly large. Fig-

ure 2.27 illustrates the relationship between the model elements and the physical

structure. The shunt elements again utilize the common C-G-C topology. The

frequency-dependent self and mutual series resistances and partial inductances

incorporate the effects of longitudinal substrate currents, as well as the skin effect

in the metallization layers [27].

2.5.3. Application of Complex Virtual Ground Plane Height to
Inductors and Mutual Resistance Concept

As presented earlier in this chapter, the virtual ground plane spaced at

a complex distance can be used to effectively calculate the series impedance of

parallel-plate waveguides as well as microstrip structures. Since the model for-

mulations presented in the previous sections rely on virtual ground planes for



their inductance calculations, it is relatively easy to implement the complex dis-

tance approach for the distributed inductor model as well. As with the case of

microstrip, the closed-form expressions for inductance between two finite length

conducting bars of metal accept complex arguments for distance and return a
complex impedance.

Of particular significance to both single and multilevel spirals is the concept

of mutual resistance, which provides a higher level of accuracy, particularly over

heavily doped substrates where longitudinal substrate currents are significant.

Earlier modeling efforts in [16] and [32] did not include mutual resistance terms.

Figure 2.28 illustrates the concept for the case of two conductors on two different

metallization levels, which is a typical case for multilevel spirals, while Figure 2.29

shows the case of two coplanar lines. The mutual resistance terms for a spiral
inductor may be calculated using a two-line spatial domain solution derived in

Appendix B from the single line solution in [26]. Alternatively, the complex

virtual ground plane height method combined with the closed-form expressions

for partial inductance in [33] provides an even more accurate solution since it

accounts for the finite lengths of the structures involved.

As an example of mutual resistance in silicon-based microstrip structures,
consider a simple two-line microstrip case over a heavily doped substrate (i.e. Si

= 10,000 S/m) as illustrated in Figure 2.30. If mutual inductance M12 between

these two lines is complex as a result of the semiconducting substrate below, the

net effect at frequency f (w = 2irf) will be a complex mutual impedance

Zm(W) = jwMi2

= jwR[Mi2] w[Mi2}, (2.70)

where mutual resistance is given by
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FIGURE 2.30. Example structure for plots in Figures 2.31 and 2.32. 

Rm = w[Mi2]. (2.71) 

A comparison of the net mutual resistance for the lines in Figure 2.30 are 
shown in Figures 2.31 and 2.32 for both the two-line spatial-domain solution found 

in Appendix B and the direct application of the complex virtual ground plane 
height approach. Clearly, the agreement between these two methods is quite 
good, within 10% across the frequency range for both mutual inductance and 

resistance, further validating the complex virtual ground plane height application 
to general microstrip structures. 



N



53

2.6. Simulation Results for Single and Multilevel Series-Connected Spi-
ral Inductors and Discussion

2.6.1. Single Level Spiral Inductors

As an example of a structure with relatively low substrate conductivity, a

5 nH spiral originally studied by Long and Copeland in [15] with 0sub = 10 S/rn
is simulated using a model that does not address the skin effect mode (i.e. effects

of longitudinal substrate currents are ignored). The model used in this thesis

utilizes SDA for capacitance/conductance parasitics, and the resistive parasitics

are computed using the conductor skin effect formula from [27]. The results are
adequate for this particular structure, as can be observed in Fig. 2.33.

Next, consider a 9.5 turn, 10 nH spiral fabricated in CMOS technology
with = i0 S/rn. Fig. 2.34 shows a comparison of two separate models with

measured data [37]. The distributed model (Fig. 2.26) and corresponding ladder

network are augmented to properly account for the substrate skin effect through

use of a virtual ground plane combined with the spatial domain formulation (see

Appendix B) for substrate series resistance. This is in contrast to the model that
only includes shunt conductances to represent the substrate losses. It is clear that
the inclusion of the substrate skin effect is necessary for accurate modeling of the
structure.

2.6.2. Multilevel Spiral Inductors

Figures 2.35 and 2.36 show the inductance and quality factor as functions

of frequency for a four turn, two level series-connected spiral inductor over a typ-

ical BiCMOS substrate with p = 12 -crn, as well as for a CMOS substrate with
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FIGURE 2.33. Comparison of (a) inductance and (b) quality factor for simula-

tions without Si substrate effects (-) versus measured data (o) for a 5 nH spiral

inductor with a31 = 10 S/rn [15].
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FIGURE 2.34. Comparison of (a) inductance and (b) quality factor for simula-

tions with (-. distributed, ladder) and without (- -) Si substrate effects, versus

measured data (-) [37].
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p = 0.01 Il-cm, as illustrated in Figure 2.3. In both cases, the lower spiral is
located 4.5 jtm above the silicon substrate. The dimensions of both spirals are
w = s = 13 im and area = 226 x 226 m2. The inductance and quality factor

were computed using the complete (i.e. all substrate effects included) distributed

model described in this chapter and compared with full wave results obtained
from Agilent Momentum. In addition, the CMOS substrate example includes re-

suits obtained from a distributed model that only accounts for the shunt substrate

currents in order to exemplify the need for inclusion of the substrate skin effect
for spiral inductors on high conductivity substrates. It is evident that the induc-
tance enhancement from the two-level series configuration, which in this case is
an increase in base inductance from 2.3 nH to'-8.8 nH, comes at the expense
of a lower self-resonant frequency. However, for a given inductance value, the

series resistance of the multilevel series configuration will be reduced, which can
be advantageous. Also, in a lossy environment such as in BiCMOS and CMOS
technologies, the multilevel structures can often achieve a higher quality factor in

the low frequency range than their single level counterparts, as previously noted
in [10].

A two-level series-connected spiral fabricated on CMOS (p 0.01 Il-cm),
shown in Figure 2.37, was measured using a 1-port VNA [37]. Figure 2.38 shows

the measured data compared with simulation results for the distributed model.
Dimensions are: area = 148 x 148 m2, w = 10 m and s = 1.8 pm.

2.7. Parallel-Connected Spirals

A parallel-connected spiral consists of identical spirals placed on multiple

metallization layers and shunted together by vias. This design technique makes
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FIGURE 2.35. (a) inductance and (b) quality factor obtained with the distributed

model [36] and HP Momentum [37] for a multilevel spiral inductor in a typical

BiCMOS environment (p = 12 a-cm).
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FIGURE 2.36. (a) inductance and (b) quality factor obtained with the distributed

model [36] and HP Momentum [37] for a multilevel spiral inductor in a typical
CMOS environment (p = 0.01 l-cm). Results obtained with a distributed model

that neglects the substrate skin effect are also shown.
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Dimensions:

w=1O urn,

s=1.8 urn, and

A=148x148 uim"2

FIGURE 2.37. Measured multilevel spiral on CMOS substrate.

use of a multilevel metallization process to lower overall series resistance by placing

multiple layers in parallel, as illustrated in Figure 2.39. The modeling techniques

presented in the prior sections is easily extended to this case by simply assigning

an effective thickness for the composite spiral equal to the total thickness of all

layers being used in the spiral inductor, which is generally a valid approximation

provided that the level-to-level spacing is relatively small (i.e. on the order of 1

Figure 2.40 shows the simulated inductance and quality factor for two
eight-turn spiral inductors on a typical BiCMOS substrate (p = 12 11-cm). One
of the spirals exists only on the upper metallization layer, and the other structure

uses two metallization layers in parallel and shunted together by vias. The total

area of both structures is 226 x 226 pm2. The width and spacing for both spiral

inductor structures are 6 sum, and the heights above the silicon substrate for the

two metallization layers are 4.5 /tm and 7.5 sum, respectively. The via connections

are assumed to be at each corner and are assumed to be perfectly conducting.
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FIGURE 2.39. Parallel-connected spiral inductor used for simulation example.

As expected, the quality factor achieved with the shunted two-level struc-

ture is greater than that of the single level counterpart. However, the self-resonant

frequency of the parallel-connected spiral is slightly lower, mainly due to the in-

creased shunt oxide capacitance, which results from the lower level being closer to

the substrate. The low-frequency inductance values for both structures are virtu-

ally identical, indicating that inductance is lowered only slightly by the parallel
connection. It should be noted that although the performance improvement is

substantial for this example, similar results are not possible if the bulk substrate

resistivity is much lower (e.g. p 0.01 a-cm) since in this case the eddy currents

dominate the overall series resistance. Hence, lowering the resistance of the spiral

itself through multiple layers connected in parallel will only provide a marginal

improvement for low resistivity bulk substrate environments.



62

(a)

12 I I

Two Level, F
10 .................................. Single Level

(b)
FIGURE 2.40. Comparison of (a) inductance and (b) quality factor for a two

level parallel-connected spiral inductor and a single level spiral in a typical CMOS

environment (p = 12 l-cm). All results are computed using distributed equivalent

circuit models including the substrate skin effect [36].
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2.8. Conclusions

In this chapter, a modeling methodology for single- and multilevel spiral

inductors on iossy substrates has been presented. It was shown that the proposed

model for single-level spiral inductors on lossy substrate is in better agreement
with measured data for higher conductivity-frequency products (ow's) than pre-
vious models, which only address transverse (shunt) currents. It has also been
shown that the multilevel series configuration yields a higher inductance/area

ratio as well as higher quality factors for low frequencies, although the usable
frequency range is reduced as compared to a single-level spiral inductor with the

same inductance value. It was shown that in a high conductivity environment, it is

necessary to account for the substrate skin effect in order to accurately model spi-

ral inductor structures. In conclusion, it has been demonstrated that both single-
and multilevel spiral inductors can be accurately modeled for a wide range of sub-

strate conductivities, including those typically used in CMOS technologies. The
proposed modeling methodologies should be very useful in the design of RFICs

on silicon substrates, and in particular heavily-doped CMOS substrates.



3. EFFECTS OF SILICON PROCESS AND GEOMETRY
VARIATIONS ON INDUCTOR PERFORMANCE

3.1. Introduction

Spiral inductors fabricated in silicon-based integrated circuits often yield

poor quality factors due to high-resistivity metallization and/or a lossy silicon
substrate. In addition, substrate eddy currents can adversely affect the induc-

tance of a spiral for certain frequencies and substrate conductivities. Because of

the low-cost aspects of silicon technology, however, such structures are attractive,

especially for RFICs, for which cost must be minimized in order for the semicon-

ductor companies manufacturing such circuits to remain competitive. The need
for accurate characterization of silicon-based spiral inductors has prompted the
formulation of modeling methodologies that include semiconducting substrate ef-
fects, as presented in Chapter 2. This chapter presents analyses of the effects of

the silicon substrate on inductor performance in terms of geometry and process

variables. The methods in Chapter 2 are applied to simulate the various cases.

3.2. Summary of Semiconducting Substrate Effects on Si-SiO2 Mi-
crostrip

First, the propagation characteristics of a Si-Si02-based metal-insulator-

substrate (MIS) structure are revisited, since this structure is a basic element of

planar spiral inductors. The planar conductor is above a double-layer substrate

consisting of oxide over bulk silicon. Due to the finite conductivity of the bulk,

both conduction and displacement currents will exist in the substrate. The cur-
rent distribution in the semiconducting substrate may be decomposed into shunt

and longitudinal components resulting from electric and magnetic fields produced



by the conductor, and their respective effects may be analyzed separately. The

consequence of the shunt substrate currents is a frequency-dependent p.u.l. shunt

admittance [G(w) + jwC(w)], while the longitudinal (eddy) substrate currents

contribute to a frequency-dependent p.u.1. series impedance [R() + jwL(w)].

As stated above, conduction currents do indeed exist in the semiconducting

bulk for a MIS microstrip structure operating above DC. The resistive losses

resulting from these substrate conduction currents are generally significant for

typical silicon bulk substrate resistivities with operating frequencies in the RF-to-

microwave range, and thus need to be included for accurate modeling of planar

spiral inductors implemented in a silicon-based MIS environment. Additionally,

the frequency dependence of the reactive terms of the shunt admittances and
series impedances also need to be incorporated into an accurate spiral inductor
model for RFICs. For spiral inductors in RFICs implemented in medium-to-high

substrate resisitivity environments (e.g. 1O-cm), the main substrate effects are

due to shunt currents, while for low substrate resistivities (e.g. O.O1l-cm), the
longitudinal substrate currents dominate.

3.3. Using Distributed Models to Predict Performance Trends

Because there are many variables involved in a silicon-based fabrication

technology, such as the properties of the substrate layers, interlayer dielectrics

and metallization layers, it is desirable from a process engineering perspective

to be able to predict the performance impact of each of these variables either

separately or in various combinations so that the process may be optimized for a

given set of initial operating specifications (e.g. an inductor with a Q of at least

15 with outer diameter less than 200 jim at 2 GHz). Additionally, any silicon



process will have natural wafer-to-wafer variations in the dimensions and material

properties. The relative impact of these variations are often evaluated by circuit

designers to ensure that their products will function within the known tolerances

of the process.

Besides optimizing a process and predicting the impact of the relative tol-

erances, the problem of choosing the best spiral geometry for a given process to

meet a particular set of design criteria is also a major task to be undertaken by

the circuit designer. As stated previously, the techniques in [3] and [4] are both

experimentally-based in terms of how they predict and inductor's performance.

However, it is advantageous to have an accurate, reliable method to predict in-

ductor performance in the absence of measured data, which allows for the plotting

of various trends such as self-resonant frequency vs. tracewidth, etc. before any-

thing is ever fabricated. This in turn allows for a spiral inductor design to be

optimized for a particular application and given silicon process through a sort of

virtual prototyping, eliminating the need for costly and time-consuming layout,

fabrication and measurement of test wafers.

Fortunately, the distributed modeling methods in Chapter 2 can be used

to evaluate all of the variations mentioned in the preceding two paragraphs. For

all simulation results presented in the following sections, these distributed mod-

els have been used. Capacitance and conductance parasitics are calculated using

SDA [24] code for single and coupled microstrip on a multilayer substrate. For

inductance and resistance calculations, the PEEC method is used in conjunction

with the virtual ground plane at a complex distance approach, which accounts

for the effects of a semiconducting substrate. Additionally, closed-form expres-

sions from [27] are used to compute the skin-effect resistance of the conductors

themselves and are added to the self-resistance (i.e. on the R-matrix diagonal)
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terms. In order to save computation time, the method of subdividing conductors

lengthwise to include proximity effects, as was done in [31], is not implemented. As

stated in Chapter 2, the development of a simple computationally efficient method

for inclusion of conductor proximity effects in spiral inductors is considered as a
topic for future research.

3.4. Peak Quality Factor, Self-Resonant Frequency and Other Issues

The distributed equivalent circuit modeling techniques developed in Chap-

ter 2 were found to be quite accurate versus measured data and EM simulations,

and, hence, can be used to examine trends in performance versus geometry and

process variables. To this end, the proceeding subsections detail results for induc-

tor performance versus substrate properties and spiral geometry. Figure 3.1 shows

a typical two turn single-level spiral (SLS) inductor and cross-section with the
names of the relevant dimensions for both the inductor and the process variables.

The geometry variations are summarized in Table 3.1, with the corresponding
figure numbers included for reference purposes. For all cases in the proceeding
sections, one micron copper (tcu = 1jtm) was chosen as the metallization. While

these results are not to be taken as all-encompassing behavioral trends for all
conceivable spiral inductors, they are representative of trends for typical spiral

geometries and silicon process variables. A brief discussion on the effects of doped

layers and wafer thickness is also included since these two factors can also impact
inductor performance.



FIGURE 3.1. Example 2-turn SLS and relevant dimensions.



3.4.1. Bulk Substrate Conductivity

To exemplify the effect of finite substrate conductivity on a spiral inductor's

frequency-dependent behavior, the peak quality factor (Qmax) and self-resonant

frequency (fsR) for a typical four-turn spiral inductor as functions of crSUb are
examined, as shown in Figure 3.2. As Uub increases, the initial trend is for peak

Q to increase and self-resonant frequency to decrease. This initial behavior is due

to lowering shunt losses as well as flatter net shunt capacitance versus frequency,

that is, the shunt capacitance remains close to its initial low frequency value

over a broader bandwidth that extends to the range of self-resonance, which is

approximately 11-17 0Hz for this example. However, beyond Usub=400 S/m,
the value of peak Q drops as eddy current losses begin to dominate. The self-

resonant frequency picks up as Usub increases further due to lower net inductance

caused by longitudinal eddy currents in the bulk silicon. Using these two criteria,
peak Q and self-resonant frequency, as performance metrics, it is clear that a

definitive optimum does not exist. In addition, it may be concluded that the
finite conductivity of the bulk substrate must be considered and included in any

accurate model for spiral inductors in RFICs.

3.4.2. Trace Width and Shunt Capacitance & Conductance

In order to improve Q of an on-chip silicon spiral inductor, a circuit de-
signer may be initially tempted to use the absolute widest traces possible in order

minimize resistance. However, wider metal traces increases the inductor's effec-

tive plate area in terms of its shunt capacitance to the silicon substrate below,

as well as increases line-to-line capacitance. This in turn can lower self-resonant

frequency as well as the frequency at which peak Q occurs. Additionally, very
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large shunt capacitance can serve to increase vertical electric field losses in the

bulk silicon, which counteracts the lowered series loss obtained from the wider

metal traces.

Figures 3.3 and 3.4 show the effect of trace width on peak Q and self-
resonant frequency for a typical square spiral inductor. In this case, the pitch

(width + spacing) was held constant at 15 jim. Thus, the base inductance of the

spiral inductor drops with increasing trace width as shown in Figure 3.5, which

leads to the initial increase in self-resonant frequency. If the net inductance is

held relatively constant by allowing OD to increase sufficiently while still holding

the pitch constant, the behavior seen in Figures 3.6-3.8 results.

Note that in both of the preceding examples, the peak Q increased mono-

tonically with line width. However, if the outer diameter is more tightly con-
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strained or even held constant, then spiral inductors with larger trace width will
require a greater amount of turns for a given inductance. In this next example,

the outer diameter is constrained to be 200 jim and also have nearly constant

base inductance equal to approximately 3 nH (see Figure 3.11). The trace-to-
trace spacing is held constant at 2 jim, and the number of turns varies from 2.5
to 5.5. The performance is summarized in Figures 3.9-3.13. As expected, the
self-resonant frequency decreases with increasing trace width due to rising shunt
capacitance, as shown in Figure 3.10. However, note that upon examination of
Figure 3.9, the peak in maximum Q does not occur at the end of the sweep as in

the previous examples, which is a result of increased shunt losses as the number
of turns increases to maintain inductance within the 200 jim OD. Figures 3.12

and 3.13 illustrate another interesting aspect of this example regarding the fre-
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TABLE 3.1. Summary of Inductor Geometry Variations.
Case OD

(rim)

Turns Pitch Reference

Figures

1 200 4 constant 3.3-3.5

2 200-250 4 constant 3.6-3.8

3 200 2.5-5.5 varies 3.9-3.13

quency at which peak Q occurs and the 'Q versus width' behavior as a function of

frequency. Observe that the frequency at which peak Q occurs decreases with in-
creasing line width. This suggests that although the maximum Q value is initially
rising with increasing trace width, the Q at a particular frequency may not nec-

essarily exhibit this same increase since the Q curve is also shifting in frequency.

This phenomenon can be seen in Figure 3.13.

The net shunt capacitance of a planar spiral inductor is generally a strong
function of frequency for typical silicon IC processes. This results from the fact
that the frequency at which displacement and conduction current magnitudes
are equal (i.e. oj = w) is in the RF-to-microwave range for bulk substrate
conductivities on the order of 10 S/m, which is typical of many production IC
processes. Consequently, the net shunt conductance also changes with frequency
and contributes to net degradation in Q of a spiral inductor. To summarize this
behavior, at low frequencies (i.e. w <<as/E), the net capacitance is predominantly

that of the oxide only, and the net shunt conductance is near zero, while at high
frequencies (i.e. w >> as/) the net capacitance is equal to the series combination
of the oxide and bulk substrate capacitances and net shunt conductance is nearly
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equal to the total conductance of the bulk substrate. An example of the frequency

dependence of capacitance and conductance for a spiral inductor on 10 cl-cm
bulk silicon is shown in Figure 3.14. In general, a simple C-G-C model topology

can accurately represent the bulk/oxide substrate in terms of the vertical electric

fields. For the example in Figure 3.14, the capacitance and conductance begin to
change substantially in the low gigahertz range. Because this frequency-dependent

behavior of the shunt terms is governed by substrate resistivity and oxide height,

a design that is optimized in terms of the shunt capacitance and conductance for

a particular process and frequency range may not necessarily perform optimally

or even satisfactorily on a different silicon process.
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Clearly, the effects of the bulk silicon on shunt capacitance and conductance 
must be considered when designing spiral inductors for on-chip use. 

3.4.3. Other Considerations: Wafer Thickness and Active/Doped 
Layers 

Typical silicon wafer thicknesses range from 650 1am down to as thin as 
200 jm depending on the intended packaging assembly. Hence, the performance 

of a spiral inductor, or any large scale passive component for that matter, can be 
significantly impacted by the thickness of the bulk substrate and the potentially 

closer proximity to a ground plane. Additionally, because spiral inductors that are 
fabricated on-chip are almost always in close proximity to active device circuitry, 

there will often be doped layers present in the substrate region just below the 
oxide. These layers can range from doped epitaxial layers to implant layers. The 

net result of this doping is generally a higher conductivity for the layers near or at 
the top of the substrate stack versus the surrounding bulk silicon. The modeling 

methodology developed in Chapter 3 can handle variable wafer thickness as well 

as doped layers in order to investigate their effects on inductor performance. 
An example of the effects of doping is shown in Figures 3.15 and 3.16, for 

the case of a 3jim thick doped epitaxial layer with conductivity of 100 S/m (see 
Figure 3.17), as simulated using the distributed model from Chapter 2. Clearly, 

the addition of a doped layer for this example improves Q slightly near its peak, 
but lowers self-resonant frequency as well. 
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3.5. Conclusions

The effects of silicon, or any semiconducting material for that matter, on

inductor performance have been examined in terms of process parameters and ge-

ometries. Due to the many design and process factors involved and their respective

performance impacts, the process of optimization for even a simple single-level spi-

ral (SLS) inductor is an arduous task. The plots presented in this chapter provide

a solid starting point for an RFIC design project that involves inductors, since
often one of the most fundamental tasks of any chip design is floor-planning, and

inductors are relatively large in comparison to much of the active device circuitry

and, therefore, must be considered early in the design phase.



4. DESIGN CONSIDERATIONS: MULTI-LEVEL VS.
SINGLE-LEVEL SPIRAL INDUCTORS

4.1. Introduction

Numerous design techniques for spiral inductors in integrated circuits at-

tempting to improve performance have been proposed and tested, including the
use of multiple metallization layers [9, 10]. Multi-level spiral (MLS) inductors

can be used to enhance the inductance/area ratios of spiral inductors in silicon-

based RFICs and GaAs MMICs [10, 14]. Enhanced inductance can be achieved

by judiciously placing multiple spirals on different metallization layers in a series

configuration in order to increase the mutual inductive coupling. Further advan-

tages of multi-level spiral inductors implemented in RFICs include higher circuit

density, potentially lower series resistance, which increases as a nonlinear func-
tion of the number of turns for a single-level spiral (SLS) structure, and improved
quality factor.

This chapter investigates multi-level spiral inductor design techniques and

their effectiveness in improving the performance of on-chip spiral inductors. The

multi-level spiral inductors discussed in this chapter are all in the so-called 'series

configuration' where the top-level metallization spirals inward and the bottom-
level spirals outward in the same sense, leading to an enhanced inductance through

positive mutual inductive coupling. An example structure and the corresponding

modeling method are illustrated in Figures 4.1 and 4.2.

The modeling methodology presented in [36] is used as a basis for the anal-

ysis of various multi-level spiral inductor configurations. Design issues discussed

include self-resonant frequency (fsR) and its relationship to geometrical config-

uration (e.g. number of metallization levels, conductor width and spacing) as





TABLE 4.1. Summary of Single and Multi-level Inductor Parameters.
Size

(mm2)

No. of

Levels

Turns

Level

w/s
(rim/pm)

L0

(nil)
RDc
(0)

fsR(GHZ)/Qmax

(Psub= 150-cm)
fsR(GHZ)/Q,nax

(Psub = 0.010-cm)

Reference

Figures
0.0256 2 5 10/5 7.91 5.26 5.0/12.5 5.0/4.6 4.3, 4.4
0.0625 1 8 10/5 7.81 6.66 8.9/9.4 6.2/3.1 4.3, 4.4
0.0484 2 7 10/5 20.48 9.94 2.2/9.4 2.2/4.5 4.3, 4.4, 4.8, 4.9
0.1156 1 11 10/5 19.19 12.16 3.5/7.4 3.0/2.7 4.3, 4.4
0.04 2 4 5/2 19.36 15.48 3.3/7.8 3.3/4.7 4.8, 4.9

0.0180 2 9 5/2 19.90 15.27 3.2/8.3 3.2/5.0 4.8, 4.9
0.04 2 4 10/5 11.48

11.18

10.93

6.69 2.8/9.8

4.4/11.0 (hMl =6.2tm)

5.5/10.2 (hM1=4.2jm)

2.9/4.2

4.4/4.7 (hMl =6.2im)

4.9/4.7 (hMl=4.2im)

4.6, 4.7

well as the effects of substrate parameters (e.g. bulk silicon conductivity and ox-

ide thicknesses) on quality factor (Q). Example inductor structures are modeled

and analyzed for typical BiCMOS and CMOS processes in order to demonstrate

the important characteristics of multi-level spiral inductors as compared to their

single-level counterparts. Table 4.1 details the parameters for the various struc-

tures studied in the following sections. For all cases, the metallization used is 1.15

jim thick copper, for which the net sheet resistance is approximately 15 m/D.

4.2. MLS vs. SLS: Quality Factor

Consider the performance of two MLS/SLS pairs having base inductance

values of 8 and 20 nH. The width and spacing are 10 jim and 5 jim, respectively,

for all cases. Figure 4.3 shows the simulated performance of the four inductors

with a bulk substrate resistivity, Psub, of 15 a-cm (cr8Ub = 6. S/m). Figure 4.3a

shows a large reduction in fsR for both MLS structures, while Figure 4.3b displays



a significant improvement in low frequency Q. Similar results are obtained for the
case of heavily-doped silicon substrate with Psub = 0.01 acm (cr5Ub = 10, 000
S/rn), with slightly less relative reduction in fsR, as shown in Figure 4.4.

The improvement in quality factor for Psub = 15 acm can be attributed
to the top-level metallization being partially shielded electrically from the bulk
substrate, thus reducing the shunt losses. For the case of Psub = 0.01 acm,
losses due to substrate eddy currents are typically dominant. Since for a given
inductance and width/spacing the SLS is physically longer from end to end than
the corresponding MLS, these series losses will have a more detrimental effect on
the SLS performance in terms of Q. Also, it should be noted that DC resistance
of the MLS is lower for all cases considered here, which can also improve Q.

It should be further noted that the relative performance improvements
shown here may not always be achievable due to additional factors such as lower
metallization levels that often have relatively higher sheet resistances, which could
raise the DC resistance of an MLS to a value that is much higher than that of its
SLS counterpart. However, for cases where the oxide capacitance is the dominant

factor in determining self-resonance, the MLS may not suffer from such a drastic
reduction in fsR as demonstrated above, and thus could achieve the same usable
frequency range as its SLS counterpart.

4.3. Oxide Heights

In general, it is desirable to fabricate a spiral structure as far away as pos-
sible from a semiconducting substrate to minimize losses and in turn maximize

performance. Single-level spiral inductors fabricated on upper metallization lay-
ers will have lower substrate coupling and consequently reduced loss, while fsR
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is observed to increase due to a lower oxide capacitance. However, in the case

of multi-level spiral inductors, broadside capacitive coupling between the metal-

lization levels serves to reduce ISR for the case of the series-connected structures

under consideration here. Figures 4.6 and 4.7 show the simulated performance of

four-turn two-level spiral inductors in various metallization level configurations,

where the top metal M2 is at a height of 10.3 jim above the bulk and the height of

Ml is the independent variable, hMl, as indicated in Figure 4.5. The metallization

level heights and thicknesses are typical of multi-level RFIC (e.g. RF CMOS, BiC-

MOS) processes. Clearly, maximizing the separation between the upper and lower

levels of the spiral inductor leads to a higher fsR as well as some improvement in

quality factor, both for Psub = 15 fcm and Psub = 0.01 fcm.
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4.4. Conductor Width and Spacing, Footprint

As the base (DC) resistance of an inductor is a design concern, one may

be tempted to make the trace width as wide as possible for the technology being

used. In this section three multi-level inductors all having a base inductance of
20nH are considered, one with width/spacing = 10/5 m and the other two with
width/spacing = 5/2 zm. The two inductors with identical width/spacing have

four and nine turns with corresponding areas 200 x 200 im2 and 134 x 134 jim2,

respectively. Figures 4.8 and 4.9 show the simulation results for Psub = 15 acm
and Psub 0.01 Ilcm, respectively. For both substrate resistivities there is a
significant reduction in fsR when a larger width and larger spacing are used. The
reduced fsR is a result of the larger level-to-level broadside capacitance. However,

larger line width yields a higher Q at low frequencies for the case when Psub = 15

ft-cm, mainly due to a lower DC resistance and the fact that the shunt losses

due to the semiconducting substrate are not large in this low frequency range.

When Psub is much lower, the losses due to substrate eddy currents can even be

significant below 1 GHz, and thus a lowering DC resistance of the spiral inductor

in this case has negligible effects on improving Q.

To illustrate the footprint reduction aspects of MLS's, the base (DC) induc-

tance values for square multi-level spiral inductors and their single-level counter-

parts were computed as functions of footprint size, which is directly proportional

to the number of turns in the top metallization level, for two different pairs of

width and spacing with turns varying from 3 to 12. From Figure 4.10, it is clear

that the MLS yields a much larger inductance for a given area.

In general, the base inductance value for an MLS inductor is almost four

times that of an SLS when the two metallization levels used are closely spaced in
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the vertical dimension. This can be best explained by considering the fact that
for two identical spirals in close proximity to each other, the self inductance and

mutual inductance terms are almost equal, thus the total inductance LMLS =

2LSLS + 2M 4LSLS.

To illustrate the performance improvement of the MLS configuration, Fig-
ure 4.11 shows a comparison of multi-level and single-level spiral inductors in
terms of their ratios of inductance to DC resistance, LO/RDC (nH/Il). Here, both
metallization levels are assumed to have a sheet resistance R8 = 15 mIl/D, as
stated previously. Note, however, that in most multi-level processes the lower

metallization layers have higher sheet resistivities than the top level metalliza-
tion, and thus this figure of merit, LO/RDC, may reduce to that of single-level
spiral inductors or even lower, depending on the fabrication process.

4.5. Conclusions

It has been shown that, in comparison with typical single-level structures,

multi-level spiral inductors in a 'series configuration' yield higher inductance/area
ratios as well as potentially higher quality factors at low frequencies. However, the

usable frequency range of series-connected multi-level spiral inductors is generally

reduced as compared to single-level spiral inductors with the same inductance
value. Smaller line width and pitch allow a higher inductance for a given area
to be achieved, but at the expense of increased DC resistance. It was found
that the DC resistance is a significant factor in determining low frequency Q

for high resistivity substrates, but has little effect on spiral inductors over low

resistivity substrates due to high losses caused by substrate eddy currents. In order

to increase the usable frequency range of multi-level spiral inductors, maximum
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vertical separation between the metallization levels is desired as this will reduce

broadside capacitive coupling and thus increase fsR. The analyses presented here

are for typical multi-level spiral inductors implemented in BiCMOS and CMOS

processes, and should prove to be useful in the design of RFICs.



5. MITIGATION OF UNDESIRABLE PERFORMANCE EFFECTS
OF SILICON

5.1. Introthiction

The modeling methods presented in the preceding chapters allow a designer

to accurately analyze and optimize the performance metrics of silicon-based spi-
ral inductors and interconnects within a given technology (e.g. BiCMOS, CMOS,

etc.). However, it is also possible to further improve performance through use of

shielding structures that are external, but in close proximity, to spiral inductors

and interconnects. While the behavior of on-chip spiral inductors is of critical

importance to integrated circuit design, the performance of silicon-based inter-

connects is also a primary concern [38]. In addition to the conductor loss of the
interconnect, the lossy nature of the silicon substrate can give further rise to sig-

nificant signal attenuation and considerable dispersion in broadband signals. To
reduce the effect of substrate loss on the quality factor of on-chip planar spiral

inductors, patterned ground shields (PGS) located between the spiral inductor
and the silicon substrate have recently been proposed [39], [40]. In this chapter,

the use of an orthogonal grid of grounded lines is proposed to significantly reduce
loss and signal dispersion on both on-chip interconnects and spiral inductors [41,
42].

In order to study the orthogonal gridded shield, simple interconnect struc-

tures are analyzed first, followed by an application of the gridded shield to spiral

inductors. The complicated dispersive transmission characteristics of unshielded

uniform interconnects on silicon substrate have been studied extensively by ex-

periment (e.g. [23], [43]) and by electromagnetic analysis (e.g. [25], [26]). Here, a

full-wave electromagnetic characterization of the shielding effect of the orthogonal
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grid of grounded lines on the dispersion and loss characteristics of on-chip inter-
connects on silicon substrate is presented. Because of the periodic loading of the
interconnect by the orthogonal grid, the characteristics of the shielded intercon-
nect structure may be determined in terms of a unit cell [44], which substantially
reduces the computational load for full-wave electromagnetic simulation. The
unit-cell analysis approach has been applied previously to other periodic slow-
wave transmission structures such as periodically loaded transmission lines for
velocity matching with electro-optic modulators ([45]- [47]). In the following, the
enhanced transmission characteristics of on-chip interconnects with orthogonal
gridded shield are demonstrated in terms of the frequency-dependent per-unit-
length (p.u.1.) transmission line parameters as well as by the step response of the
shielded interconnect. Furthermore, the equivalent circuit model for the shunt
admittance of unshielded on-chip interconnects is extended to include the effects
of shielding. Finally, the distributed inductor modeling methodology from Chap-
ter 2 is augmented to incorporate the effects of a patterned ground shield (PGS)
and thus allow for predictions of performance enhancements resulting from various
shield configurations.

5.2. Orthogonal Gridded Shields

Figure 5.1 shows a microstrip-type on-chip interconnect with an orthogonal
grid of grounded lines located at the interface between the oxide and the bulk sili-
con substrate. To provide insight into the objective of such an orthogonal gridded
shield, a review of on-chip interconnects without the substrate shielding structure
is in order. The characteristics of uniform on-chip interconnects on silicon can
be expressed in terms of the frequency-dependent per-unit-length (p.u.1.) line pa-
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rameters R, L, C, C. The frequency-dependent behavior of the transmission-line
parameters is best explained by considering the low and high frequency limits.
Recall from Chapter 3 that in the low frequency limit, the displacement current
in the silicon substrate is small compared to the conduction current (a >> WE) and,
hence, the shunt capacitance C is given by the oxide capacitance. In contrast,
at low frequencies the magnetic fields are unaffected by the presence of the iossy
silicon substrate, and the series inductance L is determined only by the config-
uration of the interconnect and current return path in the ground plane. In the
high frequency limit, the shunt displacement currents in the silicon substrate are
dominant (a <<WE), significantly lowering the shunt capacitance C. Furthermore,
the time-varying magnetic fields in the lossy silicon substrate lead to a strong
longitudinal current distribution near the oxide/silicon interface, which causes a
significant reduction in the series inductance L and increase in series resistance
R. The transitions from the low-frequency L and C values to the high-frequency
values occur at different frequencies for L and C and depend strongly on the sub-
strate resistivity. For relatively low bulk resistivities of the silicon substrate on
the order of 0.01 l-crn (ask 10,000 S/rn), which is typical of analog CMOS
processes, the R and L parameters typically exhibit significant variation in the
low gigahertz range while C and C remain relatively flat up to frequencies of tens
of gigahertz. In contrast, for medium-to-high resistivity substrates on the order
of 10 Il-cm, both C and C vary significantly in the low gigahertz range while L is

nearly constant up to frequencies of tens of gigahertz [48], [49].

The objective of the proposed grounded orthogonal grid between the on-

chip interconnect and substrate (Fig. 5.1) is to significantly reduce the frequency-
dependence of the shunt capacitance parameter C without affecting the series
inductance L, as well as reduce shunt loss for substrates with resistivity PSI on
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FIGURE 5.1. Orthogonal gridded substrate shielding structure for silicon-based
on-chip interconnects.
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5.2.1. Unit-Cell Analysis 

Because the orthogonal shielding lines illustrated in Fig. 5.1 form a pen- 
odic grid, the shielded interconnect may conveniently be analyzed in terms of its 

unit-cell characteristics. Figure 5.2 indicates the unit-cell region of the shielded 
line structure, corresponding to one period, with boundaries along the center of 

adjacent crossbars. Since the grid period is much smaller than the wavelength in 
the frequency range of interest, the interconnect with the gridded shielding struc- 

ture can be characterized in terms of effective per-unit-length R, L, G, C parame- 
ters. The effective R, L, C, C parameters are derived from the ABCD parameters, 

obtained here with the full-wave planar electromagnetic field solver Agilent Mo- 
mentum [37]. This field solver is based on a mixed-potential method-of-moments 

approach. The ABCD parameters of a section of uniform transmission line are 

A, D cosh(y1) (5.1) 

B = Zosinh(71) (5.2) 

C=Yosinh(yl) (5.3) 

where Z0 is the characteristic impedance, 'y is the propagation constant, and 1 

is the length of the transmission line. From (5.1-5.3) the effective characteristic 
impedance and propagation constant are then obtained as 

IA+D1 7=cosh' [ 
2 j (5.4) 
2B zo (5.5) D_A+/A+D)2_1 

Here the length I of the structure under consideration is equal to one period of the 
orthogonal gridded shield. With (5.4) and (5.5) the effective R, L, C, C parameters 

are determined as 
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R(ui) + jwL(w) = Z0'y (5.6)

G(w) + jwC(w) = 'y/Zo (5.7)

Figures 5.3 and 5.4 show the effective R(w), L(), G(), and C() param-
eters for unit-cell test structures with different degrees of shielding coverage. The
term 'coverage' indicates the fractional amount of bulk substrate that is shielded
relative to a solid ground shield, and is defined as

wec =
we + Sc

where w and s are the crossbar width and edge-to-edge spacing, respectively.
Thus, a crossing line width of 50 pm with 75 pm edge-to--edge separation cor-
responds to a fractional coverage of c 0.4 and a unit-cell length equal to 125

pm. The interconnects for these example structures all have a width of w = 10
pm with oxide height h0 4 pm, which are typical dimensions used in analog
IC designs and are amenable to full-wave electromagnetic simulation in the fre-
quency range of interest. The bulk silicon substrate is hs = 500 pm thick and
has a resistivity of PSi = 10 f1-cm. The crossing lines are 50 pm wide and 70 pm
long, and are located directly on top of the bulk silicon substrate, as illustrated
in Fig. 5.1. Because perfect conductors are used here for all simulation results in
order to exemplify the effect of shielding, the only contribution to the series resis-
tance parameter R(w) is from the longitudinal current distribution in the bulk Si
substrate; hence, R(w = 0) = 0. In addition, L(w) is nearly flat in the frequency
range of interest as the longitudinal substrate currents have an insignificant effect
on inductance. Also, since perfect conductors are used, there will be no change in
inductance due to conductor skin effect.

The results shown in Figs. 5.3 and 5.4 demonstrate that the orthogonal
grid shielding structure leads to a significant reduction in capacitance variation
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over a broad frequency range while the inductance value is nearly unaffected up to

a large fractional coverage. It is further seen that the capacitance variation over

frequency is already significantly reduced with a low level of shielding coverage.

5.2.2. Implementation of Orthogonal Gridded Shield

The necessary shielding condition that all crossbars be grounded may be

difficult to ensure or implement in standard IC fabrication processes. Figure 5.5

shows a more practical implementation of the proposed orthogonal gridded shield-

ing structure. Here, the crossbars are connected together by a sidebar (this topol-

ogy will be termed 'sidebar configuration'), which is parallel to the interconnect

and grounded only at the ends, as illustrated in Fig. 5.5. For the results presented

here, the sidebar is 25 im in width and is separated laterally from the intercon-

nect by 30 m edge-to-edge. To demonstrate the validity of the unit-cell analysis

approach, a shielding structure consisting of four unit cells is analyzed both in
terms of cascaded unit cells described as four-port networks and by full-wave sim-

ulation of the entire four-cell structure. Figures 5.6 and 5.7 show a comparison of

the effective p.u.l. line parameters computed by both approaches. In addition, re-
suits are shown for the unshielded case (c = 0) as well as the completely shielded

interconnect (c 1.0). It is clear that the presence of the sidebar parallel to
the interconnect leads to a noticeable reduction in inductance. This inductance

reduction, however, is still much smaller than the approximately 80% reduction

for a solid ground shield (c = 1.0), as seen in Fig. 5.6. The effect of the side-

bar on inductance could be alleviated by placing the sidebar farther away from

the interconnect. This, however, could result in an interconnect structure that

is too wide for practical use. Also, because a sidebar that is placed farther from
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FIGURE 5.5. Practical implementation of orthogonal gridded shield.

the interconnect necessitates the use of longer orthogonal ground lines, the ad-
ditional inductance and resistance (assuming finite conductivity ground lines) of
these longer lines will reduce the effectiveness of the ground shield. To avoid use
of a sidebar, each crossbar could be grounded separately by vias.

5.2.3. Equivalent Circuit Model for Effective Shunt Admittance

The use of effective transmission line parameters for the interconnect with
substrate shielding suggests a simple extension of the equivalent circuit model of
the unshielded interconnect. Since the inductance and resistance parameters are
nearly unaffected by the shielding structure, the equivalent circuit for the series
impedance of the unshielded interconnect derived from a rational polynomial ap-
proximation and described in detail in [48] and [50] can be used. The common

Cs equivalent circuit topology shown in Fig. 5.8 may be used to
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FIGURE 5.6. Inductance p.u.l. for w 10 m interconnect with orthogonal
gridded shield in sidebar configuration.

model the shunt admittance for both the unshielded and shielded interconnects.
The presence of the grounded orthogonal grid effectively changes the substrate
capacitance and conductance while the effect on the oxide capacitance is neg-
ligible. Referring to the equivalent circuit shown in Fig. 5.8, the values for the
equivalent circuit elements can be directly extracted from the effective p.u.l. shunt
admittance.

(Gj,e + j(1)CSi,eff)jWCox
Yeff(W) Geff(W) + jWCeff(W) (5.9)GSi,eff + jw(C0 + CSi,eff)

of the shielded line at a single frequency w0 within the range of interest and use
of the relationship Cs1/G51 = s/o-s. The extracted parameters of the shunt
admittance equivalent circuit model are
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interconnect with orthogonal gridded shield in sidebar configuration.
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(5.10)

SiCS,ff = GSi,eff (5.11)

1
(5.12)C0(w0)

{
wp ) WCSj,effIm

G(wo) + jwoC(wo) J (Gi,eff + (WoCSi,eff)2)

The values of the resulting model elements are found to be nearly independent
of the choice for the matching frequency, wo. The equivalent circuit topology

described above yields an excellent broadband match to the total frequency-
dependent shunt admittance. It is found that the effective substrate capacitance

Csi,eff and conductance Gsj,eff for the shielded interconnect are significantly higher

compared to the unshielded case while the oxide capacitance Cox,eff ( 130 pF/m
for the example structures with interconnect width w = 10 tm) is relatively un-
changed. Table 5.1 shows the effective substrate shunt conductance Gsj,eff for

different levels of shielding coverage, c, extracted at 10 GHz. The effective sub-

strate capacitance is directly related to the effective conductance by (5.11). For

example, for a coverage of c = 0.4 and interconnect width w = 10 sum, the effective

substrate capacitance Csi,eff is approximately 360 pF/m.

5.3. Dispersion Characteristics

By extending the frequency range of the 'slow-wave' mode, interconnects

with orthogonal gridded shield should exhibit lower dispersion for signals with

spectral content reaching into the RF/microwave frequency range. Figure 5.9
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TABLE 5.1. Effective Substrate Conductance versus Shielding Coverage Ex-
tracted using (5.10) at 10 GHz.

Fractional Coverage

(c
GSjeff (S/rn)

w=10 jim w=50 jim

0 7 9

0.2 17 29

0.4 34 68

0.625 80 164

0.8 243 625

shows the magnitude of the characteristic impedance Zol and phase velocity v,
of an interconnect of width w = 10 jim for different levels of shielding cover-
age. It is apparent from the flattening of the Zo(w)l and v(w) functions for
increased shielding coverage that the impedance and dispersion characteristics of
the shielded lines are significantly improved over the unshielded case.

Figure 5.10 shows the step response of an on-chip interconnect with differ-
ent levels of shielding coverage to demonstrate the reduction in signal dispersion
in the time domain. The interconnects were matched at the source to the low-
frequency characteristic impedance, which is approximately 95 ft and terminated
in Z = 10 kft As expected, a significant improvement in the time-domain re-
sponse is achieved as a result of shielding.
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5.4. Application to Spiral Inductors

Just as transmission lines over semiconducting substrates may benefit from
the use of orthogonal gridded shields, so may spiral inductors fabricated in silicon
technology. To investigate the feasibility of using such shields, several test cases
were run using the Agilent Momentum Planar 3D EM simulator. An example
structure is shown in Figure 5.11, where the orthogonal gridded shield, or pat-
terned ground shield (PGS), consists of many 'fingers' that are connected to each
other by a common ring running around the perimeter. It is important to note
that this ring must not be continuous, otherwise the self-inductance of the spiral
will be lowered due to inductive loading by the ring. In common practice, a small
gap is used to avert this undesired effect.
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Figures 5.14, 5.15 and 5.16 show the effect of varying substrate resistivity

on the patterned ground shield effectiveness in improving Q for a perfectly con-

ducting shield. As can be observed from these plots, when the resistivity is on
the order of 0.01 f'cm (a 10, 000 S/rn), the patterned ground shield yields no

benefit. This result is intuitive since the dominant substrate loss mechanism for

spiral inductors in the RF-microwave frequency range with a very low substrate

resistivity (i.e. 0.01 cl-cm) is a result of longitudinal or so-called 'eddy' currents

in the semiconducting bulk, rather than shunt conduction current. The patterned
ground shields only alleviate shunt losses.

Because any patterned ground shield will ultimately be fabricated using

some sort of finite conductivity material, it is appropriate to study the effects of

such finite conductivity on performance. Figures 5.17 and 5.18 show the induc-
tance and Q for the same example spiral inductor with patterned ground shields

of varying sheet resistivity. The case of no shielding is also included as a refer-

ence. As observed from the Q plots, a sheet resistivity of 8 a/square or higher

yields no significant benefit versus a spiral inductor with no shielding. The case

of 0.1 cl/square resistivity is representative of lower metallization layers in a sili-

con process, whereas 8f1/square is a typical sheet resistivity for polysilicon layers.

Thus, it is important to consider the available material resistivities for a process

when deciding to invest the time and effort into developing shielding structures
for spiral inductors for which Q's are critical.

5.4.2. Alternative Patterned Ground Shield Configurations

Another configuration for the patterned ground shield is a so-called star

pattern, as shown in Figure 5.19. The round shape of such a pattern lends itself
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to use with circular spiral inductors. Another change relative to the patterned 
ground shields used in the previous section is the use of a central tap point for 

the 'fingers', rather than using a circular ring with a gap to connect the 'fingers' 
together. Figure 5.20 shows the inductance and Q for two different levels of 
shielding versus a standard unshielded spiral. In this case, the shield is actually 

located on the lowest metal level and is thus isolated electrically from the silicon 
substrate. 

5.4.3. Modeling the Patterned Ground Shield for Spiral Induc- tors 

The distributed equivalent circuit for single level spiral inductors presented 
in Chapter 3 may be modified to include the effect of patterned ground shields. 

As observed for interconnects with an orthogonal gridded shield, the effective 
semiconducting substrate shunt conductance GSi,eff is dependent on the relative 

amount of shielding. A spiral inductor may alternatively be viewed as a collection 
of coupled interconnects, and thus the behavior of an inductor's shunt conductance 

when a patterned ground shield is present should be very similar to that observed 
for shielded interconnects. To investigate this hypothesis, the distributed model 

from Chapter 3 was modified to emulate the effect of a patterned ground shield 
on its net substrate shunt conductance. The 4-turn square spiral inductor studied 
in the previous section is again used as a test vehicle. Since its linewidth is 10 tm 

and the substrate profile is identical to that used for the interconnect investigation 
in the previous section, the values in Table 5.1 provide a guide for how to modify 

the effective vertical substrate conductance for various levels of shielding coverage. 
Figure 5.21 shows the effective substrate conductivity as a function of shielding 

coverage normalized to the unshielded value. For the 4-turn square spiral example, 
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FIGURE 5.20. (a) Inductance and (b) Q for a round spiral inductor versus shield- 

ing coverage. 



129

the coverage is approximately 50%, and thus the shunt substrate conductance in

the distributed model should be multiplied by 6.2 to account for the effect of the

patterned ground shield on the vertical substrate loss component. This is easily

accomplished since the distributed model's series and shunt terms are calculated

separately.

Figure 5.22 shows the simulated inductance and quality factor for the 4-

turn example spiral inductor using both Agilent Momentum and the distributed
model from Chapter 3 with the shunt substrate conductances appropriately scaled.

The net inductance predicted by Momentum is slightly higher than that predicted

by the distributed model since Momentum is unable to accurately model the finite

conductor thickness and hence uses infinitely thin conductors to represent the

inductor. Otherwise, the performance prediction of the distributed model is quite

good, with a maximum difference in Q with respect to Momentum on the order
of one point for both shielded and unshielded cases.

5.5. Conclusions

It has been demonstrated that an orthogonal grid of grounded lines placed

near the oxide/bulk interface can significantly enhance the transmission charac-

teristics of on-chip interconnects on lossy silicon substrates with resistivities on

the order of 10 a-cm. The characteristics of the interconnect with the periodic

shielding structure were extracted from full-wave simulation results for a unit cell.

The presence of the orthogonal gridded shield was shown to substantially decrease

the frequency dependence of the shunt capacitance while leaving the series induc-

tance nearly unchanged even for a relatively large fractional shielding coverage.

The effect of the shielding structure can directly be included in the equivalent cir-
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cuit model of the unshielded interconnect in terms of increased effective substrate

capacitance and conductance values in the C-C-C shunt admittance topology.

On-chip interconnects with orthogonal gridded shielding to reduce the effects of

substrate loss should be advantageous for high performance high-speed analog and

mixed-signal integrated circuits in silicon technology.

The effects of Patterned Ground Shields on inductor performance were also

studied as a natural extension of the work on interconnects over orthogonal gridded

shields. Various configurations and process variations were considered and sim-

ulation results were presented showing the potential performance enhancements

achievable by using ground shields. It was also shown that the effective substrate

capacitance and conductance extracted for single lines can also be easily incorpo-
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rated into the distributed spiral model to provide accurate modeling of shielded

spirals. The use of orthogonal shielding structures for spiral inductors can clearly

provide a performance advantage in terms of Q for moderate resistivity substrates
and low-resistance shields.
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6. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

In the preceding chapters, a modeling methodology was presented for on-

chip spiral inductors and applied to various geometries and process parameters, as

well as to the use of patterned orthogonal ground shields. This modeling approach

was shown to be quite accurate for predicting performance of spiral inductors.

The ability to accurately prototype spiral inductors is of critical importance
to the RFIC industry at large. Both design time and time-to-market are critical

factors in any semiconductor industry sector, but these are particularly important

in areas of high competition and volume such as the telecommunications sector,

which includes wireless handsets, Wireless Local Area Network (WLAN) chipsets,

as well as fiber optic networking equipment, where first-pass design success is
critical. Often, RFIC designs go through many revisions before being put into
production for sale to customers. Obviously, if every model being used by a

circuit designer was 100% accurate, there would never be a need for additional

design turns since the circuit would perform exactly as intended right from the
start. Unfortunately, as we all know, in reality the available models for RFIC
components, or any electrical component for that matter, are not 100% accurate.

However, an improvement in the modeling of relatively large-scale components

such as spiral inductors can substantially impact the overall design flow for an

RFIC. Often the performance of on-chip inductors at a particular frequency and

within a pre-specified chip area need to be known early in the design phase in

order to assess the feasibility of the project, since the per-die cost is directly
proportional to the chip area.

Because of the relatively large areas occupied by spiral inductors fabricated

on-chip, their effects on other adjacent circuitry can be a design concern depend-
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ing upon the application. Recall that the magnetic field intensity for a typical

inductor does not diminish rapidly with increasing distance, and thus there can

be significant magnetic field coupling even across large separations (e.g. 1 mm).

There is a need for inductor-to--inductor and inductor-to-device coupling modeling

for RFTCs in silicon, and this is clearly an area where powerful simulators such

as Ansoft's High Frequency Structure Simulator (HFSS) can provide solutions.

However, simplified methods of estimating coupling are a potential topic for fu-

ture work since the circuit designer may not have time or resources to engage a

full-wave simulator every time a coupling simulation is needed.

The most commonly simulated environment for spiral inductors and

other on-chip passive components is the case of a spiral on top of a dielec-
tric/semiconductor substrate with a ground plane beneath. This situation arises

in many common packaging technologies where a so-called 'paddle' is used as a

conductive backplane to which the IC die is attached. However, with the advent of

new packaging technologies such as Ball Grid Arrays and Flip-Chip, an RFIC die

may not necessarily be attached to any sort of conducting plane. In these cases,

the ground connections for the chip are brought onto the die through individual

solder balls but are not referenced to a ground plane. Thus, the passive com-

ponents that occupy relatively large areas on the silicon die must be accurately

modeled in these new package environments since their respective electromagnetic

fields may potentially have a broader influence on performance in the absence of

a ground plane that normally provides a degree of shielding. Also, there may be

multiple conducting planes that are located off-chip in either a Printed Circuit

Board (PCB) or Land Grid Array (LGA) that can have influence on an inductor's

performance. Currently, these types of problems are most effectively handled by

memory and CPU intensive full-wave simulators like HFSS. If simplifications can
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be made, such as assuming only the closest conducting planes in an adjacent PCB

are significant for purposes of modeling, then the methods presented in this thesis

may be applicable.

In addition to coupling across a die, the topic of proximity effects of the

spiraling currents within inductors is also important for further improving the

accuracy of the modeling techniques developed here. This concept was illustrated

in Chapter 2 and is a topic of interest to the RFIC modeling and design community.

There is a great deal of interest in both academic and industrial commu-

nities in the topic of modeling, analysis and design of spiral inductors on silicon.

This interest is fueled primarily by a highly competitive marketplace for low-cost,

high-performance consumer and commercial telecommunications products that in
turn creates a demand for analog integrated circuits that operate at high per-
formance levels in the microwave frequency range and can be fabricated using

relatively inexpensive silicon processes. As the sizes of RFIC chips continue to

decrease, the importance of accurate modeling of on-chip spiral inductors will

be even more pronounced, owing to the need to optimize spiral designs within

tighter 'real-estate' constraints. Although on-chip spiral inductors are certainly

not the only items requiring accurate modeling in an RFIC design, their com-

plicated frequency-dependent behavior and relatively large-scale electromagnetic

aspects warrant a concerted and dedicated modeling effort, as presented in this
thesis.
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APPENDIX A. Theory of Partial Inductance

This Appendix provides a detailed analysis of the theory of partial induc-

tance, as presented in [19] and [33] . For an arbitrary conductor of constant

cross-section, a3, around a loop, the magnetic vector potential at a point r gen-
erated by a current I in a loop j may be calculated as

I' I dl3da3
(Al)4

where = r3 and dl3 is taken along the length of the conductor perpendic-

ular to the cross-section. The assumption made here is that the current density

perpendicular to the cross section is uniform. The flux linked by loop i can be
calculated from the above expression as

= f A d1da (A2)

where a, is the constant cross section of conductor loop i. To calculate the mutual

inductance

L,3
3

(A3)

between loops i and j using (Al) and (A2), the expressions for vector potential

and flux linkage are inserted with the result being

j
,ç

f
d1 d1 dada3. (A4)aa3 4ir

, a3

This result is similar to the Neumann formula for mutual inductance between two

arbitrary filaments of current

0 = dl1dl3
(A5)L13

4 i Jj Tij

where the subscript f stands for filament. In fact (A4) and (A5) are identical when

the cross-sectional areas are zero. It is apparent that averages are being taken





k'

k!
FIGURE A-2.

calculations.

m

- Infinity

Infinity

145

II'

Flux linkage areas associated with self and mutual inductance

Lpk=
1

akam 4n ak Jam f

dlk dlrndakdam. (A8)
m rkm

The direction of dlk,m should be in accordance with the assumed current polarity

in the loops, which will lead to both positive and negative mutual inductances. To

verify this approach, the flux linkage associated with each term in (A7) should be

considered. For a partial self inductance term (k = rn), the region of flux linkage

extends from the conductor out to infinity. Likewise, for two conductors k and

m, the flux linkage area for partial mutual inductance computations extends from

the outside edge of one of the conductors m(k) out to infinity and is also bounded

on the edges by lines perpendicular to conductor k(m) and extending from the

end points of conductor m(k). These two flux linkage areas are illustrated in
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Figure A-2. If a square ioop is analyzed purely in terms of flux linkage, we may

do the computation with a single surface integral

Lsq = fB.dS. (A9)

Likewise, if two parallel conductors of the square loop are analyzed in terms of the

flux linkages associated with the self and mutual inductances, it can be deduced

that the net area will be that of the square itself (S in (A9)). This is clear upon

observation that the flux linkage areas associated with the self inductance terms

extend from the conductor to infinity, whereas the area of linkage associated with

the mutual terms extends from the conductor of opposing current polarity out

to infinity. The difference between these two areas is in fact the area inside the

square loop.
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APPENDIX B. Expressions for Quasi-Static Magnetic Vector
Potential and Their Application to Microstrip

Structures

To develop the fundamental equations used in the quasi-static calculation of the

magnetic vector potential for an MIS structure, the magnetic field curl expression

is used as a starting point

VxH=J+. (Bi)

If the magnetic vector potential curl equation

H=zVxA (B2)

is substituted for H in (Bi), we obtain

I 3D1VxVxA=[1.LJ+], (B3)

which may subsequently be rewritten as

I 3D]V(V.A)V2A=. (B4)

If the divergence of A is chosen such that

VA=O, (B5)

which is known as the Coulomb gauge, and displacement current is neglected,
then (B4) becomes

V2A = -1iJ. (B6)

J may be rewritten in terms of E as

J=aE. (B7)



Now, if we recall the curl equations for E and A,

we can write

VxE= (B8)
at

VxA=B, (B9)

VxE=VxA (BlO)

(Bli)

Assuming a sinusoidal steady-state solution is desired, we may express J as

J = jwaA (B12)

which leads us to the final form for (B6) given in Chapter 2

V2A = jwjiaA. (B13)

The solutions for A for the different regions of a Si-Si02 based microstrip

structure in the spatial domain (to be given below) are based on the expressions

derived in [26] for coplanar structures with no ground plane. Here it is assumed

that current only exists along the direction of propagation, the z-coordinate for

this case, and thus A will only consist of a single component A. This allows

for a solution of a two dimensional scalar potential problem, which simplifies the
analysis.

For the non-conducting regions (i.e. air and oxide layers), the z-directed

magnetic vector potential must satisfy

V'2A(x,y) = 0, (B14)

while for conducting regions (i.e. bulk Si substrate)



149

is
:y=+hox

y=-hsub
x=-1 x=+1

FIGURE B-i. Structure used for solution of magnetic potential.

V2A(x,y) ==jwpuA(x,y). (B15)

Assuming a line current at x = 0 and y = h0, the solutions for A in both con-

ducting and nonconducting regions are found by applying appropriate boundary
conditions

A(x,y = h3) = 0 (B16)
dA(x=+l,y) =0 (B17)dx

where ±1 are the locations of two symmetric magnetic walls, shown in Figure B-i,

which are introduced to simplify the solutions in terms of Fourier series. The
solutions in the two regions are

A(x, y 0) = In
/x2 ±(y + h::)2 '

[

+ Ekcos(mkx)] (B18)
27r Vx2+(y_h )2+l

k=1
1

y 0) = 2mk sinh(qk(y + hsub))e_mkhoxcos(mkx)
I (B19)

Lk=1 j
where
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qk cosh(2qkh3b) + mk sinh(2qkh3b)
(B20)Ek (q + m) sinh(2qkh8Ub) + 2qkmk cosh(2qkh3b)

kir
(B21)mk

qk=\/m+3w/w (B22)

The infinite summations in (B18) and (B19) are Fourier series representations of

the continuous integrals involved when there are no magnetic walls present.

The solution for the magnetic vector potential may then be used to cal-
culate the per-unit-length complex series inductance of a microstrip structure by
first averaging A over the width of the strip, w0, assuming a uniform current

density in the strip itself, then averaging this result over the same strip to arrive
at the solution

w/2 wo/2

L3 =
f_wo/2 f_wo/2 A(x

x')dx'dx (B23)1w0

The expression for the complex mutual inductance between two strips of widths
w0 and w1 separated by an edge-to-edge distance s is given as

wi/2a wo/2

Lm
1

f f A(x x')dx'dx, (B24)1w1w0 wj/2--a wo/2

where a = wo/2 + s + w1/2 (a is often referred to as line pitch when w0 and w1

are equal). Figure B-2 illustrates the structure under consideration here.

Recognizing that the second term of (B 18) represents the contribution of

the semiconducting substrate to the overall magnetic vector potential, the expres-

sions for self inductance of a single strip may be written as

L8=Lo+L(+ r imw
Ek[sinc

2k=1
(B25)

where L0 is the value for L8 when the semiconducting substrate is replaced by a

perfectly conducting ground plane. The second term above may be reduced to an

equivalent substrate resistance term at a given frequency, w, as
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1. ..L y=-h_sub

Ground Plane

FIGURE B-2. Two-line microstrip structure used for self and mutual inductance
calculations.
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I .
R5b(w) = {

jw7o

( +
E

2 )] }.
(B26)

Similar expressions may be developed for complex mutual inductance between two

strips at separation of a = wo/2 + s + wi/2,

Lm = M0 +
(

+ Esinc sinc cos(mka)) (B27)

where M0 represents the net mutual inductance when a perfect conducting ground

plane is present in place of the semiconductor. The equivalent mutual resistance

is given by

ub,m(C)
{wo

(
+ smnc sinc cos(mka)) }. (B28)

A practical implementation of the spatial domain technique presented here

was written in Matlab and was found to provide very accurate results when com-

pared with the SDA-based calculations [25] for summations on the order of 1000

terms (i.e. k=0-1000 for mk, qk, etc.). A good rule of thumb for choosing the value

for 1 for placement of the virtual magnetic walls was found to be twenty times

the sum of all major dimensions (i.e. 20*(w+s+h)). For implementation within a

distributed model for spiral inductors, only the resistance terms above are used,

with averages taken for mutual resistance between conductors of unequal length,

while partial inductances are calculated via the accurate closed-form expressions

in [33].
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APPENDIX C. Fundamental Explanation of PEEC Modeling

Partial Element Equivalent Circuit (PEEC) [19] models are derived from integral

equation solutions based on the summation of all electric field sources within a

conductor geometry, and their respective time and spatial dependence, as

=E0V. (Cl)

The three main computational tasks involved are inductance calculations, capac-

itance calculations, and network analysis.

Formulation of a PEEC model first requires that a structure be broken

down into volume cells, which forms a basis for the nodes in the final PEEC. The

unknown quantities (i.e. current and charge) are assumed to be locally constant

within their respective cell boundaries, and thus the equivalent circuit element

values may be calculated and utilized in solving the integral equation for a single

cell or between two cells, the latter applying to mutual inductive and capacitive

terms. Inductance and capacitance values may be calculated via the closed-form

expressions presented in [33] and [51]. The resulting equivalent circuit model then

consists of partial self and mutual inductances and capacitances, with the number

of each being determined by the number of nodes and significant coupling terms

included.

Time retardation effects may also be included in the PEEC models for

geometries having dimensions that are large in comparison to wavelength. For a
region with uniform properties /Lr, the retarded time is given by

t' = t - (fr/tr)"2, (C2)
C

where 1 and ' are vectors from the origin and c is the speed of light. While a

retarded PEEC model solver is more difficult to implement due to the delays,
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the difference between the retarded and non-retarded solutions may be significant

enough to warrant the extra analysis efforts [52}. For EMI problems, the far

coupling terms can have appreciable phase lags associated with them when the

spectrum of the excitation contains frequencies such that the condition 'rjjfmax <<

1 is no longer satisfied, where rj is the defined as the time delay of an EM wave

(e.g. plane wave) between conductors i and j at frequency fmax.

PEEC models that do not include retardation are entirely CAD compati-

ble, as they consist solely of lumped elements with mutual coupling. Thus, any

popular circuit simulation tool, such as Libra or MWSpice©, may be used to

obtain frequency- or time-domain descriptions for any node in the network.

The PEEC methodology lends itself well to the analysis of multiconductor

systems with three-dimensional geometries. Such a class of conductor arrange-

ments includes multilayered lumped elements. Although the standard PEEC

methodology can be used to compute both the inductance and capacitances of

spiral inductor segments, the use of an alternate efficient and accurate spectral

domain technique is proposed in this thesis for the computation of capacitances

and conductances associated with structures on semi-conducting silicon substrates

[24, 53, 54].
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APPENDIX D. Matlab Function Script for Mutual Inductance
Between Rectangular Bars

function [Mb]=mrebor(l1,12,13,E,P,o,b,dc)

q=[(E-a) (E+d-a) (E+d) EJ;

r[(P-b) (P+c-b) (P+c) P];

s=[(13-l1) (13+12-li) (13+12) 13];

Mb=ø;

for i=i:4

for j=i:4

for k=i:4

x=q(k);

yr(j);
z=s(i);

if x-ø&y-=ø&z--ø
Mb=(_i)A(l+j+k+i)*

ie_7/(ab*c*d)*((y2*zA2/4_yA4/24_zA4/24)*x*

log((x+sqrt(xAZ+yZ+zAZ))/sqrt(yZ+zAa))+(xAZ*zA2/4_x4/Z4
_zA4/24)*y*Ioq((y+sqrt(xA2+yA2+z2))/sqrt(xA2+zA2)).

+(xA2*yA2/4_xA4/24_yA4/24)*z*log((z+sqrt(xA2+yA2+z2))/...

sqrt(xA2+yA2))+(i/60)*(xA4+yA4+zA4_3*xA2*yA2_3*yA2*zA2_3*zA2*...
xA2)*(sqrt(xA2+yA2+zA2))_x*y*zA3/6*atan(x*y/(z*sqrt(xA2+yA2
+zA2)))_x*yA3*z/6*atan(x*z/(y*sqrt(xA2+y2+zA2))).

_xA3*y*z/6*aton(yz/(x*sqrt(xA2+yA2+z2))))+4.lb;

el self (x==&y=O&z-=ø) I (x=ø&y-=e&z==ø) I (x-=ø&y==ø&z==ø)
Mb(_i)A(i+j+k+i)*
ie_7/(a*b*c*d)*(.

(1J6ø)*(xA4+y4+zA4_3nxAZ*yA2_3*yA2nzA2_3*zAZ*
xA2)*(sqrt(xA2+yA2izA2)4lb;

el self (x=ø&y-=ø&z--g) I (x-ø&y=-ø&z--ø) (x-=ø&y--=ø&z.ø)
Mb(_i)A(i+j+k+i)*

ie_7/(a*b*c*d)*((yA2ezA2/4_yA4/24_zA4/24)*x*

Iog((x+sqrt(xA2+yA2+zA2))/sqrt(yAZ+zAZ))+(xA2*ZAZ/4_xA4/24
_zA4/24)*y*log((y+sqrt(xA2+yA2+zA2/sqrt(xA2+zA2))

+(xAZeyA2/4_x4/24_yA4/24)*z* 1 og((z+sqrt(xAZ+y?2+zA2))/

sqrt(xA2+yA2))+(i/60)n(xA4+yA4+zA4_3*0A2*yA2_3*yA2*zAZ_3*zA2*
xA2)*(sqrt(xA2+yA2+zA2)))

+Mb;

end;

end;

end;

end;

FIGURE D-1. Matlab script for calculating Mb, 'mrebar.m'.




